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BP 67, 761S0 Mont-Saint-Aignan, France 

Résumé - Une sonde atomique à temps de vol est utilisée pour déterminer la 
composition des différentes phases existant dans un superalliage à base nickel 
ainsi que les sites préférentiels des différents éléments dans la phase ordon
née y ' • 

Abstract - A time of flight atom-probe is used for determining phase composi
tion in a nickel base superalloy and a tentative derivation of preferential 
sites occupied by solute elements in the ordered y' phase is made. 

INTRODUCTION 

The microstructure of nickel superalloys consists essentially in a FCC solid solu
tion (y) and finely dispersed ordered precipitates (y ') with composition based 
on the formula (Ni, X) 3 (Al, Y). The creep strength of such alloys is known to be 
strongly dependent upon the particle size, volume fraction and composition (con
nected with the antiphase boundary energy) of the y' coherent phase. 

In this study the fine scale microstructure of a nickel base superalloy is inves
tigated by means of an atom-probe in order to determine the partitioning of allo
ying elements between both y and y' phases. An other question of interest is to 
find the preferential sites (Ni or Al type) solute elements such as Mo, Nb . . . 
preferentially occupy in the y' sublattice. From a quantitative compositionnal 
analysis of (001) superlattice planes i t has been possible to derive some infor
mations about the long range order existing in y ' phase \1\. 

EXPERIMENTAL 

The apparatus used in this study is a conventional atom-probe |2|. The instrument 
details are' described elsewhere \3\. All experiments were performed with a mini-

V 
mum pulse fraction p = -y- = 0.2 and an evaporation rate not too high. Indeed, a 

o 
too low pulse fraction may lead, for a given evaporation rate (i.e for V +V =Cst), 

to a preferential evaporation of "low evaporation field" atoms at the D. C voltage 
(i.e between each evaporation pulse) and therefore to biased compositions. 

In the particulary case of nickel base alloy (Ni, Cr, Al), hydrogen is known to 
chemisorb on Ni and consequently reduces its evaporation field \4\. As a result, 
Ni is found to preferentially evaporate, in agreement with a recent study of 
Ni Al system |5|. 

Another crucial parameter is the evaporation rate which play a key role on "detection 
isotopic effects" \6\. Indeed when the averaged number of collected ions per 

+VA CNRS 808. 
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e v a p o r a t i o n  p u l s e  ( n  > 0 .05)  become t o o  l a r g e ,  a n o t  n e g l i g e a b l e  p r o p o r t i o n  o f  a toms  
M 

h a v i n g  t h e  same - r a t i o  s t r i k e s  s i m u l t a n e o u s l y  the d e t e c t o r .  As  n o  a m p l i t u d e  measu-  

r e m e n t  o f  t h e  d e t e c t i o n  s i g n a l  i s  a v a l a i b l e  f o r  d e r i v i n g  t h e  number o f  i o n s  s tr i-  
k i n g  t h e  d e t e c t o r  t h e  number o f  c o l l e c t e d  i o n s  o f  e a c h  n a t u r e  becomes  b i a s e d .  In 
s u c h  c o n d i t i o n s ,  c o n c e n t r a t i o n  o f  m a j o r  e l e m e n t s  ( N i )  w i l l  b e  t h e  m o s t  a f f e c t e d  and 
t h e  e f f e c t s  w i l l  b e  more  pronounced f o r  a t o m i c  s p e c i e s  h a v i n g  s o l e l y  o n e  i s o t o p e  
and c h a r g e  s t a t e  ( i . e  o n e  peak i n  t h e  mass  s p e c t r u m ) .  

