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The theory of the s t r e s s - i n d u c e d  in te rac t ion  I has been used to calcula te  the in t e rac t ion  
ene rg ie s  of i n t e r s t i t i a l s ,  vacanc ies  as well  as i n t e r s t i t i a l s  and vacanc ies ,  and host a tom 
d i sp l acemen t s  a round a vacancy  and i n t e r s t i t i a l  in four meta l s  with the bcc la t t ice:  a F e ,  
V, Nb, and Ta .  The cases  of i n t e r s t i t i a l  locat ion both in oc tahedra l  and t e t r a h e d r a l  i n t e r -  
s t i ces  a re  d i scussed .  The e las t i c  cons tants ,  cohesion energy  (for vacanc ies ) ,  B o r n - K a r -  
man  constant  of the host la t t ice and coeff icients  of the concen t ra t ion  expansion of the 
solid solut ion lat t ice due to the i n t e r s t i t i a l s  a re  the n u m e r i c a l  p a r a m e t e r s  of the theory .  
The computer  ca lcu la t ion  was c a r r i e d  out in the genera l  fo rm sui table  for any i n t e r s t i t i a l  
in these four meta l s  and spec i f ica l ly  for the i n t e r s t i t i a l  solut ions  H, O, N in V, Nb, Ta  
and C, and N in otFe. In the only case when the quant i ta t ive  compar i son  of the calcula ted 
c h a r a c t e r i s t i c s  with the expe r imen ta l  one is poss ib le  ( in te rac t ion  of the vacanc ies  with 
C in otFe), there  is good ag reemen t  between calcula ted and observed  va lues .  

1. ~TRODUCTION 

A s  is known, the in te rac t ion  between point defects  is 
a ve ry  impor tan t  effect for unders tand ing  such phe- 
nomena  as s h o r t - r a n g e  and long- range  order ,  diffu- 
sion, aging in i r r ad i a t ed  m a t e r i a l s ,  i n t e rna l  f r ic t ion,  
and so on. This  in t e rac t ion  is  espec ia l ly  s t rong  be -  
tween i n t e r s t i t i a l  a toms in a bcc host la t t ice s ince 
each i n t e r s t i t i a l  a tom produces  a la rge  c r y s t a l - l a t t i c e  
d i s to r t ion  r e su l t i ng  in the s t r e s s - i n d u c e d  i n t e r ac -  
t ion (the e s t ima t ion  of a typical  pa i rwise  s t r e s s - i n -  
duced in t e rac t ion  energy  in a bcc host la t t ice gives a 
value of the o rder  of 1 eV). 

The purpose  of this  paper  is the calcula t ion of 
s t r e s s - i n d u c e d  in te rac t ion  ene rg i e s  of the i n t e r s t i t i a l -  
in t e r s t i t i a l ,  and i n t e r s t i t i a l - h o s t  a tom vacancy pa i r s  
( in t e r s t i t i a l s  in oc tahedra l  as well  as t e t r ahed ra l  
i n t e r s t i c e s ) .  Cons idera t ion  1 of employed s tat ic  c r y s -  
ta l  la t t ices  takes into account  the d i sc re t e  a tomic 
s t r uc tu r e  of a host la t t ice in the ana lys i s  of e las t ic  
a tomic d i sp l acemen t s  and cor respond ing  s t r e s s - i n -  
duced ene rg ie s ,  and therefore  enables  the ca lcula t ion  
of p a i r - w i s e  ene rg ie s  of pa i r s  whose separa t ion  
vec tor  is c o m m e n s u r a b l e  with in t e ra tomic  d i s t ances .  

Computer  ca lcu la t ions  a re  c a r r i e d  out in the 
genera l  fo rm which enables  obtaining the s t r e s s -  
induced ene rg ie s  for any kind of i n t e r s t i t i a l  a toms 
(for example,  H, O, N, C) in V, NC, Ta, a F e ,  and 
there fore  a re  u n i v e r s a l  for these me ta l s .  

2. CALCULATION TECHNIQUE 

The ca lcula t ion  technique employed in this paper  
is based on the lat t ice s ta t ics  theory fo rmula ted  in 
Ref. 1. 

The r e a l  s t r e s s - i n d u c e d  pa i rwise  in t e rac t ion  e n e r -  
gies Wpq(R) between p- type  and q- type defects  
sepa ra ted  by the bcc lat t ice t r a n s l a t i o n  vec tor  R is 

calcula ted by means  of the i nve r se  F o u r i e r - t r a n s f o r -  
mat ion:  

1 Wpq(R) = Nr ~ Vpq(k) e -/KR [1] 

where N is a total  number  of the host a toms,  the 
summat ion  is c a r r i e d  out over al l  N points  of quas i -  
cont inuum inside  the f i r s t  Br i l lou in  of the bcc lat t ice,  
allowed by the cycl ic  boundary  condition, Vpq(k) is the 
F o u r i e r - t r a n s f o r m  of the in te rac t ion  ene rg ie s .  Ac-  
cording to Ref. 1 the function Vpq(k) can be expressed  
through such m a t e r i a l  constants  as coeff icients  of the 
concen t ra t ion  expansion of the host la t t ice and f re -  
quenc ies  of c r y s t a l  lat t ice v ib ra t ions .  This  function 
looks like the sca la r  product :  

Vpq(k) = -  F(p,k)V*(q,k) [2] 

where 

F(p,k) : ~ f ( p , R )  e ikR [3] 
R 

is a F o u r i e r  t r a n s f o r m  of the coupling force  act ing on 
undisplaced host atom at the si te  R f rom a p- type de- 
fect at R = 0 (the force f(p,R) as well  as the vector  
F(p,k) a re  m a t e r i a l  constants) ,?  

tThe value Vpq(k) in Eq. [2] is presented without the term QSpq 
1 kZ F(p,k)V*(p,k), Spq is the Kronecker symbol) since this term does not (a= 

give any contribution in Wpq(R) at R r 0. It is also necessary to bear in mind 
that Eq. [2] is not valid for k = 0. ~ 

V(p,k) = ~ U(p,R) e ikR [4] 
R 

is a F o u r i e r - t r a n s f o r m  of the host a tom d isp lace-  
ment  U(p,R) at a s i te  R produced by a p- type  point de- 
feet in the unit  ce l l  at R = 0. 

