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RESUME 
Les ene rg ie s  de sGgrigation des  impure t i s  de va lence  s-p aw j o i n t s  de g r a i n s  
du n i c k e l  o n t  it; c a l c u l i e s  dans l e  c a d r e  de l ' approximat ion des  l i a i s o n s  
f o r t e s .  Les v a l e u r s  des  i n t i g r a l e s  de recouvrement o?t  6t6 p r i s e s  & p a r t i r  
des  c a l c u l s  de Harr ison e t  l e a  niveaux r e l a t i f s  des  ene rg ie s  Es,  Ep e t  Ed d e s  
o r b i t a l e s  s, p e t  d o n t  d t i  d i termindes  p a r t i r  des  c a l c u l s  de p r u c t u r e  , 
atomique doHerman e t  Skillman. Les impure t i s  de  valence  s-p  o n t  e t e  supposees 
i l ec t r lquemen t  neu t r e s .  
Les knergies  de  s igrdgat ion o n t  i t 6  ;valuies  pour les impuret6s de  phosphore 
e t  de  s o u f r e  am j o i n t s z t  5 (210) 5 s 5  (310) $=11 (332) e & l l  (113) dont  l a  
s t r u c t u r e  a 6 t d  d'abord r e l a x i e  p a r  une mithode de  r e l a x a t i o n  
quasi-dynamique. Nos r 6 s u l t a t s  s o n t  en  accord q u a l i t a t i f  avec les donnies 
expgr imenta les .  

ABSTRACT 
Grain boundary seg rega t ion  o f  sp-valence i m p u r i t i e s  i n  N i  have been 
i n v e s t i g a t e d  us ing  a t ight -binding type  e l e c t r o n i c  theo ry  o f  s, p and d-basis 
o r b i t a l s .  Two c e n t e r  i n t e g r a l s  both  f o r  h o s t  and impuri ty  atoms a r e  
determined wi th in  Har r i son ' s  u n i v e r s a l  scheme. The r e l a t i v e  e l e c t r o n i c  energy 
l e v e l s  Es,  Ep and Ed o f  s, p and d b a s i s  o r b i t a l  a r e  taken from atomic 
s t r u c t u r e  c a l c u l a t i o n s  by Herman and Skillman and sp-valence i m p u r i t i e s  a r e  
assumed t o  be e l e c t r i c a l l y  n e u t r a l .  
Segregat ion ene rg ie s  a r e  c a l c u l a t e d  f o r  phosphorus and s u l f u r  a txs  5 (210) ,x= 5 
(310) ,y=l1 (310) ,x=11 (113) g r a i n  boundaries,  t h e  s t r u c t u r e  o f  which was 
first re l axed  by a quasi-dynamical technique. Our r e s u l t s  show a q u a l i t a t i v e  
agreement wi th  exper imenta l  d a t a  o f  P and S seg rega t ion .  

ImDUcTIoN 
It is now w e l l  e s t a b l i s h e d  t h a t  g r a i n  boundary (GB) embri t t lement  and 

i n t e r g r a n u l a r  co r ros ion  i n  n i c k e l  can be c o r r e l a t e d  t o  t h e  i n t e r g r a n u l a r  s u l f u r  
s eg rega t ion  [ I ] .  - 

The purpose of t h i s  paper  is to  i n v e s t i g a t e  t h e  seg rega t ion  o f  sp-valence 
i m p u r i t i e s  ( s u l f u r ,  phosphorus) a t  v a r i o u s  r e l axed  s t r u c t u r e s  o f  grain-boundary i n  
n i cke l .  We use  t h e  t ight -binding (TB) e l e c t r o n i c  theory wi th in  t h e  second moment 
approximation and c a l c u l a t e  t h e  seg rega t ion  ene rg ie s  E o f  sp-valence i m p u r i t i e s  i n  
n i c k e l .  s e g  

PRINCIPLES OF C A L ~ T I O N S  
The re l axed  GB used t o  e v a l u a t e  E was obta ined by t h e  fo l lowing  procedure.  
The s t a r t i n g  geomet r i ca l  configur%Kon is cons t ruc ted  by p u t t i n g  toge the r  two 