T h e s e  a r t i f a c t s  h a v e  p a r t i c u l a r y  d r a s t i c  e f f e c t s  when a p l a n e  b y  p l a n e  a n a l y s i s  i s  
a c h i e v e d .  I n d e e d ,  a s  the s i z e  o f  the a n a l y s e d  p l a n e  s h r i n k s ,  t h e  e v a p o r a t i o n  r a t e  
a c c e l e r a t e s  i n  i t s  c e n t r a l  p o r t i o n  b e c a u s e  o f  t h e  i n c r e a s e  i n  l o c a l  f i e l d  a b o v e  
i n d i v i d u a l  a toms  ( s t e p  l i k e  b e h a v i o u r  o f  the i n t e g r a l  i o n  f l u x  c u r v e ) .  Hence ,  i n  
o r d e r  t o  m a i n t a i n  t h e  i o n s  f l u x  t o  a r e a s o n n a b l e  v a l u e  (number  o f  c o l l e c t e d  i o n s  
p e r  s e c o n d )  a h i g h  p u l s e  r e p e t i t i o n  r a t e  i s  r e q u i r e d .  A l l  e x p e r i m e n t s  w e r e  c a r r i e d  
o u t  w i t h  f = 40 Hz and w i t h  n c 0.01 f o r  the p l a n e  b y  p l a n e  a n a l y s e s .  

RESULT'S AND  ISC CUSS ION 7"- 
F l g u r e  1 shows  a FIM i m a g e  
w h l c h  i l l u s t r a t e s  t h e  f i n e  
s c a l e  m i c r o s t r u c t u r e  o f  t h e  
s u p e r a l l o y .  More t h a n  5 0  % 
o f  the m a t e r l a l  vo lume  1s 
o c c u p i e d  b y  p r e c i p i t a t e s  
from 300 t o  1 , 5  11 ~n d i m e -  S* - 
t e r .  The  c o r r e s p o n d i n g  mass  
s p e c t r u m  o f  b r i g h t l y  imaged  
p r e c i p i t a t e s  i s  g i v e n  f i g u -  
r e  2 .  

I n  s p i t e  o f  number o f  i s o -  
t o p e  o v e r l a p s  (Ni-h!b, Ni-Moj 
it was p o s s i b l e  t o  q u a n t i f y  
h!b and Mo c o n c e n t r a t i o n s  b y  
means o f  Ni i s o t o p e s  d i s t r i -  
b u t i o n  ( N i 6 2 ) .  The  c o r r e c t e d  

c o n c e n t r a t i o n s ,  a v e r a g e d  
o v e r  more  t h a n  35 000  i o n s  
a r e  summarized and compared 
i n  t a b l e  1 t o  t h a t  o b t a i n e d  
b y  c h e m i c a l  a n a l y s i s  o f  
e x t r a c t e d  p r e c i p i t a t e s .  B o t h  
r e s u l t s  a r e  i n  r e a s o n n a b l e  
a g r e e m e n t .  

I n t e g r a l  c o m p o s i t i o n  pro-  Fig. 1 - F i e l d  i o n  m i c r o g r a p h  o f  t h e  t w o  p h a s e s  
f i l e  c o r r e s p o n d i n g  t o  the a l l o y s .  y '  p a r t i c l e s  a p p e a r  i n  b r i g h t  c o n t r a s t  
a n a l y s i s  o f  ( 0 0 1 )  p l a n e s  
o f  t h e  y ' o r d e r e d  p h a s e  a r e  
g i v e n  i n  f i g u r e  3 .  As  e x p e c t e d  f o r  a L12 s t r u c t u r e  ( N i ,  A l l  o n e  f i n d  the a l t e r n a -  
t i o n  o f  A1 r i c h  p l a n e s  ( m i x e d  p l a n e s  formed w i t h  B o t h  sites I ,  I I )  w i t h  N i  r i c h  
p l a n e s  ( p u r  p l a n e s  formed w i t h  s i t e s  11) . I t  h a s  b e e n  a l r e a d y  shown 11 1 ,  171 t h a t  
i t  was p o s s i b l e  t o  d e r i v e  from t h e  a v e r a g e d  c o m p o s i t i o n  o f  b o t h  t y p e s  o f  p l a n e s ,  
some i n f o r m a t i o n s  a b o u t  t h e  p r e f e r e n t i a l  s i t e s  o c c u p i e d  b y  the s o l u t e  e l e m e n t s  i n  
y ' s u b l a t t i c e .  