The value V ~ ,k )  can be found f rom the equat ion of 
la t t ice  s ta t ics  
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F o u r i e r - t r a n s f o r m  of the B o r n - K a r m a n  constants  of 
the host la t t ice .  The e igenvalues  of a dynamica l  ma-  
t r ix  are  squared  c rys ta l  la t t ice v ib ra t ions  f requenc ies  
mul t ip l ied  by the host atom mass .*  

*There is the point of view that Born-Karman approximation for the dynamical 
problem may be not sufficiently accurate. However, the final purpose of calcula- 
tions is not determining the Born-Karman constants, but the calculation of the 
dynamical matrix Di](k ) at any k vectors if we know Di](k ) at k vectors along 
symmetry direction (Di](k) at symmetry direction is directly determined from 
nonelastic neutron scattering data). Eqs. [AI.1 ] and [AI.2] give the simplest and 
sufficiently accurate extrapolation ofDi](k ) at k points between the symmetrical 
directions. 

The r e p r e s e n t a t i o n  of the dynamic  ma t r ix  in t e r m s  
of the B o r n - K a r m a n  constants  is p resen ted  in Ap- 
pendix I. The solut ion of Eq. [5] is 

Vi(P,k) = Gij(k) Fj(p,k) [6] 

where  Gij(k) is the F o u r i e r - t r a n s f o r m  of the s ta t ic  
Green  funct ion i .e .  the r ec ip roca l  t enso r  of the dy- 
namica l  t enso r  Dij(k) .  

The r e a l  a tomic d i sp lacemen t s  U(p,R) of a host 
atom at the si te  R assoc ia ted  with a defect p can be 
found f rom the inve r se  F o u r i e r - t r a n s f o r m a t i o n :  

1 ~ V ( p , k )  e -/1~ [7] 
U(p,a) = ~r k 

There  a re  two types of i n t e r s t i c e s  in the bcc lat t ice:  
oc tahedra l  and t e t r ahed ra l .  Each unit  cel l  of a bcc lat-  
t ice has three  types of oc tahedra l  s i tes  with co- 
ord ina tes  (~,0,0), (0,�89 (0,0,~) (the or ig in  coincides  
with the n e a r e s t  host a tom posit ion).  These  in t e r -  
s t i t i a l  pos i t ions  a re  identif ied by indices  p = 1, 2, 3 
r e spec t ive ly .  There  a r e  a lso six t e t r ahed ra l  s i tes  in 
each unit  cel l :  (4r, v , 0 ) , l  1 ~r,,z,~l z 0 ~j, (0,�88 (0,~,:~), (~,0,�88 
and (~,0,~r)l ~ (p = 1, i ,  2, 2, 3, and-3, respec t ive ly) .  

In the case when coupling forces  f(p,R) do not 
van ish  for the nea r e s t  and n e x t - n e a r e s t  coordinat ion 
shel l  a round the i n t e r s t i t i a l  at p -pos i t ion  only, the 
equat ion for F(p,k) has an espec ia l ly  s imple  form.  
They can be d i rec t ly  r e p r e s e n t e d  in the t e r m  of e l a s -  
tic cons tants  of the host la t t ice c~, c~2, c44 spacing 
of bcc lat t ice and coeff icients  of the bcc lat t ice con- 
cen t ra t ion  expansion.  

If an i n t e r s t i t i a l  a tom is s i tuated in the oc tahedra l  
s i te  with p = 3 (Ref. 2): 

F ~ (3,k) = iaZ(chsin ~ ka~ cos ~ k ~ ,  a~ s in  ~ kae 

x cos ~ l~ l ,  (r3 s i n +  ka3) e /ka3  [8] 
2 

If an i n t e r s t i t i a l  is s i tua ted  in the t e t r ahed r a l  i n t e r -  
s t i ces  with p = 3 and p = 3 (Ref. 3): 

k ~  a~sin ~ e ika3/2, F tetr (3,k) = ia 2 e i ka~/2 { (rlsin ~-- ,  

- icr3 (cos  - ~  eika3/2 - cos -~A ) } 

F tetr (3 ,k)= ia 2 e - i k a l / 2 { - a l  s in  ~--,-ka' als in~_e_ika3/2  ' 

_ l m l   osT) } 

where 

(~ = CnU33 + 2C~2Ull = U33[Crl + 2Clzt] [0a]  

t = Ul~/U33. 

a~, a2, and a3 a re  t r ans l a t i ons  of the bcc lat t ice along 
[1001, [0101 and [001] d i rec t ions :  

Ull dal U~3- da3 [9b] 
= a~dc' a3dc 

a re  the coeff icients  of the concen t ra t ion  expansion 
of bcc i n t e r s t i t i a l  solut ion caused by i n t e r s t i t i a l s  
s i tua ted  in p = 3-type i n t e r s t i c e s  only (C-concen-  
t ra t ion) .  These  coeff icients  a re  e l ements  of the con- 
cen t ra t ion  expansion tensor Uij (Ref. 3) at p = 3: 

v # ( 3 )  = 0 . [10]  
0 0 U3 

The n u m e r i c a l  va lues  of Un and U3~ are  p re sen t ed  in 
Appendix II for the cases  C and N in c~Fe as well  as 
H, O, N in V, Nb, and Ta.  

