
c 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 3: o n  

C + Z E  
p0clCn 

Hc( 

CD E s. 
Z 

v3 c 
d 

s 
CD a 

&. 
\o co 
o\ 
I 

N 
"\o 
I- 
\D 
\o 
t3 



DISCLAIMER 

Portions of this document may be iflegible 
in electronic image products. Images are 
produced from the best avaiiabfe original 
document. 



Technical Summary 

Solids have been studied by atomistic modeling since the 
earliest availability of computers for scientific research. By the 
mid sixties, it was understood that models for metals based on 
reasonably short ranged two-body forces coupled with a global 
volume dependent contribution to the crystal energy yielded 
surprisingly good results for bulk calculations, but were 
unsatisfactory at surfaces. Little progress was made until the 
early eighties, when Daw and Baskes developed the Embedded-Atom 
Method (EAM) based on density functional theory and intended 
primarily for tight-packed transitional metals, and Finnis and 
Sinclair developed a model based on tight binding theory and 
intended primarily for bcc transition metals. The underlying 
mathematical format of both approaches is the same, and provides an 
extension of the earlier models through a function which in 
practice provides a measure of local volume dependence. The 
primary purpose of this research project was to investigate the 
implications of this mathematical format and to use the resulting 
insight to correlate the known physical input data with computed 
results of properties that are difficult to access experimentally. 
Embedded-Atom Method terminology is used, but this research is 
applicable as well to the Finnis-Sinclair model. 

The approach taken was to design simple EAM models based on 
analytic functions and to study both the constraints on the 
functions caused by the physical input data for fitting specific 
metals and the relations between the functions and the calculated 
properties. The functions can then be used as a bridge to 
correlate the physical input data with the properties computed with 
the EAM models. The majority of calculations were carried out for 
tight-packed metals (fcc and hcp), but bcc models were also 
studied. 

A simple EAM model requires three types of functions to be 
fully specified: an electron density function and an embedding 
function for each atom species present, and a pair potential for 
each type of two-body interaction present. For comparison of 
different EAM models, a "normalized" form was defined in which the 
energy from two-body forces and from the embedding function are 
independently in equilibrium in the perfect crystal at equilibrium. 

There were fifteen published paper from this research project, 
and so just a few generalizations will be listed: I 

The vacancy formation energy and the surface energy are 
correlated so that if the vacancy formation energy is given 
correctly, the surface energy will be smaller that the best 
experimental values. 

Calculated results are relatively insensitive to the electron 
density function, as long as it is smooth and monotonically 
decreasing. 



Defect f o r m a t i o n  e n e r g i e s  are  p r o p o r t i o n a l  t o  t h e  average shear 
modulus and  a re  a l m o s t  i ndependen t  o f  t h e  b u l k  modulus and  t h e  
c o h e s i v e  e n e r g y .  

T h e  fcc  shear a n i s o t r o p y  r a t i o  i s  n o r m a l l y  greater  t h a n  two i n  
EAM models ,  i n  agreement  w i t h  most fcc m e t a l s  b u t  n o t  w i t h  
aluminum. 

A s  a f u n c t i o n  of c /a  r a t i o ,  t h e  hcp s t r u c t u r e  i s  o n l y  s table  i n  
a na r row window. T h e  fcc l a t t i c e  i s  more s table  i f  c / a  i s  greater  
t h a n  i dea l  (1.63), and t h e  bcc l a t t i c e  i s  more s table  i f  c / a  i s  
less t h a n  a b o u t  1 .58 .  

T h e  two-body p o t e n t i a l  w e l l  must be b r o a d  i n  t h e  v i c i n i t y  o f  
f i rs t  and  second  n e i g h b o r  d i s t a n c e s  f o r  t h e  bcc s t r u c t u r e  t o  be 
more s t ab le  t h a n  a t ight-packed s t r u c t u r e .  T h i s  b r o a d e n i n g  a l s o  
must o c c u r  t o  f i t  t h e  e l a s t i c  c o n s t a n t s  i n  a bcc s t r u c t u r e .  Thus, 
a bcc model f i t  t o  bcc e l a s t i c  c o n s t a n t s  w i l l  be s tab le  r e l a t i v e  t o  
fcc,  w h i l e  a fcc model f i t  t o  fcc e l a s t i c  c o n s t a n t s  w i l l  be stable 
r e l a t ive  t o  bcc. 

There i s  a t r a n s f o r m a t i o n  which can  change  b o t h  t he  embedding 
f u n c t i o n  and  the  two-body p o t e n t i a l  s u c h  t h a t  t he  o v e r a l l  model i s  
unchanged.  If it i s  assumed t h a t  two-body p o t e n t i a l s  between 
d i f f e r e n t  species i n  a l l o y s  c a n  be c o n s t r u c t e d  a n a l y t i c a l l y  from 
t h e  p u r e  meta l  f u n c t i o n s ,  and  t h a t  a l l o y  models  r e t a i n  t he  same 
t r a n s f o r m a t i o n  i n v a r i a n c e  as p u r e  metals, t h e n  t h e  a l l o y  p o t e n t i a l s  
a re  u n i q u e l y  d e t e r m i n e d .  