E v e n t h o u g h  some a r t i f a c t s  i n t r o d u c e d  f o r  e x a m p l e  b y  a p r e f e r e n t i a l  r e t e n t i o n  o f  
some e l e m e n t s  from o n e  p l a n e  t o  the f o l l o w i n g  may o c c u r ,  t h e  r e s u l t s  o b t a i n e d  w i t h  
t h e  a t o m  p r o b e  18) a r e  i n  good agreement  w i t h  t h o s e  p r e d i c t e d  i n  t h e  l i t t e r a t u r e  
191. A l t h o u g h  t h e  s i te  p r e f e r e n c e  o f  a t h i r d  e l e m e n t  may b e  a f f e c t e d  b y  the a d d i t i o n  



F i g .  2 - Atom p r o b e  
mass  s p e c t r u m  r e l a t i v e  
t o  a p r i m a r y  p r e c e p i -  
t a t e  

F i g .  3 - A n a l y s i s  o f  
y ' ( 0 0 1 )  s u p e r l a t t i c e  
p l a n e s .  T h e  c u m u l a t i v e  
number o f  N i  o r  A1 i s  
p l o t t e d  v e r s u s  the number 
o f  i d e n t i f i e d  i o n s .  

o f  o t h e r  e l e m e n t s  i n  the Ni,AI p h a s e ,  i t  i s  n o t i c e a b l e  t h a t  t h e  p r e f e r e n t i a l  s i t e s  
s u g g e s t e d  b y  t h e  d i r e c t i o n  o f  s o l u b i l i t y  l o b e s  i n  the t e r n a r y  s y s t e m  1101 a r e  i n  
r e a s o n n a b l e  agreement  w i t h  t h e  atom-probe r e s u l t s  : Mo, N b ,  T i  a t o m s  p r e f e r e n t i a l l y  
o c c u p y  A1 sites w h i l e  Co, Cr s u b s t i t u t e  N i .  

F i g u r e  4 shows t h e  mass  s p e c t r u m  r e l a t i v e  t o  a m a t r i x  a n a l y s i s .  Because  o f  t h e  good 
mass  r e s o l u t i o n ,  the s e v e n  i s o t o p e s  o f  Mo a r e  i d e n t i f i a b l e  even i n  t h e  p l u s  t h r e e  
i o n i s a t i o n  s t a t e .  A s  the b a c k  ground n o i s e  i s  l o w ,  it i s  p o s s i b l e  t o  d i s t i n g u i s h  
a v e r y  l i t t l e  amount  o f  Boron (0 .09  a t .  %). The chromium l e v e l  was found h i g h e r  
t h a n  it was e x p e c t e d  from y' c o m p o s i t i o n  and t h e  vo lume  f r a c t i o n  o f  p r i m a r y  p r e c i p i -  
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t a t e s  ( 5 0  v o l  %) measured  b y  c h e m i c a l  a n a l y s i s .  As  a  m a t t e r  o f  f a c t ,  atom-probe 
a n a l y s e s  r e v e a l $  the p r e s e n c e  o f  v e r y  f i n e  p r e c i p i t a t e s  h a v i n g  a  mean s i z e  v a r y i n g  
from 30 t o  100 A. T h e  i n t e g r a l  c o m p o s i t i o n  p r o f i l e s  c o r r e s p ~ d i n g  t o  a  m a t r i x  ana-  
l y s i s  a l o n g  an  " a n a l y s i s  c y l i n d e r "  h a v i n g  a  d i a m e t e r  o f  20 A i s  r e p r e s e n t e d  f i g u r e  5. 

F i g .  4 - Atom-probe mass  s p e c t r u m  o f  m a t r i x  + s e c o n d a r y  p r e c i p i t a t e s  

1 PRECIPITATE 

F i g .  5 - I n t e g r a l  c o m p o s i t i o n  
p r o f i l  c o r r e s p o n d i n g  t o  t h e  
m a t r i x  i n v e s t i g a t i o n .  The  cumu- 
l a t i v e  number o f  N i  o r  C r  o r  A1 
i s  p l o t t e d  a g a i n s t  t h e  c u m u l a t i v e  
number o f  i d e n t i f i e d  i o n s  



