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ATOM PROBE FIM STUDY OF SHORT RANGE ORDER IN Ni RICH Ni-W 

AND Ni-Mo-W ALLOYS 

M. Yamamoto, S. Nenno, J. Tada and T. Fukuchi 

Department of Materials Science and Engineering, Osaka University, 
Suita, Osaka 565, Japan 

A b s t r a c t  - True  p i c t u r e  of  s h o r t  r ange  o r d e r  of  N i  r i c h  N i - W  
and Ni-Mo-W a l l o y s  has  been s tud i ed  by an atom probe FIM. The 
p r e s e n c e  of  s o l u t e  r i c h  r e g i o n s  h a v i n g  a b o u t  5 0 a t %  s o l u t e  
c o n c e n t r a t i o n  h a s  been found i n  t h e  N i - W  a l l o y  and i n  t h e  N i -  
Mo-W a l l o y .  The d e t a i l s  of  t h e s e  r e g i o n s  a r e  d e s c r i b e d .  
P a r t i t i o n i n g  of Mo and W atoms i n  t h e  i n t e r i o r  and a l s o  a t  t h e  
i n t e r f a c e ,  of (Mo+W) r i c h  reg ions  i n  t e rna ry  Ni-Mo-W a l l o y  has  
been a l s o  s tudied .  

I - INTRODUCTION 

When N i  r i c h  N i - W  and Ni-Mo-W a l l o y s  a r e  quenched from high  tempera- 
t u r e  a phase  ( f c c )  r e g i o n ,  t h e i r  X-ray and e l e c t r o n  d i f f r a c t i o n  
p a t t e r n s  show d i f f u s e  i n t e n s i t y  maxima a t  1  112 0  and i ts  equiva len t  
p o s i t i o n s  i n  a d d i t i o n  t o  t h e  f c c  fundamental r e f l e c t i o n s .  Because of 
t h e  presence of t h e i r  d i f f u s e  i n t e n s i t y  maxima, t h e  quenched s t a t e s  of 
t h e s e  a l l o y s  a r e  c a l l e d  s h o r t  r a n g e  o rde red .  N i  r i c h  Ni-Mo a l l o y s  
inc luding  NiqMo and Ni3Mo a l l o y s  a l s o  have s i m i l a r  type of i n t e n s i t y  
maxima a t  t h e  same p o s i t i o n s  of t h e i r  d i f f r a c t i o n  p a t t e r n s  i n  t h e  
quenched s t a t e  and t h e  s t a t e  i s  a l s o  c a l l e d  s h o r t  range ordered. The 
s h o r t  range o rde r  of Ni4Mo a l l o y  have been s tud i ed  us ing  an  atom probe 
FIMby Y a m a m o t o e t a l .  / I / ,  and it was found t h a t  t h e r e  e x i s t a  number 
of f i n e ,  Mo r i c h  reg ions  i n  t h e  mat r ix  of N i  r i c h  s o l i d  so lu t ion .  I n  
t h e  p re sen t  s tudy N i  r i c h  N i - W  and Ni-Mo-W a l l o y s  have been s tud i ed  
t o  make c l e a r  t h e  t r u e  p i c t u r e  of  t h e  s h o r t  range order .  The r e s u l t s  
o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  of  b o t h  a l l o y s  a r e  compared w i t h  t h e  
r e s u l t s  obtained i n  t h e  previous s tudy  of NiqMo a l l o y  / I / .  