Equations [8] and [9] enable the values  of the 
F o u r i e r - t r a n s f o r m  F(p,k) of the coupling force to be 
obtained for any other pos i t ions  p and p by means  of 
both the cyclic  pe rmu ta t i on  of the indices  of the 
vec to r s  al, a2, a3, and the vec tor  component  within the 
cur ly  b r a c ke t s .  

The n u m e r i c a l  values  of the coeff icients  U~I and U33 
displayed in Appendix II cannot be cons idered  highly 
re l i ab le  and need to be de t e rmined  more  accura te ly  
in the future .  That  is why the energy  values  of the 
s t r e s s - i n d u c e d  in t e rac t ions  of i n t e r s t i t i a l s  in ~Fe ,  V, 
Nb, Ta,  and host a tom d i sp lacemen t s  were calcula ted 
in the fo rm being sui table  for a r b i t r a r y  values  of the 
coeff icients  U~x and U33. The r e su l t s  of these ca lcula-  
t ions eas i ly  enable  one to find the n u m e r i c a l  va lues  
of in t e rac t ion  energ ies  and d i sp lacemen t s  for any 
i n t e r s t i t i a l s  in c~Fe, V, Nb, and Ta  without an addi-  
t ional  computer  calcula t ion.  To do that, it is suff i-  
c ient  to make use of the n u m e r i c a l  values  of U~I and 
U~3 inheren t  for the r e l even t  i n t e r s t i t i a l  atom and the 
r e s u l t s  of n u m e r i c a l  computer  ca lcu la t ions  l i s ted in 
the tab les .  

The ca lcula t ion  of d i sp lacemen t s  caused by vacan-  
c ies  and s t r e s s - i n d u c e d  in te rac t ion  ene rg ie s  of i n t e r -  
s t i t i a l  a t om-vacancy  pa i r s  is based on the p a i r - w i s e  
in t e rac t ion  potent ia l  between host a toms employed in 
Ref. 4: 

B 
E(R)  = -  + R- ~ 

where 

A -  9s  4 8 l e a  8 $1 = 22.638, $2 = 10.355, and 
8S1 ' B - 256S2' 

is a cohesion energy .  
The p a r a m e t e r s  A and B en te r ing  in the potent ia l  

are  chosen so that the cohesion energy  and spacings  
calcula ted by means  of the potent ia l  would be equal  
to the expe r imen ta l  observed ones .  The vector  F vac (k) 
co r respond ing  to such a potent ia l  is 
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Table I. Coefficien~ for Calculation ofthe Pairwise S~e~-Inducedlnteraction Energies oflnterstitialsin Octahedrallnterstic~ 

V Nb Ta Fe 
n b d n b d n b d n b d (x, y, z) 

(0, 1/2, O) -0.619 -2.892 -2.090 -1.020 -4.612 -3.407 -0.390 -1.689 -1,407 -0.162 -0.713 -0.546 
(1/2, 0,1/2) -0.101 - 0 . 6 7 1  -0.948 --0.160 -1o109 -1.531 -0.072 -0.424 -0.566 -0.038 -0.216 -0.277 
(1/2, 1/2, 1/2) -0.103 -0.199 -0.226 -0.192 - 0 . 3 9 1  -0.4t9 -0.047 -0.110 -0.133 -0.032 -0.080 -0.089 
(0, O, 1) +0.664 +1.121 +0.547 +0.868 +1.611 +0.880 +0.338 +0.656 +0.335 +0.122 +0.168 +0.022 
(1, O, O) +0.016 +0.032 -0.073 +0.017 -0.003 -0.252 --0.010 -0.028 -0.054 -0.018 -0.039 -0.045 
(1, 1]2, O) +0.110 +0.561 +0.363 +0.519 +0.777 +0.165 +0.067 +0.318 +0.248 +0.013 +0.077 +0.042 
(1/2, 1, 1/2) -0.011 -0.004 +0.207 -0.037 -0.058 +0.251 +0.005 +0 .054  +0.155 -0.005 -0.006 +0.048 
(1, 1, O) +0.075 +0.352 +0.614 +0.139 +0.598 +0.981 +0.045 +0.227 +0.360 -0.002 +0.043 +0.131 
(1,0,1) -0.067 -0.126 -0.078 -0.092 -0.165 -0.077 -0.021 -0.052 -0.058 -0.003 -0.015 -0.021 
(1,1/2,1) -0.008 -0.138 -0.130 -0.007 -0.173 -0.192 +0.005 - 0 . 0 3 1  -0.043 +0.009 +0.005 -0.011 
(0,3/2,0) -0.030 -0.088 -0.063 -0.068 --0.242 -0.200 --0~ -0.087 -0.071 -0.007 -0.040 -0.022 
(1/2,0,3/2) -0.018 -0.043 --0.015 -0.039 -0.094 ----0.046 -0,014 -0.036 -0.035 -0.006 -0.020 -0.026 
(3]2,1/2,1/2) -0.012 -0.045 -0.068 -0.001 -0.070 -0.145 -0.004 -0.033 -0.061 -0.006 -0.017 -0.015 
(1/2,1/2, 3/2) +0.033 +0.015 -0.022 +0.036 +0.054 +0.050 +0.015 +0.005 +0.009 +0.012 +0.005 -0.011 
(1, 1,1) -0.025 -0.025 -0.085 -0.017 -0.008 -0.100 -0.003 +0.020 +0.005 +0.005 +0.033 +0.020 
(1, 3/2, O) +0.005 -0.008 -0.002 +0.004 -0.005 -0.022 0.000 -0.007 -0.010 -0.003 -0.012 -0.006 
(3/2,1, 1/2) +0.008 +0.038 -0.009 +0.025 +0.082 +0.019 +0.003 +0.018 -0.001 +0.003 +0.016 +0.008 
(2, O, O) -0.020 -0.074 +0.006 -0.029 -0.070 +0.086 -0.004 -0.023 +0.005 -0.003 -0.008 -0.005 
(0, O, 2) +0.049 -0.024 -0.057 +0.246 +0.263 +0.012 +0.014 -0.004 +0.002 +0.010 0.000 -0.010 
(2, 1/2, O) -0.011 +0.007 -0.023 +0.001 +0.101 +0.044 -0.004 0.000 -0.006 -0.002 -0.002 -0.007 
(1, 3/2, 1) -0.015 -0.040 +0.022 -0.017 -0.032 +0.038 -0.007 -0.016 +0.010 +0.001 +0.007 +0.024 
(1/2, 2, 1/2) -0.004 --0.015 +0.021 -0.001 +0.028 +0.093 -0.001 -0.005 +0.003 -0.002 -0.009 -0.001 
(3/2, O, 3/2) +0.010 +0.025 +0.025 +0.007 0.000 +0.023 +0.004 -0.002 -0.001 +0.002 0.000 -0.003 
(3/2,3/2,1/2) +0.009 +0.040 +0.084 +0.026 +0.098 +0.123 +0.002 +0.010 +0.033 0.000 +0.010 +0.029 
(3/2, 1/2, 3/2) -0.010 -0.012 -0.004 -0.029 -0.047 --0.020 -0.009 -0.017 -0.022 0.000 0.000 -0.004 
(2, 1, O) -0.004 -0.008 +0.009 -0.011 -0.009 +0.058 0.000 -0.008 -0.020 -0.003 -0.007 +0.002 
(0, 1, 2) +0.023 +0.026 +0.001 -0.005 -0.038 -0.029 +0.011 +0.017 +0.016 +0.002 -0.003 -0.007 
(2, 0,1) +0.006 +0.052 +0.056 +0.021 +0.079 +0.062 0.000 +0.011 +0.010 -0.002 -0.003 -0.003 