s i n g l e  c r y s t a l s  a long  t h e  r equ i red  c r y s t a l l o g r a p h i c  p lanes .  For  f i x e d  GB plane and 
r o t a t i o n  ang le ,  numerous c o n f i g u r a t i o n s  have been then  considered by t r a n s l a t i n g  one 
c r y s t a l  w i t h  r e s p e c t  t o  t h e  o t h e r  i n  d i r e c t i o n s  p a r a l l e l  t o  t h e  GB plane. We used 
t r a n s l a t i o n s  belonging t o  t h e  DSC l a t t i c e .  Taking i n t o  account t h e  p e r i o d i c i t y  o f  GB 
s t r u c t u r e ,  we have sampled a s  much a s  70 d i f f e r e n t  c o n f i g u r a t i o n s  f o r  f i x e d  GB angle  
and plane. 
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The re laxa t ion  a t  T = 0 K of  t h e  geometrical s t r u c t u r e s  have been achieved by 
using a quasi-dynamical procedure which c o n s i s t s  of a Molecular Dynamics ca lcu la t ion  
modified t o  include a damping force  121. For. per iod ic  condit ions have been imposed t o  
the  b i c r y s t a l  i n  d i rec t ions  p a r a l l e l  t o  t h e  GB plane and f r e e  surfaces i n  the  
d i rec t ion  perpendicular t o  it. 

The p a r t i c l e  i n t e r a c t  v i a  a po ten t ia l  derived from the  second moment approximation 
of the  TB scheme f o r  t r a n s i t i o n  metals. The cohesive energy i s , w r i t t e n  a s  the sum of 
an a t t r a c t i v e  p a r t  ( d  band contr ibut ion)  : 

E = sT[ Z exp - 2q (9- 1 ) ~ ' ' ~  
i j ~ ~  a, - 

and a BO&-~ayer repulsive p a r t  : 

E ~ = A  e x p -  p ( 3 - 1 )  
i j N N  

(NN stands f o r  a l l  t h e  f i r s t  neares t  neighbours j of  p a r t i c l e s  i ; rij is the  dis tance 
between i and j and r the  neares t  neighbour dis tance a t  T = 0  K). 

The parameters p,Oq, A and B have been determined by a j u s t i n g  t h e  cohesive energy, 
the  bulk modulus and t h e  shear constants  (c '  and c ) on t h e  experimental data  and by 
prescr ibing the  equilibrium condition P = 0 (P : h g r o s t a t i c  pressure)  [3]. The 
following values have been used : Ec = E + E = - 4.46 e V  ; p = 10.36 ; q = 2.59. The B 
energy and the excess volume of the d l f d r e n t  s t a b l e  GB, we used i n  segregation 
ca lcu la t ions ,  a r e  glven i n  t a b l e  I ( see  a l s o  f i g .  1 and 2 ) .  

TABLE I : ( a  : fcc  parameter ; S : atomic surface i n  GB plane) 

GB Bulk 

Figure 1 :Z = (310) relaxed GB 
I and N i  : respect ively impurity 
and n icke l  s i t e .  

The segregation energy Ese is defined a s  t h e  change i n  the  band s t r u c t u r e  energy 
when a s u b s t i t u t i o n a l  so lu te  afome (I) located i n  t h e  bulk ( i n i t i a l  configuration : 
I C )  exchanges pos i t ion  with a host  atom (Mi) a t  GB ( f i n a l  configuration : FC) (Fig. 1): 
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If we express t h e  d i f f e r e n t  contr ibut ions t o  t h e  segregation energy, we can wri te ,  t h e  
FC energy f o r  instance a s  : 

The l a s t  tvo  t e r n s  give t h e  energies  of  a l l  neighbours of N i  atom i n  t h e  bulk and 
o f  I atom a t  GB ( a  s imi la r  expression may be obtained f o r  E ). 

No l a t t i c e  re laxa t ion  have been done around s o l u t e  atom?'~t has  been show indeed 
t h a t  f o r  high angle tilt GB and s u b s t i t u t i o n a l  impuri t ies ,  the e lec t ron ic  
con t r ibu t ions  t o  t h e  segregation energy a r e  dominant [4]. 

Figure 2 : I  = 5 (210) relaxed GB 
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The d e t a i l s  o f  ca lcu la t iona l  method o f  band s t r u c t u r e  energy have been presented 
elsewhere [5]. We s h a l l  r e c a l l  here only t h e  main points.  

We have used t h e  universal  TB e lec t ron ic  theory o f  the  s,  p and d o r b i t a l s  [6] t o  
describe t h e  e lec t ron ic  s t r u c t u r e  of  sp-valence impuri t ies  (S, P) i n  nickel.  This 
theory allows us t o  t r e a t  t h e  so lu te  and t h e  so lvan t  on the  same footing. The band 
s t r u c t u r e  energies  of s o l u t e  o r  n icke l  atoms a r e  ca lcu la ted  using t h e  second moment 
approximation. The major hypothesis we have done a r e  t h e  followings : - each atom is e l e c t r i c a l l y  neu t ra l  ; - t h e  second moment a r e  ca lcu la ted  by using t h e  Slater-Koster t a b l e  [7] and 