I1 - EXPERIMENTAL PROCEDURE 

The a l l o y s  used have t h e  composition of Ni-16.6at%W and Ni-9.0at%Mo- 
9.0at%W, which a r e  c h e m i c a l l y  a n a l y z e d  va lues .  H e r e i n a f t e r  t h e  two 
a l l o y s  a r e  c a l l e d  Ni-17W and Ni-9Mo-9W a l l o y s ,  respec t ive ly .  The va lue  
of  16.6at%W i s  a l m o s t  t h e  s o l u b i l i t y  l i m i t  of W i n  N i  s o l i d  s o l u t i o n  
(1 6.4at%W) /2 / .  A l l  t h e  spec imens  were  quenched f rom a phase  ( f c c )  
r e g i o n  of  1573 K f o r  a  Ni-17W a l l o y  and of  1523 K f o r  a  Ni-9Mo-9W 
al loy .  I n  o rde r  t o  confirm t h e  e x i s t e n c e  of 1  112 0  d i f f u s e  i n t e n s i t y  
maxima, e l e c t r o n  microscope observa t ion  was made us ing  t h i n  f o i l s .  of 
both a l l o y s  hea t - t r ea t ed  under t h e  same cond i t i on  a s  t h e  FIM specimens. 

Atom probe FIM analyses  were performed employing our  atom probe, whose 
s c h e m a t i c  d i ag ram i s  shown i n  Fig.1. T h i s  atom probe  h a s  been 
s l i g h t l y  improved i n  t h e  f o l l o w i n g  p o i n t s  from t h e  one  d e s c r i b e d  i n  
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Fig.1 - Schematic diagram of our atom probe FIM. 

the previous paper /3/. A pulser is replaced by the pulser with a 
stack of two mercury-wetted reed relays in order to increase a pulse 
voltage 141. To measure time-of-flight of the ions, a digital timer 
of LeCroy 4208 TDC with eight channels is installed instead of a home 
made timer and an oscilloscope. All the system are changed to control 
by an NEC 9801 microcomputer system. As a specimen cooling system, a 
closed-cycle helium-gas cryogenerator, Cryomini by Osaka Oxygen 
Industry is used. The cryogenerator also serves as a cryopump. 

111 - EXPERIMENTAL RESULTS AND DISCUSSION 

1. Electron Microscope Studies 

The electron diffraction pattern of the quenched specimens of both 
alloys showed that there were diffuse intensity maxima at 1 112 0 and 
its equivalent positions. Dark field image by the 1 112 0 spot did 
not give any particular contrast. 

2. Field-Ion Images 

Field-ion images of both quenched alloys showed two characteristics. 
One is that only low index planes are clearly visible, and the other 
is that a large number of bright spot cluster appear, randomly 
dispersed all over the imaging field. These characteristics are, in 
principle, the same as those in the short range ordered state of NiqMo 
alloy. 

3. Atom-Probe Analyses 

Figure 2 is a plot of the cumulative number of W atoms versus the 
cumulative number of Ni atoms during continuous field evaporation of 
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Fig.2 - A p l o t  o f  
t h e  cumula t ive  
number of W a toms 
v e r s u s  t h e  cumula- 
t i v e  number of N i  
a toms i n  a  Ni-17W 
a l l o y ,  showing W 
r i c h  r e g i o n s  
i n d i c a t e d  by 
c i r c l e s .  

F ig .  3  - A p l o t  o f  
t h e  W c o n c e n t r a t i o n  
v e r s u s  t h e  number of 
N i  p l u s  W a t o m s ,  i n  
W r i c h  r e g i o n s  o f  
t h e  Ni-17W a l l o y .  

NUMBER BF N i  PLUS W AT8MS 
8F W RICH REGIBNS 

Ni-17W a l l o y  i n  t h e  a t o m  probe .  The s l o p e  o f  t h i s  d a t a  shows  t h e  
average  composi t ion.  The average  compos i t ion  o b t a i n e d  by t h e  p r e s e n t  
a t o m  p r o b e  a n a l y s i s  i s  17.8at%W a n d  i s  i n  good a c c o r d a n c e  w i t h  t h e  
a l l o y  compos i t ion  (1  6.6at%W). 