�9 9 c a  4 R F v a c  ( k )  = ~ - OE e i  kR z ~_1 
R T ~  = R 

I 1 9 / 1 6  a 4 
• 22.643 IO.355R~A e i k R  [11] 

The  i n v e r s e  F o u r i e r  t r a n s f o r m a t i o n s  E q s .  [1] and 
[7] have  b e e n  e a r r i e d  out by  m e a n s  of the  s u m m a t i o n  
o v e r  10,592 p o i n t s  in t he  f i r s t  B r i l l o u t n  z o n e  of t he  
b e e  l a t t i e e .  I n e r e a s e  in t he  d e n s i t y  of t h e s e  p o i n t s  
h a s  not  r e s u l t e d  in s i g n i f i c a n t  e h a n g e  of Wpq(R)  and  
U(p ,R) .  A l l  e a l e u l a t i o n s  w e r e  p e r f o r m e d  on the  
B E S M - 4  c o m p u t e r .  

3. I N T E R A C T I O N  B E T W E E N  I N T E R S T I T I A L S  
OF THE SAME KIND 

T h e  s t r e s s - i n d u c e d  e n e r g i e s  of the  p a i r s  of the  
s a m e  i n t e r s t i t i a l  a t o m s  s e p a r a t e d  by  a v e c t o r  r = xa l  
+ ya2 + z a ,  (x, y, z a r e  the  c o o r d i n a t e s )  w e r e  c a l c u -  
l a t ed  vs  the  t e t r a g o n a l i t y  f a c t o r  t = UI~/U33. Since  
F(p ,k )  is  a l i n e a r  f u n c t i o n  of t and D,:~(k) is  i n d e p e n d e n t  
of t i t  f o l l o w s  f r o m  E q s .  [6] and  [2] tfiat the  e n e r g i e s  
Wpq(R) = W(r) a r e  a p o l y n o m i a l  of the  o r d e r  of two 
wi th  r e s p e c t  to the  p a r a m e t e r  t: 

W ( x , y , z )  = n ( x , y , z )  + b ( x , y , z ) t  + d ( x , y , z ) t  2 [12] 
a3C44Uaa 2 

w h e r e  n ( x , y , z ) ,  b ( x , y , z )  and d ( x , y , z )  a r e  u n i v e r s a l  co -  
e f f i e i e n t s  w h i c h  a r e  va l id  fo r  any i n t e r s t i t i a l  s o l i d  
s o l u t i o n  b a s e d  on the  r e l e v a n t  h o s t  l a t t i c e .  It i s  
a s s u m e d  tha t  one  i n t e r s t i t i a l  w h o s e  p o s i t i o n  i s  t a k e n  
to be  z e r o  o c c u p i e s  the  o c t a h e d r a l  p o s i t i o n  (0 ,0 ,~)  
(p = 3), the  s e e o n d  o c c u p i e s  the  a r b i t r a r y  p o s i t i o n  

(q,R) s e p a r a t e d  by  a v e c t o r  r = ( x , y , z )  f r o m  the  f i r s t  
one. 