by taking i n t o  account t h e  s, p, d hybridizat ion e f f e c t s ,  t h e  r e l a t i v e  
magnitude of t h e  two center  i n t e g r a l s  a r e  determined using the  theory by 
Harrison [6] ; 
- t h e  atomic l e v e l s  E , E and Ed f o r  t h e  hos t  b a s i s  o r b i t a l s  are a jus ted  t o  
reproduce t h e  number gf b&ds e lec t rons  determined by t h e  first pr inc ip le  
LMTO-ASA band s t r u c t u r e  ca lcu la t ions  [ll] ; - t h e  number o f  e lec t rons  f o r  sp-solute atoms a r e  determined using t h e  
condit ion t h a t  t h e  impurity is e l e c t r i c a l l y  neutral .  The r e l a t i v e  energies  o f  
s, p and d atomic l e v e l s  o f  impuri t ies  a r e  taken t o  be t h e  same a s  those of  
t h e  i so la ted  f r e e  atom [8]. 

RESULTS AND DISCUSSION 
The r e s u l t s  of our ca lcu la t ions  a r e  presented i n  Table 2 ; l a y e r s  0, 1, 2... 

correspond t o  d i f fe ren t  s i t e s  a t  GB (Fig. 2). 

Table I1 : E i n  eV/atom 
seg 

GB 

Solute  

Layer 
0 
1 
2 
3 
4 

L 

9 
(332) 

S 

-0.45 
0.45 

-0.14 

(310) 

S 

-0.56 
0.27 
-0.11 
-0.04 
0.06 

(310) 

S 

-0.17 
0.1 
-0.01 
+O. 04 

(210) 

S 

-0.65 
0.56 
-0.23 
-0.11 
0.12 

P 

-0.09 
0.87 
+0.33 
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The ca lcu la ted  values show a s t rong  a t t r a c t i v e  in te rac t ion  a t  t h e  inner  most s i te 
( layer  0 )  f o r  a l l  t h e  g r a i n  boundaries. Moreover it is worth mentioning t h a t  GB 
segregation have an o s c i l l a t i n g  behavior : l a y e r  1 presents  a repulsive in te rac t ion  
whereas t h e  neighbouring sites ( 0  and 2) show an a t t r a c t i v e  in te rac t ion .  The r e s u l t s  
f o r  s u l f u r  a r e  i n  agreement with experimental data. For instance,  one of t h e  authors 
have found 1.015 eV/atom f o r  t h e  in te rgranula r  segregation energy o f  s u l f u r  i n  
p o l y c r i s t a l l i n e  n icke l  using AES and elec'trochemical t e s t i n g  [ I ] .  Other experimental 
works support t h a t  s u l f u r  tends t o  segregate a t  GBs i n  nickel .  On the  other  hand, GB 
segregation of  phosphorus have never been detected by AES [I] ; t h i s  observation is i n  
good agreement with t h e  very weak calculated segregat ion energy f o r  P i n Z =  5 (310) GB 
(Table 11). 

Recent experimental work [ l o ]  has  postulated t h a t  t h e  in te rp lanar  spacing r a t h e r  
than t h e z  value is a good c r i t e r i o n  t o  describe t h e  propensity f o r  GB segregation : 
the  lower t h e  planar densi ty,  t h e  l a r g e r  t h e  segregation is. Our numerical r e s u l t s  a r e  
not  incons i s ten t  with these experimental observations more par t i cu la ry  forx = 11 gra in  
boundaries (see Table I and 11). 

CONCLUSION 
We have used t h e  t i g h t  binding e lec t ron ic  theory pf  s, p and d b a s i s  o r b i t a l s  t o  

inves t iga te  t h e  segregat ion behavior of sp-valence impur i t i es  a t  g r a i n  boundaries i n  
N i  b ic rys ta l s .  We have introduced t h e  typ ica l  low index tilt G B S ~ =  5 (2101, (310) and 
Zsll (3321, (113). GB s t r u c t u r e s  have been relaxed towards s t a b l e  configuration by a 
quasi-dynamical technique. 

Though the  present  t h e o r e t i c a l  ca lcu la t ions  a r e  based on s implif ing assumptions, 
we have found two important r e s u l t s  : 
a : t h e  segregat ion energy depends s t rongly on t h e  type as w e l l  as on t h e  atomic site 
O f  GB ; 
b : much s t ronger  a t t r a c t i v e  binding energy is obtained f o r  S impurity than f o r  P. It 
is worth not ing t h a t  t h i s  behavior is due t o  t h e  f i l l i n g  of  sp  band of  impurity atoms 
and thus  could n o t  be understood by using t h e  usual  p a i r  po ten t ia l s .  

Moreover we have shown t h a t  our r e s u l t s  a r e  semi-quantitatively cons i s ten t  with 
t h e  experimental observations on S segregation i n  N i  polycrystals .  
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