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Abstract - Field evaporation of micro-clusters in a NiqMo alloy 
was studied. When field evaporation was carried out in vacuum, 
sporadic field evaporation of the surface atoms was frequently 
observed and the atom-probe analysis resulted in the higher Mo 
concentration for micro-clusters. We have found that this 
apparently erroneous composition was caused by simultaneous 
arrival of more thanone ion ofthe same isotope species at the 
detector. The appropriate experimental conditions to obtain 
stoichiometrically correct values of the composition for micro- 
clusters were then discussed. 

I - INTRODUCTION 

In alloys, there often exist small regions where the composition 
differs from the matrix, such as GP-zones and precipitates. Such 
regions can be called miero-clusters. Since the enviroment of 
individual atoms in these micro-clusters could be different from those 
in the matrix, the field evaporation behavior of micro-clusters may 
well be different in atom-probe field-ion microscope (AP-FIM) analysis 
1 This paper describes problems encounted in the qualitatative 
atom-probe analysis of micro-clusters and the solutions in the case of 
a Ni4Mo alloy. 

I I - EXPERIMENTAL PROCEDURE 

ANi4Moalloy quenched fromthehightemperature a phase wasused as a 
specimen. The NiqMo alloy in this heating condition is, in the so 
called, short-range ordered and is considered to be in two phase 
mixture: the Ni rich a phase and the Mo rich phase containing about 
SOat%Mo, both of which are very small in size /2 ,3/ .  The latter Mo 
rich phase corresponds to the micro-cluster, in the present case. The 
crystal structures of both phases are face-centered cubic if ordering 
is ignored. The method for preparing the Ni4Mo FIM specimen is 
described elsewhere /4/. 

I11 - RESULTS AND DISCUSSION 

Figure 1 shows the atom-probe data of the field evaporation behavior 
of the as-quenched Ni4Mo alloy containing a number of micro-clusters. 
The experimental conditions during the atom-probe analysis are shown 
in Table 1. The cumulative number of Ni plus Mo atoms plotted 
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Fig.  1 - F i e l d  e v a p o r a t i o n  b e h a v i o r  of  as -quenched  NiqMo 
con ta in ing  a  number of micro-clusters .  Experimental cond i t i ons  
an  atom-probe a n a l y s i s  a r e  shown i n  Table 1.  

a l l o y  
dur ing  

Table1 Experimental cond i t i ons  dur ing  an atom-probe a n a l y s i s  
f o r  Fig.1. 

Pulse  f r a c t i o n *  

Background p re s su re  1.3 x lo-8 pa 

Probed a r e a  high index r eg ion  near  ( I I  I  )fee 

* P u l s e  f r a c t i o n  i s  d e f i n e d  by vp/(vdc+vp) where Vdc i s  t h e  DC 
holding vo l t age  and Vp t h e  pulse  vol tage .  

a g a i n s t  t h e  cumulat ive number of evapora t ion  pu l se s  does not  i nc rease  
smoo th ly ,  b u t  s p o r a d i c a l l y  on many o c c a s i o n s .  The segmen t s  of  
sporadic  evapora t ion  a r e  marked by t h e  l e t t e r s  "a" t o  "k". The t o t a l  
number of  s i g n a l s  ( N i  and Mo) obtained by t h e  s i n g l e  t r i g g e r  pu l se  i s  
a l s o  g iven  i n  t h e  f igure .  Each of t h e s e  sporadic  f i e l d  evaporat ion i s  
caused by one pu l se ,  t h a t  is, it i s  t h e  b u r s t  of f i e l d  evapora t ion  and 
t h i s  f i e l d  e v a p o r a t i o n  b e h a v i o r  i s  due  t o  t h e  e x i s t e n c e  of  micro-  
c l u s t e r s  i n  t h e  a l loy .  

F i g u r e  2 ( a )  shows t h e  number of  Mo a t o m s , a n d N i a t o m s i n e a c h  c l u s t e r  
i n a d d i t i o n  t o t h e  t o t a l  number of  N i p l u s  Mo atoms. The t o t a l  number 
of a toms  i n  t h e  c l u s t e r s  a r e  i n  t h e  r a n g e  of 4 t o  1 5  a toms ,  e x c e p t  i n  
c l u s t e r  "a". Note t h a t  s i n c e  a  t i m e r  w i t h  16  c h a n n e l s  h a s  been used  
t o  d e t e c t  s i g n a l s  i n  t h i s  experiment, a l l  t h e  atoms f ie ld-evapora ted  
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Fig. 2 - (a) Number of Ni, Mo and Ni+Mo atoms of simultaneously field- 
evaporated clusters a-k. (b) Mo concentrations of simultaneously 
f ield-evaporated clusters a-k. 