T a b l e  I g i v e s  the  n u m e r i e a l  v a l u e s  of c o e f f i c i e n t s  
n, b, and d f o r  v a r i o u s  d i s t a n e e s  r b e t w e e n  i n t e r -  
s t i t i a l s  in o c t a h e d r a l  s i t e s  f o r  a F e ,  V, Nb, and 
T a .  T a b l e  I c a n  be  d i r e e t l y  e m p l o y e d  to f ind  the  
n u m e r i c a l  v a l u e s  of the  i n t e r a c t i o n  e n e r g i e s  by  m e a n s  
of Eq .  [12]. T a b l e  II d e m o n s t r a t e s  the  n u m e r i c a l  
v a l u e s  of the  i n t e r a c t i o n  e n e r g i e s  f o r  s p e c i f i c  of in-  
t e r s t i t i a l s  in o c t a h e d r a l  s i t e s . *  T h e s e  v a l u e s  w e r e  

*A negative interaction energy means attraction, a positive energy, repulsion. 

c a l c u l a t e d  by m e a n s  of the  c o e f f i c i e n t s  n ( r ) ,  b(r )  and  
d(r )  l i s t e d  in T a b l e  I, n u m e r i c a l  v a l u e s  of the  p a r a m e -  
t e r s  t and U33 t a k e n  f r o m  A p p e n d i x  II and  p a r a m e t e r  
Ca4a 3 f r o m  A p p e n d i x  III.  

T h e  i n t e r a c t i o n  e n e r g i e s  in T a b l e  II a r e  l a r g e  and 
r a n g e  up to  ~1 eV.  T h e y  a r e  a l m o s t  an  o r d e r  of m a g -  
n i tude  h i g h e r  t h a n  the  v a l u e s  o b t a i n e d  f r o m  the  in -  
t e r n a l  f r i c t i o n  d a t a  f o r  the  s a m e  s o l u t i o n s .  T h i s  d i s -  
c r e p a n c y  can  r e s u l t  f r o m  a n u m b e r  of c a u s e s .  

To  our  m i n d ,  the  m a i n  r e a s o n  is  t ha t  the  i n t e r n a l  
f r i c t i o n  d a t a  c an n o t  be a s s o c i a t e d  wi th  i n t e r s t i t i a l  
p a i r s  w h o s e  b i n d i n g  e n e r g y  i s  of the  o r d e r  of 1 eV .  
In  fac t ,  the  r e o r i e n t a t i o n  of s u c h  p a i r s  d u r i n g  the  r e -  
l a x a t i o n  p r o c e s s  shou ld  r e s u l t  in the  d e s t r u c t i o n  of a 
p a i r  wi th  one  o r i e n t a t i o n  ( this  p r o c e s s  is  a c c o m p a n i e d  
by  an  i n c r e a s e  of the  e n e r g y  by  the  va lue  of the  o r d e r  
of 1 eV) and i t s  r e s t o r a t i o n  but  wi th  d i f f e r e n t  o r i e n t a -  
t i on  (the e n e r g y  t a k e s  on i t s  p r e v i o u s  m a g n i t u d e ) .  
T h i s  i n c r e a s e  c o n t r i b u t e s  to a c t i v a t i o n  e n e r g y  tha t  r e -  
s u l t s  in a s u b s t a n t i a l  s h i f t  of the  i n t e r n a l  f r i c t i o n  
peak ,  i . e . ,  the  r e l a x a t i o n  p e a k  c o r r e s p o n d i n g  to t h e s e  
p a i r s  c a n n o t  be  o b s e r v e d  at  r e l e v a n t  t e m p e r a t u r e  
r a n g e .  A c c o r d i n g  to  the  e x p e r i m e n t a l  p r o c e d u r e ,  ~ the  
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Table II. The Stress-induced Pairwise Interaction Energies W(x, y, z) (eV) of Specific Interstitials Located in Octahedral Interstices 