However,  i t  i s  n o t i c e d  t h a t  t h e r e  e x i s t  W r i c h  r e g i o n s  when t h e  d a t a  
a r e  i n v e s t i g a t e d  i n  d e t a i l .  I f  t h e  p r o b e d  r e g i o n  o f  t h e  s p e c i m e n  h a s  
t h e  s t o i c h i o m e t r i c  Ni4W composi t ion,  f o u r  N i  atoms must be  d e t e c t e d  
between W a toms,  b u t  t h e r e  e x i s t  a  number o f  r e g i o n s  c o n t a i n i n g  fewer  
N i  atoms t h a n  t h e  Ni4W composi t ion.  The r e g i o n s  c o n t a i n i n g  t h r e e  o r  
less  N i  a t o m s  b e t w e e n  W a t o m s  a r e  i n d i c a t e d  by t h e  open  c i r c l e s  i n  
Fig.2. The W c o n c e n t r a t i o n  and t h e  number o f  N i  and W a toms,  i n  t h o s e  
W r i c h  r e g i o n s ,  a r e  shown i n  Fig.3. The n u m e r a l s  i n  Fig.3 mean t h e  
d e g r e e  o f  d e g e n e r a c y  a t  t h e  p o i n t .  The W r i c h  r e g i o n s  c o n s i s t  of 
t h r e e  t o  twenty  a toms and t h e  average  v a l u e  i s  seven. Compositions of 
t h e  W r i c h  r e g i o n s  v a r y  i n  t h e  w i d e  r a n g e  and  i t s  a v e r a g e  v a l u e  i s  
53.0at%W. 

I n  a  t e r n a r y  Ni-9Mo-9W a l l o y  t h e  same t y p e  of a n a l y s i s  was made. The 
r e s u l t s  a r e  shown i n  Fig.4. H e r e  t h e  d i s c r i m i n a t i o n  between Mo and W 
a t o m s  i n  t h e  r i c h  r e g i o n s  i s  i g n o r e d ;  t h e  manner  o f  Mo and  W w i t h i n  
t h e  r i c h  r e g i o n s  i s  d e s c r i b e d  l a t e r .  Composition of t h e  (Mo+W) r i c h  
r e g i o n s  i s  widely d i s t r i b u t e d  a s  shown i n  Fig.4 and i s  53.3 at%(Mo+W) 
i n  average. 
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Fig.4 - A plot of 
the (Mo+W) conce- 
ntration versus the 
number of Ni, Mo and 
W atoms, in (Mo+W) 
rich regions of the 
Ni-9Mo-9W alloy. 

In Table 1 various parameters characterizing rich regions in both 
alloys are summarized. In addition, those in Ni4Mo alloy investigated 
in the previous work /I/ is also sumarized. When various parameters 
characterizing rich regions in three alloys are compared each other, 
the following points are noticed. First, the compositions of the rich 
regions in all three alloys are far from the alloy composition and are 
approximately 50at%. 

This suggests the presence of the Nix phase where X is Mo, W or 
(Mo+W). Yamamoto et al., considering together with the appearance of 
the diffuse 1 112 0 spots in both X-ray and electron diffraction, have 
deduced that Llo(M=l )-type ordered regions and Ni-rich fcc regions, 
both of which are very small in size, coexist in a quenched state /5/. 
Note that the Llo(M=l)-type superlattice has the equiatomic 

Table 1 Various parameters characterizing rich regions 
in the three alloys 

..................................................................... 
Name of Alloy Ni-17W* Ni-9Mo-9W** NiqMo+ 

Composition of Alloy Ni-16.6at%W Ni-g.Oat%Mo- Ni-20.1 at%Mo 
9.0at%W 

..................................................................... 
Concentration of 52.5 53.3 53.0 
Rich Regions (at%W) (at%(Mo,W) (at%Mo) 

..................................................................... 
Number of Atoms 3 - 20 3 - 20 5 - 17 

Average 7 9 10 
..................................................................... 
Number of ~egions/ 3.7 3.9 2.3 
100 Atoms 

..................................................................... 
Volume Fraction 24.5 35.0 23.0 

( % )  ..................................................................... 
* off -stoichiometric Ni4W 
** off -stoichiometric Ni (Mo,W) 
+ the results in ref.114 



c o m p o s i t i o n  i.e., i t  i s  a n  AB-type s u p e r l a t t i c e .  Then t h e  a b o v e  
d e d u c t i o n  h a s  been conf i rmed  i n  t h e  p r e v i o u s  s t u d y  of  NiqMo a l l o y  / I / .  
The p r e s e n t  atom probe r e s u l t s  have shown t h a t  t h e  s h o r t  r ange  o r d e r  
i n  Ni-17W a n d  Ni-9Mo-9W a l l o y s  c a n  a l s o  b e  e x p l a i n e d  by t h e  a b o v e  
deduct ion.  