simultaneously by one pulse appear to be successfully detected. For 
cluster "a", all the channels are filled: one hydrogen atom is simul- 
taneously detected besides ten Ni and five Mo atoms and thus we can 
not tell whether more atoms reached the detector or not. The number 
of Nils is in the range of two to five and mostly three, while that of 
Mo is two to eleven. The Mo concentrations for the clusters are shown 
in Fig.Z(b). The Mo concentration is in the range of 40 to 76%. 
These values are significantly higher than the bulk composition 
(20.1 at% Mo). This does not necessarily mean that micro-clusters have 
the higher Mo concentration. These could be several artifact in the 
atom-probe compositional analysis. For example, whether a simulta- 
neous field-evaporated segment corresponds to a micro-cluster is not 
so obvious. Since the number of simultaneously field-evaporated 
sections is too large in comparison with the volume fraction of micro- 
clusters in this alloy, 22.6% 131, we speculate that the sporadic 
evaporation need not correspond to micro-clusters in the alloy. Some 
of them may indeed correspond to real micro-clusters in the alloys and 
others may come from the surrounding matrix after field evaporation of 
micro-clusters. It is noted that the total number of detected signals 
and the number of Mo atoms detected fluctuate in the same way 
(Fig.2(a)). On a basis of those observations, the following mechanism 
of field evaporation is proposed. First, a micro-cluster field evapo- 
rates simultaneously with the surrounding Mo atoms -2- a, b, d, g and 
j in Figs. 1 and 2. Because the micro-cluster, in the present case, 
is the Llo(M=l)-type ordered phase 131, bindings among the constitu- 
ting atoms are strong, and moreover the micro-cluster binds strongly 
with the surrounding Mo atoms. Note that the binding energy of Mo-MO 
is comparable to that of Ni-Mo and is larger than that of Ni-Ni 151. 
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The number of atoms evaporated in this sporadic field evaporation is 
approximately fifteen and is larger than the average number of a 
micro-cluster, which is ten as described in ref.3. Second, at the 
detector some of the Ni atoms simultaneously field-evaporated are not 
counted because of the simultaneous arrival of more than one Ni ion of 
the same isotope. This will be discussed later. Also, the remaining 
tip surface is topologically rough, and is Ni-enriched, so that Ni 
atoms in the protruding surface area field-evaporate by the D.C. 
holding voltage without the pulse voltage. The apparent surface 
compositon, thus, becomes rich in Mo. The Mo enriched matrix is still 
protruded, and then the atoms sporadically f ield-evaporate. In the 
case of this evaporation, the size should be smaller than that of a 
real micro-cluster. c, e, f, h, i and k in Figs. 1 and 2 correspond 
to this case. The mechanism described above is supported in terms of 
the number of atoms and the concentration of micro-cluster and also in 
terms of the volume fraction of micro-clusters in the matrix. 

The second artificial effect is the simultaneous arrival of more than 
two ions of the same species at the detector, as described in the 
second step of the mechanism. If this occurs, the maximum number and 
average number can be estimated from statistical consideration in the 
following way. Table 2 lists the natural abundance and the abundance 
for NiqMo and NiMo composition, of Ni and Mo isotopes. Ni:Mo=4:1 is 
the alloy composition, and Ni :Mo=l :I corresponds to the average compo- 
sition of micro-clusters in the alloy /3/. On probing the regions 
with NiqMo or NiMo composition, the maximum number of Ni to be 

Table 2 Abundance of Ni and Isotopes 

Natural Isotopic 

Abundance 

68.274 

26.095 

1 .I34 

3.593 

0.904 

15.64 

9.04 

15.72 

16.53 

9.46 

23.78 

9.63 

Element 

N i 

Mo 

Ni4Mo Ni Mo 

Phase Phase 
Isotope 

5 8 

6 0 

6 1 

6 2 

6 4 

9 2 

9 4 

9 5 

9 6 

9 7 

9 8 

100 

34.1 

13.0 

0.6 

1.8 

0.5 

7.9 

4.5 

7.9 

8.3 

4.7 

11.9 

4.8 

50% 

50% 

80% 

20% 

54.6 

20.9 

0.9 

2.9 

0.7 

3.2 

1.8 

3.1 

3.3 

1.9 

4.8 

1.9 



d e t e c t e d  i s  f i v e  because  N i h a s  f i v e  i s o t o p e s  when a  l a r g e  number of 
atoms f i e l d  evaporate  a t  once. However, t h e  N i  i so topes  having r e l a -  
t i v e l y  l a r g e  n a t u r a l  abundance a r e  o n l y  two,  S 8 N i  and  G O N i ,  and t h u s  
t h e  a v e r a g e  number o f  d e t e c t e d  N i  i s  expec t ed  t o  be two,  o r  a t  most  
t h r e e  count ing  another  one from t h e  r e s t  of t h e  N i  i sotopes.  Indeed, 
t h e  maximum and average number of de t ec t ed  N i  i n  Fig.2 a r e  i n  reasona- 
b l e  accordance wi th  t hose  expected numbers. On t h e  o t h e r  hand, Mo has 
n o t  o n l y  s even  i s o t o p e s  b u t  a l s o  f i e l d - e v a p o r a t e s  i n  two k i n d s  of 
c h a r g e  s t a t e s ,  M O ~ +  and M O ~ + .  Thus t h e  maximum number of  Mo t o  be  
d e t e c t e d  i s  1 4 .  But c o n s i d e r i n g  t h e  f a c t  t h a t  t h e  number of t h e  Mo 
a toms i n t h e . a l l o y  i s  n o t  l a r g e ,  t h e  Mo s i g n a l  l e v e l  a t  t h e s e  c l u s t e r s  
might be sma l l e r  t han  14 .  Therefore,  t h e  number (2-1 1 )  of Mo i n  Fig.2 
is  reasonable. 