(x, y,  z) V-O V-N Nb-O Nb-N Ta-O Ta-N Fe-C Fe-N V-O-N Nb-O.N Ta-O-N Fe-C-N 

(0, 1/2, 0) -0.73 -0.41 -0.82 -1.52 -1.05 -1.44 -1.18 -1.27 -0.57 -1.12 -1.23 -1.23 
(1/2, 0, 1/2) -0.07 -0.01 -0.08 -0.18 -0.16 -0.22 -0.23 -0.26 -0.04 -0.12 --0.19 -0.25 
(1/2, 1/2, 1/2) -0.25 -0.25 -0.24 -0.37 -0.17 -0.22 -0.31 -0.31 -0.25 -0.30 -0.18 -0.31 
((3, O, 1) +1.60 +1.59 +1.11 +1.71 +1.19 +1.62 +1.33 +1.38 +1.60 +1.37 +1.39 +1.33 
(1, O, O) +0.03 +0.02 +0.02 +0.04 -0.04 -0.05 -0.18 -0.18 +0.03 +0.03 -0.04 -0.18 
(1, 1/2, O) +0.11 +0.04 +0.12 +0.24 +0.17 +0.23 +0.07 +0.08 +0.07 +0.17 +0.20 +0.08 
(1/2, 1, 1/2) -0.02 -0.01 -0.04 -0.07 0.00 +0.01 -0.05 -0.05 -0.01 -0.06 0.00 -0.05 
(1, 1, O) +0.11 +0.10 +0.13 +0.22 +0.11 +0.16 -0.06 -0.06 +0.10 +0.17 +0.13 -0.06 
(1, 0, 1) -0.16 -0.15 -0.12 -0.18 -0.07 -0.10 -0.02 -0.02 --0.16 -0.15 -0.08 -0.02 
(1, 1/2, 1) +0.03 +0.05 +0.02 +0.01 +0.03 +0.04 +0.11 +0.10 +0.04 +0.02 +0.04 +0.10 
(t3, 3/2, O) -0.06 --0.05 -0.07 -0. I 1 -0.07 --0.09 -0.04 -0.05 -0.06 -0.09 --0.08 -0.04 
(1/2, 0, 3/2) -0.04 -0.03 -0.04 -0.07 -0.05 --0.06 --0.05 -0.05 -0.04 -0.06 -0.05 -0.05 
(3/2, 1/2, 1/2) -0.02 -0.02 +0.01 +0.01 -0.01 -0.01 --0.06 -0.06 --0.02 +0.01 --0.01 -0.06 
(1/2, 1/2, 3/2) +0.10 +0.10 +0.05 +0.07 +0.06 +0.08 +0.14 +0.14 +0.10 +0.06 +0.07 +0.14 
(1, 1, 1) -0.07 -0.08 -0.03 -0.04 -0.02 --0.03 +0.02 +0.03 -0.07 -0.03 -0.02 +0.03 
(1, 3/2, 0) +0.02 +0.02 +0.01 +0.01 0.00 0.00 -0.02 -0.02 +0.02 +0.01 +0.01 -0.02 
(3/2, 1, 1/2) +0.01 0.00 +0.03 +0.04 +0.01 +0.01 +0.02 +0.02 0.00 +0.03 +0.01 +0.02 
(2, 0, 0) -0.03 -0.02 -0.03 -0.05 -0.01 -0.01 -0.03 -0.03 -0.02 -0.04 -0.01 -0.03 
((3, 0, 2) +0.16 +0.18 +0.35 +0.52 +0.06 +0.08 +0.13 +0.12 +0.17 +0.42 +0.07 +0.12 
(2, 1/2, 0) -0.04 -0.05 -0.02 --0.02 --0.02 -0.03 -0.02 -0.02 -0.04 -0.02 --0.02 -0.02 
(1, 3/2, 1) -0.03 -0.02 -0.02 -0.03 -0.02 -0.03 +0.01 +0.01 -0.02 -0.03 -0.03 +0.01 
(1/2, 2, I/2) 0.00 0.00 0.00 -0.01 0.00 -0.01 -0.01 -0.02 0.00 -0.01 --0.01 -0.01 
(3/2, 0, 3/2) 0.00 +0.02 +0.01 +0.02 +0.02 +0.03 +0.03 +0.02 +0.02 +0.01 +0.02 +0.02 
(3/2, 3[2, 1/2) +0.02 +0.01 +0.03 +0.04 0.00 0.00 -0.01 -0.01 +0.01 +0.03 0.00 -0.01 
(3/2, 1/2, 3/2) -0.02 -0.03 -0.04 -0.06 --0.03 -0.05 0.00 0.00 -'0.02 -0.05 -0.04 0.00 
(2, 1, O) -0.01 --0.01 -0.01 --0.02 0.00 0.00 -0.03 -0.03 -0.01 -0.02 0.00 -0.03 
((3, 1, 2) +0.01 +0.01 0.00 0.00 +0.04 +0.05 +0.03 +0.03 +0.06 -0.01 +0.05 +0.03 
(2, O, 1) 0.00 0.00 +0.02 +0.04 0.00 -0.01 -0.02 -0.02 0.00 +0.03 0.00 -0.02 

Table III. Coefficients for Calculations of the Stress-Induced Pair-Wise Interaction Energies of Interstitials in Tetrahedrat Interstices 

V Nb Ta 

(x, y, z) n b d n b d n b d 

(0, 1/4, 1/4) -1.042 -4.817 -5.098 -1.745 - 7.341 - 7.114 -O.671 -2.933 -2.906 
(0,0, 1/2) -1.074 -1.701 +2.607 -1.932 -10.236 +14.996 -0.435 -1.336 +2.406 
(1/4, 1/2, 114) --0.641 -2.793 -1.844 -1.070 - 4.096 - 1.306 -0.406 -1.608 -1.030 
((3, t]4, 3/4) +0.040 -0.024 +0.166 +0.071 + 0.108 + 0.485 +0.009 -0.022 +0.060 
(3/4, 1/2, 114) +0.234 +1.097 +0.681 +0.391 + 1.582 + 0.441 +0.151 +0.623 +0.381 
(1, O, 0) -0.413 +0.470 +0.485 -0.668 - 0.043 + 2.508 -0.215 -0.069 +0.647 
((3, 0, 1) -0.079 -0.256 +0.102 -0.380 - 0.660 + 0.690 +0.026 -0.028 +0.026 
(1, 0, 1/2) -0.495 -0.274 +1.023 -0.835 - 0.378 + 2.737 -0.233 -0.084 +0.724 
(3/4, 1/2, 3/4) +0.011 -0.408 -0.454 -0.009 - 0.800 - 0.981 +0.008 -0.142 -0.193 
({3, O, 3/2) -0.045 -0.124 -0.106 -0.057 - 0.168 - 0.122 +0.010 +0.007 -0.012 
(1,1, 1/2) +0.215 +0.403 +0.125 +0.467 + 0.800 - 0.256 +0.094 +0.222 +0.091 
(1/4, 3/2, 114) +0.006 -0.097 -0.087 -0.006 - 0.234 - 0.254 -0.008 -0.087 -0.079 
(1, 1, (3) +0.185 +0.173 -0.092 +0.436 + 0.483 - 0.577 +0.054 +0.038 --0.045 

Table IV. The Stress-Induced Pairwise Interaction Energies W(x, It, z) (eV) 
of Specific Interstitials Located in Tetrahedral Interstices 

(x, y, z) Nb.H Ta-H V-H 

(0, 1/4, 1/4) -0.058 -0.193 -0.118 
((3, 0, 1/2) -0.018 -0.009 -0.054 
(114,1/2, 114) -0.026 -0.094 -0.065 
((3, t/4, 3 /4 )  +0.002 +0.001 +0.002 
(3/4, 1/2, 1/4) +0.010 +0.036 +0.025 
(1, 0, 0) +0.001 +0.002 -0.009 
(O, 0, 1 )  -0.003 +0.001 -0.006 
(1, 0, 1/2) -0.001 +0.003 -0.019 
(3/4, 1/2, 3/4) -0.006 -0.009 -0.006 
(0, 0, 3/2) -0.001 0.000 -0.004 
(1, 1, 1/2) +0.006 +0.014 +0.014 
(1]-4, 3/2, 114) -0.001 -0.005 -0.001 
(1, 1, 0) -0.003 +0,003 +0.009 

t emperature  range employed  provides  the reor ienta-  
t ion of pairs  whose  binding energy  is  of the order of 
0.1 eV.  