One s e c o n d a r y  p r e c i p i t a t e  was t r a v e r s e d  and a s  i n d i c a t e d  o n  t h e  draw,  i t s  c o n c e n t r a -  
t i o n  i s  s l i g h t l y  d i f f e r e n t  from t h a t  o f  p r i m a r y  p r e c i p i t a t e s .  O b v i o u s l y ,  s u c h  a d i f -  
f e r e n c e  c o u l d  b e  d u e  t o  a "mixed a n a l y s i s "  o f  t h e  p r e c i p i t a t e  w i t h  i t s  s u r r o u n d e d  
m a t r i x  a s  w e l l .  However,  the p r o f i l e  s l o p e  c h a n g e s  v e r y  c h a r p l y  a t  the y-y' t r a n s i -  
t i o n  i n  s u c h  a way t h a t  th is  a r t i f a c t  i s  n o t  t h o u g h t  t o  i n t e r v e n e  h e r e .  

From v a r i o u s  m a t r i x  a n a l y s e s ,  it was p o s s i b l e  t o  e s t i m a t e  the vo lume  o c c u p i e d  b y  
these s e c o n d a r y  p r e c i p i t a t e s  and t o  e x t r a c t  p a r t i c l e s  d a t a  t r a v e r s e d  b y  t h e  a n a l y s i s  
c y l i n d e r  i n  good c o n d i t i o n s  ( i . e  n o t  o n  a e d g e ) .  Averaged  c o m p o s i t i o n  o f  t h e s e  p a r t i -  
cles i s  g i v e n  T a b l e  1 .  From these d a t a  and the e s t i m a t e d  vo lume  f r a c t i o n  o f  s e c o n d a -  
r y  p a r t i c l e s  (10 v o l .  %) o n e  c a n  compute  a c o m p o s i t i o n  a v e r a g e d  o v e r  y m a t r i x  and 
s e c o n d a r y  p r e c i p i t a t e s .  T h i s  c o m p o s i t i o n  i s  compared i n  T a b l e  2 t o  t h e  " m a t r i x "  com- 
p o s i t i o n  a s  deduced  f rom nomina l  c o m p o s i t i o n  o f  t h e  s u p e r a l l o y  and p r i m a r y  y '  d a t a  
( c o m p o s i t i o n ,  vo lume  f r a c t i ~ n  = 50 %). B o t h  d e t e r m i n a t i o n s  a r e  i n  good a g r e e m e n t  and 
s u g g e s t  t h a t  t h e  v e r y  f i n e  p r e c i p i t a t e s  w e r e  d i s s o l v e d  d u r i n g  the e x t r a c t i o n  p r o c e s s ,  
l e a d i n g  t h e r e f o r e  t o  a n  u n d e r e s t i m a t e d  vo lume  f r a c t i o n  o f  y' (50 % i n s t e a d  o f  60 %). 

T a b l e  1 - C o m p o s i t i o n s  o f  p r i m a r y  and s e c o n d a r y  p r e c i p i t a t e s  a s  measured  b y  a tom 
p r o b e .  Chemica l  a n a l y s i s  d a t a  a r e  g i v e n  f o r  compar i son  

Averaged  atom-probe 
d a t a  f o r  y ' p h a s e  
( a t  %) 

S t a t i s t i c a l  f l u c -  
t u a t i o n s  ( a t  %) 

Chemica l  a n a l y s i s  
( a t  %) 

S e c o n d a r y  
p r e c i p i t a t e s  

S t a t i s t i c a l  
f l u c t u a t i o n s  a 

Atom-probe 
d a t a  1 3.89 / 0.64 1 
S t a t i s t i c a l  
f l u c t u a t i o n s  o 

/ 0.3 ( 0.11 1 

A1 

13.85 

0.18 

13.52 

11.7 

I 

Chemica l  

T a b l e  2 - Comparison o f  a v e r a g e d  c o m p o s i t i o n  o f  y + s e c o n d a r y  p r e c i p i t a t e s ,  computed 
from a tom p r o b e  d a t a  w i t h  t h e  " m a t r i x "  c o m p o s i t i o n  a s  deduced  b y  c h e m i c a l  a n a l y s i s  . 

T i  

4.33 

0.1 

4.53 

1.7 

0.4 
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