The above cons ide ra t i on  s t rong ly  sugges ts  t h e  simultaneous a r r i v a l  of 
5 8 ~ i a n d  60Ni. I n o r d e r  t o  examine  t h e  s i m u l t a n e o u s  a r r i v a l  of two o r  
more i o n s  of  t h e  same s p e c i e s  a t  t h e  d e t e c t o r ,  t h e  s i g n a l s  were  
monitored by t h e  Tektronix HY-123 s to rage  osc i l l o scope  which al lowed 
u s  t o  r e c e i v e  a c c u r a t e  measurements  of s i g n a l  p u l s e  h e i g h t s .  An 
osc i l l o scope  t r a c e  is  given i n  Fig.3. I t  shows t h e  s i g n a l s  of 58~ i2+  
and 60~i2+.  

Fig .3  - An o s c i l l o s c o p e  t r a c e  o f  58Ni2+  a n d  G 0 N i 2 + ,  s h o w i n g  
simultaneous a r r i v a l  of four  58~i2+.  

The peak s i z e  of 60Ni2+ i n  Fig.3 i s  found t o  correspond wi th  a  s i n g l e  
i on  on t h e  b a s i s  of repea ted  de t ec t ion  measurements. The measurement 
of t h e  a r e a s  of 58~ i2+  and 6 0 ~ i 2 +  peaks by a  microdensi tometer  shows 
t h a t  t h e  peak of  5 8 ~ i 2 +  i s  f o u r  t i m e s  l a r g e r  t h a n  t h a t  of 6 0 ~ i 2 + .  
T h i s  may s u g g e s t  t h a t  f o u r  5 8 ~ i 2 +  i o n s  were  d e t e c t e d  s i m u l t a n e o u s l y  
and r e g i s t e r e d  a s  a  s i n g l e  event  i n  t h e  d i g i t a l  t imer.  

A s  a  summary, t h e  behavior  of  t h e  sporadic  f i e l d  evapora t ion  has  been 
i n t e r p r e t e d  above. Yamamoto and Seidman have d iscussed  nine poss ib l e  
mechanisms o r  processes  which may a f f e c t  t h e  measured concent ra t ion  
a d v e r s e l y  /6 / .  One o f  t h e s e  n i n e  i s  t h e  s i m u l t a n e o u s  a r r i v a l .  W e  
b e l i eve  t h a t  t h e p o s s i b i l i t y f o r  t h e  o t h e r  e i g h t  i s  very low. 

Next, t o  o b t a i n  t h e  c o r r e c t  experimental  cond i t i ons  f o r  t h e  probing of 
mic ro -c lu s t e r s  i n  t h e  a l l o y ,  var ious  a t t e m p t s  were made. In t roduct ion  
of He gas of - 10-6 Pa dur ing  f i e l d  evaporat ion has improved t h e  
f i e l d  e v a p o r a t i o n  b e h a v i o r  of m i c r o - c l u s t e r s .  Fig.4 shows f i e l d -  
evapora t ion  behavior under He gas of 10-5 - 10-6 Pa. The experimental  
condi t ions  used t o  obta ined  t h e  r e s u l t s  i n  Fig.4 a r e  t h e  same a s  t hose  
i n  Tab le  1 e x c e p t  f o r  t h e  i n t r o d u c t i o n  of  t h e  He gas .  The number of  
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Fig.4- Field-evaporation behavior of a ~ - ~ u e n c h e d  N 
containing a number of micro-clusters, on probing in the 
He gas of 1 o - ~  - 1 o - ~  Pa. 

i4Mo all 
presence 

field evaporated ions by one voltage pulse is mostly one. In other 
words, Ni and Mo atoms field evaporates very smoothly. When a probing 
was made in the presence of H2 gas, the field evaporation became 
smooth, but the Mo concentration was found to be higher than expected. 
It appears that H2 gas induced selective field evaporation of Ni. In 
the case of field evaporationina vacuum, the evaporation field of Mo 
is higher than that of Ni. Thus, the tightly bound Mo rich micro- 
clusters persist on the surface. When one of the micro-clusters can 
not resist to field evaporation, it field evaporates sporadically with 
the surrounding Mo atoms. On the other hand, in the presence of He 
gas, He atoms are adsorbed and then the evaporation field of Ni (or 
Mo) becomes comparable to that of Mo (or Ni). This might result in 
smooth field evaporation of Ni and Mo in a micro-cluster. As to the 
pulse fraction, 0.1 0 was good to obtain stoichiometric composition. 
When 0.18 was taken as a pulse fraction, the Mo concentration became 
high although the other experimental conditions remained the same as 
in the case of Fig.4. Thus, an atom-probe analysis of micro-clusters 
in NiqMo has been successfully achieved under the appropriate 
experimental conditions. The details of the microstructure are 
described elsewhere 131. 
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