The second reason  may be assoc ia ted  with a s c r e e n -  
ing of d irect  s t r e s s - i n d u c e d  interact ion of a pair 
which is  caused by other in ters t i t ia l s  (a s i m i l a r  
p h e n o m e n o n - t h e  Debye s c r e e n i n g  Coulomb interac-  
t i o n -  occurs  at a set  of charges ) .  

Equation [12] is  a l so  val id in the ease  when inter-  
s t i t ia l  a toms occupy te trahedral  s i t e s .  The c o r r e -  
sponding n u m e r i c a l  ca lculat ions  give the coef f ic ients  
n(x,y,z), b(x,y,z), d(x,y,z) which, natural ly ,  differ from 
ones in the ease  of the octahedral  s i te  occupation.  
T h e s e  coef f ic ients  are l i s ted in Table  III.* Table  IV 

*It is assumed that one interstitial whose position is taken to be zero occupies 
the tetrahedral position (~,0,�88 (p = 3). 
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d i s p l a y s  the  s t r e s s - i n d u c e d  e n e r g i e s  of H-H p a i r s  
in V, Nb, and Ta  when H - a t o m s  occupy t e t r a h e d r a l  
s i t e s  (neutron d i f f r ac t ion  s tud ies  6 d e m o n s t r a t e  that  
H - a t o m s  in Nb, T a  and V a r e  d i s t r i b u t e d  a long t e t r a -  
h e d r a l  and o c t a h e d r a l  s i t e s ,  p r e f e r e n t i a l l y  occupying 
t e t r a h e d r a l  s i t e s ) .  

4. INTERACTION OF D I F F E R E N T  KINDS OF 
INTERSTITIALS IN OCTAHEDRAL INTERSTICES 

One can e a s i l y  see  f r o m  Eq.  [6] that  in the ca se  of 
i n t e r ac t ion  of d i f fe ren t  kinds of i n t e r s t i t i a l  a t o m s  (~ 
and/3 kinds  of i n t e r s t i t i a l s )  the i r  i n t e r ac t i on  e n e r g y  
W(a,,/3; x,y ,z)  is  

Wafl(x,y,z)  _ n(x,y,z) + b(x,y,z) ta + t~ +d(x,y,z)tat;3 
a3C44U~U~3 2 

[13] 
where  tc~ = U~v/U~, t[3 = U~v/U~s a r e  the p a r a m e t e r s  
r e l a t e d  to the ~ -  and/3-k ind  i n t e r s t i t i a l s ,  r e s p e c -  
t ive ly ;  n, b and d a r e  the s a m e  coef f ic ien t s  which 
en t e r  in Eq. [12] and a r e  p r e s e n t e d  in Table  I (dif-  
f e r en t  kind a toms  occupy o c t a h e d r a l  s i t e s )  and in 
T a b l e  III  (d i f ferent  kind a t o m s  occupy t e t r a h e d r a l  
s i t e s ) .  

It fol lows f rom Eq.  [13] that  

Wo~a(x,y,z) < Wo~[3(x,y,z) < W ~ ( x , y , z )  

if W ~ ( x , y , z )  < WM3(x,y,z). It means  that  the s t r o n g -  
e s t  i n t e r a c t i o n  in an i n t e r s t i t i a l  so lut ion conta in ing 
two solute  e l e m e n t s  in the hos t  l a t t i ce  is  o b s e r v e d  be -  
tween p a i r s  of the s a m e  a t o m s .  The e n e r g i e s  of a 
number  of such so lu t ions  a r e  p r e s e n t e d  in Tab le  II .  

5. METAL ATOM DISPLACEMENTS CAUSED 
BY AN INTERSTITIAL ATOM 

It follows from Eqs. [5] and [7] that host atom dis- 
placement function U(p,R) = U(R) is a linear function 
of the factor t = UII/Us3. 

U ( R )  _ h(R) + g(R)t [14] 
aUas 

where  R is a d i s t ance  be tween  the coo rd ina t e  o r i g i n  
and d i sp l aced  host  a tom.  We a s s u m e  that  an i n t e r -  
s t i t i a l  a tom in the o c t a h e d r a l  s i te  occup ies  the pos i t i on  
(0,0,{)  (p = 3), in the t e t r a h e d r a l  o n e -  ({,0,�88 (p = 3). 
The vec to r  h(R) and g(R) in Eq. [14] a r e  m a t e r i a l  con-  
s t an t s  of the r e l e v a n t  host  a tom c r y s t a l .  F o r  the ea se  
of occupat ion  of o e t a h e d r a l  s i t e s ,  these  cons tan t s  a r e  
p r e s e n t e d  in Tab le  V; for  the ea se  of occupat ion of 
t e t r a h e d r a l  s i t e s ,  in Tab le  VI.  The components  of 
v e c t o r  U(R) for  the spec i f i c  so l id  so lu t ions  a r e  p r e -  
s en ted  in T a b l e s  VII and VHI. 