However t h e r e  a r e  some d i f f e r e n t  p o i n t s  b e t w e e n  t h r e e  a l l o y s .  I n  
T a b l e  1  t h e  a v e r a g e  o f  t h e  number  o f  a t o m s  i n  r i c h  r e g i o n  i s  s m a l l e r  
i n  Ni-17W a l l o y  t h a n  t h o s e  i n  t h e  o t h e r  two a l l o y s .  Number of r e g i o n s  
p e r  100 a t o m s  i s  a  v a l u e  p r o p o r t i o n a l  t o  d e n s i t y  a n d  i t s  v a l u e  i s  
smaller i n  NiqMo a l l o y .  A s  t o  volume f r a c t i o n ,  t h e  Ni-9Mo-9W a l l o y  i s  
l a r g e r  t h a n  t h e  o t h e r s .  

The d i f f e r e n c e  b e t w e e n  t h r e e  a l l o y s  i s  c o n s i d e r e d  t o  b e  d u e  t o  t h e  
f o l l o w i n g  f a c t o r s :  ( i )  i n t e r a c t i o n  energy, U*A, UBB, UAB, (ii) compo- 
s i t i o n  o f  a l l o y s ,  i.e., s o l u t e  c o n c e n t r a t i o n  (20.lat%Mo, 16.6at%W and 
9.0at%Mo and 9.0at%W), and (iii) quenching temperature .  

I n t e r a c t i o n  energy  i n  Ni-Mo system h a s  been e v a l u a t e d  from t h e  Morse 
p o t e n t i a l  energy,  cohes ive  energy,  o r d e r i n g  energy r a t i o  and c r i t i c a l  
t e m p e r a t u r e  f o r  t h e  NiqMo a l l o y  by u s  /6/ .  For example,  f o r  t h e  f i r s t  
n e a r e s t  n e i g h b o r ,  t h e  a b s o l u t e  v a l u e  o f  UAB i s  n e a r  t h a t  o f  UBB, b u t  
i s  a b o u t  t w i c e  l a r g e r  t h a n  t h a t  o f  UAA. However,  s o  f a r  w e  h a v e  n o t  
e v a l u a t e d  i n t e r a c t i o n  energy  i n  t h e  o t h e r  sys tems  because o f  l a c k i n g  
of d a t a  t o  b e  r e q u i r e d  f o r  c a l c u l a t i o n .  

The d i f f e r e n c e  of s o l u t e  c o n c e n t r a t i o n  can be examined by i n v e s t i g a -  
t i o n  i n  t h e  same a l l o y  s y s t e m ,  s a y  Ni-Mo s y s t e m .  T h i s  n e e d s  t h e  
f u r t h e r  work. 

The NiqMo a l l o y  was quenched from 1373 K ,  which i s  1.21 Tc and 0.82 Tm 
where Tc i s  t h e  c r i t i c a l  t e m p e r a t u r e  of o r d e r - d i s o r d e r  t r a n s f o r m a t i o n  
a n d  T m i s  t h e  m e l t i n g  p o i n t  o f  a n  a l l o y  c o n c e r n e d .  I n N i q M o a l l o y t h e  
p e r i t e c t o i d  t e m p e r a t u r e  i s  used a s  Tc. The quenching t e m p e r a t u r e  of  
t h e  Ni-17W a l l o y  i s  1 5 7 3  K w h i c h  c o r r e s p o n d s  t o  1.27 Tc a n d  0.87 Tm. 
TheNi-9Mo-9Wal loy  w a s q u e n c h e d  f rom 1523  K ,  b u t t h e  v a l u e s o f  Tc a n d  
Tm a r e  n o t  known f o r  t h i s  a-lloy. A t  t h e  moment it seems t h e r e  i s  n o  
i n f l u e n c e  by t h e  d i f f e r e n c e  of t h e  quenching t e m p e r a t u r e  between NiqMo 
a l l o y  and Ni-17W a l l o y  because o f  a  s m a l l  d i f f e r e n c e .  