T h e  a n a l y t i c  a l l o y  p o t e n t i a l s  derived b y  t h e  above p r o c e d u r e  give 
a good a c c o u n t  of  t h e  heats  of f o r m a t i o n  o f  s t o i c h i o m e t r i c  
compounds o f  Cu, Ag, Au, N i ,  and  P t ,  b u t  c o n s i s t e n t l y  give v a l u e s  
t o o  high f o r  compounds i n v o l v i n g  Pd.  

B i n a r y  a l l o y  heats of  f o r m a t i o n  a re  d e t e r m i n e d  p r i m a r i l y  by  t h e  
re la t ive  s i z e  and  t h e  c o h e s i v e  e n e r g y  o f  t he  t w o  e l e m e n t s .  If b o t h  
o f  these q u a n t i t i e s  are smaller  f o r  one metal t h a n  t h e  o t h e r ,  there 
i s  a t e n d e n c y  f o r  n e g a t i v e  heats  of f o r m a t i o n ,  w h i l e  i f  one  i s  
smaller and  t h e  o t h e r  larger,  there is  a t e n d e n c y  f o r  p o s i t i v e  
heats o f  s o l u t i o n .  

T h e  pr imary model parameter d e t e r m i n i n g  whether t h e  f cc  o r  hcp 
l a t t i c e  s t r u c t u r e  w i l l  be more s t ab le  i s  t h e  r a n g e  o f  t h e  two-body 
and  e l e c t r o n  d e n s i t y  i n t e r a c t i o n s .  

The c a l c u l a t e d  i n t r i n s i c  fcc s t a c k i n g - f a u l t  e n e r g y  i s  o n l y  
s l i g h t l y  less t h a n  t h e  e x t r i n s i c  ( e x p e r i m e n t a l  r e s u l t s  on t h i s  
p o i n t  are n o t  c l e a r ) ,  and  b o t h  i n c r e a s e  w i t h  i n c r e a s i n g  vacancy  
f o r m a t i o n  e n e r g y ,  d e c r e a s i n g  a t o m i c  volume and  shear modulus,  and  
are i n s e n s i t i v e  t o  t h e  b u l k  modulus and  t h e  c o h e s i v e  e n e r g y .  

E q u a t i o n s  f o r  t h e  c o n c e n t r a t i o n s  o f  v a c a n c i e s  and  a n t i s i t e  
defects i n  o r d e r e d  a l l o y s  i n  thermodynamic e q u i l i b r i u m  a t  and  n e a r  
s t o i c h i o m e t r y  were d e r i v e d  as  f u n c t i o n s  o f  defect e n e r g i e s .  
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Future Directions 

These comments include thoughts on extensions to the present form 
of most EAM models, and on the application of EAM calculations to 
technologically significant problems. 

The electron density function depends only on distance and can be 
thought of as the lowest-order term in an expansion of many-body 
terms. It is spherically symmetric and cannot account for any 
angular dependence as occurs in covalent bonding, for example. 
Baskes and others have investigated orientational effects, 
primarily in attempts to tailor the EAM to covalent crystals. In 
these modified models, the electron density sensed by a given atom 
is not just determined by the proximity of neighboring atoms, but 
is modified by the angles between pairs of neighboring atoms. 
These contributions probably have little effect on fcc metals, but 
they should be applicable to bcc metals. The problem is that the 
standard physical input data for bcc metals can be fit (albeit 
somewhat awkwardly) without these terms, so that adding more 
parameters adds arbitrariness to the fitting procedure and a lack 
of uniqueness to the resulting model. Alternatively, three-body 
potential energy terms could be used. The transformation 
invariance mentioned in the technical summary provides some 
relation between these two approaches, and it seems preferable to 
leave the orientational dependence with the electron density. 

Another approach, which is related to the above, involves thinking 
of the electron density as an expansion of a volume dependent term 
(as in present models) with r l ~ l l  type symmetry, a polarization term 
with ''p" type symmetry, a shear term with "d" type symmetry, and a 
term with trf" type symmetry. This last term differentiates between 
fcc and ideal hcp by symmetry alone. Again there is the problem 
with too many adjustable parameters, but Baskes has produced a 
model which in essence contains these terms in a simple way without 
additional adjustable parameters (work is to be published). This 
effort should be continued. 

Both of these approaches eliminate the transformation invariance 
that was employed in developing alloy potentials. Thus, a deeper 
understanding of interactions in alloys is necessaryto apply these 
extensions to the EAM to alloys. 

As long as a realistic perception of the meaning of the results of 
atomistic calculations is maintained, present EAM models can be 
used for studying numerous problems in materials. Of course, this 
is presently being done at many sites. More work is probably being 
carried out on A1 alloys than any other metal, and this requires 
some caution because A1 is a difficult metal to model and it is not 
certain that present models adequately portray the real character 
of Al. Another area of technological importance which presently 
seems to be neglected is the study of ultrafine particles in which 
the majority of atoms sense the presence of a surface or an 
interface, i.e., very small particles, fine needles or whiskers, 
and thin flakes or foils. 
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