Fig.5 - P a r t i t i o n i n g  
o f  Mo and W a t o m s  
w i t h i n  e a c h  of  
(Mo+W) r i c h  r e g i o n s  
of Ni-9Mo-9W a l l o y  

NUMBER OF W ATOMS 

IN (Mo+W) RICH REGIONS 
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Next ,  p a r t i t i o n i n g  of  Mo a n d  W a t o m s  w i t h i n  e a c h  o f  (Mo+W) r i c h  
r e g i o n s  i n  t h e  Ni-9Mo-9W a l l o y  was analyzed. F i g u r e  5  shows a  p l o t  of 
t h e  number o f  Mo atoms v e r s u s  t h e  number of W a toms w i t h i n  (Mo+W) r i c h  
r e g i o n s .  The o n e  p o i n t  c o r r e s p o n d s  t o  o n e  r e g i o n .  The n u m e r a l s  i n  
t h e  f i g u r e  means t h e  d e g r e e  o f  d e g e n e r a c y  a t  t h e  p o i n t .  I f  Mo a n d  W 
a toms p l a y  t h e  same r o l e  i n  t h e  r i c h  reg ion ,  t h e  c o r r e l a t i o n  becomes 
t h e  p o s i t i v e  r e l a t i o n  w i t h  t h e  s l o p e  o f  u n i t y ,  t h a t  i s ,  b o t h  a t o m s  
e x i s t s  t h e  same number each .  I n  Fig.5 t h e  d a t a  p o i n t s  d i s t r i b u t e  i n  
t h e  r e l a t i v e l y  wide range ,  b u t  it s e e m s  t h e  p o s i t i v e  r e l a t i o n  w i t h  t h e  
s l o p e  of un i ty .  Thus Mo and W might  n o t  have any p a r t i c u l a r  r e l a t i o n .  

Atom s p e c i e s  a t  i n t e r f a c e  b e t w e e n  t h e  (Mo+W) r i c h  r e g i o n s  and t h e  
m a t r i x  h a v e  b e e n  i n v e s t i g a t e d .  T a b l e  2  shows  t h e  number o f  t h e  
i n i t i a l  a t o m s  a n d  t h e  l a s t  a t o m s  i n  t h e  r i c h  r e g i o n s ,  o b t a i n e d  f r o m  
a t o m  c h a i n  i n  t h e  a t o m  p r o b e  d a t a .  I f  e i t h e r  o n e  o f  Mo o r  W a t o m  
predominan t ly  s e g r e g a t e s  t o  t h e  i n t e r f a c e ,  abundance of t h e  s e g r e g a t e d  
atoms becomes l a r g e .  However, any combinat ion of  t h e  i n i t i a l  and l a s t  
a toms d i s t r i b u t e s  w i t h  roughly  t h e  same p r o b a b i l i t y .  Thus predominant 
d i s t r i b u t i o n  o f  e i t h e r  o n e  o f  Mo a n d  W a t o m s  a t  t h e  i n t e r f a c e  i s  n o t  
recognized.  

Tab le  2  Atom s p e c i e s  a t  i n t e r f a c e  between t h e  (Mo+W) 
r i c h  r e g i o n s  and t h e  m a t r i x  

................................................. 
Event Number Abundance 

0 f  
------------------ Events  ( %  

I n i t i a l  L a s t  
Atom Atom 

................................................. 
MO ----- MO 18  29.0 

T o t a l  6  2  100.0 
.................................................. 
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