Tak ing  into account  the c a l c u l a t e d  d i s p l a c e m e n t s  
of the n e a r e s t  host  a toms ,  one can see  that  the ef-  

Table V. Coefficients for Calculation of Host Atom Displacement with Respect to the Interstitial in Octahedral Interstice (0, 0, 1/2) 

V Nb Ta Fe 

R h g h g h g h g 

(0, O, O) U1/a 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
U2/a 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
U3/a -0 .307 -0 .184 -0.305 -0 .216 -0,225 -0.265 -0 .187 -0 .134 

(1/2, 1/2, 1/2) U~/a +0,038 +0.218 +0.049 +0.333 +0.042 +0,188 +0,023 +0.128 
U2/a +0.038 +0.218 +0.049 +0.333 +0,042 +0,188 +0.023 +0.128 
U3/a 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

(1, 0, 0) U~/a -0 .008 -0 .010 -0 .016 7{).013 -0 .009 -0.001 -0 .004 +0.012 
U2/a 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
U3/a +0.003 +0.012 +0.004 +0.025 -0.003 +0.004 --0.008 0.000 

(1, 1, 1) Ux/a +0.006 +0.043 +0.014 +0.083 +0.006 +0.035 +0.006 +0.035 
Uz/a +0.006 +0.043 +0.014 +0.083 +0.006 +0.035 +0.006 +0.035 
U3/a -0 .004  +0.010 -'0.008 0.000 -0.001 +0.014 +0.006 +0.021 

Table VI. Coefficients for Calculation of Host Atom Displacement with Respect to the Interstitial in Tetrahedral Interstice (1/2, 0, 1/4) 

V Nb Ta 

R h g h g h g 

(0, o, o) 

(1/2, 1/2, 1/2) 

(0, 1, o) 

((3,0, 1) 

(0, 1, 1) 

UI/a -0 .107 -0 .424 -0,115 -0.458 -0 .  I 12 -0 .392 
Uz [a 0.000 0,000 0.000 0,000 0.000 0,000 
U3/a -0 .284 -0 .216 -0.295 -0.088 -0 .235 -0 .176 
U1/a 0.000 0,000 0.000 0.000 0,000 0.000 
U2/a +0.107 +0.424 +0.115 +0,458 +0,112 +0.392 
U3/a +0.284 +0.216 +0.295 +0.088 +0.235 +0.176 
UI/a +0o016 -0 ,004 +0.018 -0,013 +0.011 -0 .018 
U2/a 0.019 +0,021 -0.022 +0,038 -0.015 +0.018 
U3/a +0,040 +0.021 +0.062 +0.017 +0.022 +0.002 
U,/a -0.011 +0.044 -0 .002 +0,065 -0.008 +0.038 
Uz/a 0.000 0.000 0.000 0,000 0 0 0 0  0.000 
U3/a +0.021 -0.055 +0.006 -0 .100 +0,028 -0.047 
U1/a -0 .017 -0 ,023 -0.019 -0 ,010 -0 .018 -0 .027 
U2/a +0,031 +0.073 +0.040 +0.092 +0.025 +0.063 
U3/a +0.042 +0.046 +0.063 +0.040 +0.034 +0.039 
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Table VI I .  Atom Displacements with Respect to the Specific Interstitials in Octahedral Interstices (0,0,�89 

R V-O V-N Nb-O Nb-N Ta-O Ta-N Fe-C Fe-N 

(0,0,0) U1/a 0 0 0 0 0 0 0 0 
U2/a 0 0 0 0 0 0 0 0 
U3/a -0.184 -0.185 -0.142 -0.175 -0.117 -0.137 -0.149 -0.146 

(�89189189 UI ]a 0.003 -0.005 0.006 0.013 0.012 0.014 0.008 0.010 
U2 [a 0.003 -0.005 0.006 0.013 0.012 0.014 0.008 0.010 
U31a 0 0 0 0 0 0 0 0 

(1,0,0) U1 ]a -0.006 -0.007 -0.007 -0.009 -0.004 -0.005 -0.005 -0.004 
U:/a o o o o o o o o 
U3/a 0.001 0.000 0.001 -0,001 -0.002 -0.002 -0.007 -0.007 

(1,1,1) U~/a 0 -0.002 0.002 0,004 0.001 0.001 0.002 0.002 
U2/a 0 -0.002 0.002 0,004 0.001 0.001 0.002 0.002 
U3/a -0.004 -0.004 -0.004 -0,005 -0.001 -0.001 0.003 0.003 

Table VI I  I. Atom Displacements Caused by Specific I nterstitials 
in Tetrahedral Interstices (�89188 

R V-H Ta-H Nb-H 

(0,0,0) Ul/a -0.017 -0.019 -0.012 
U:/a 0 0 0 
U3/a -0.026 -0.018 -0.011 

(~,~,~) Ui/a 0 o o 
U2/a +0.017 +0.019 +0.012 
U3/a +0.026 +0.018 +0.011 

(0,1,0) U~/a 0.001 0 0 
U2/a 0.001 0 0 
U3/a 0.003 +0.001 +0.002 

((3,0,1) Ux/a 0 +0.001 0 
UJa o o o 
U3/a o.0ol o o 

(0,1,1) U~/a -0.002 -0.002 -o.001 
U2/a +0.004 +0.003 +0.003 
Ua/a +0.004 +0.003 +0.003 

f e c t i v e  r a d i u s  of a n  o x y g e n  i n t e r s t i t i a l  a t o m  (wh ich  i s  
e q u a l  to  t he  r a d i u s  of t he  o c t a h e d r a l  i n t e r s t i c e  a f t e r  
p e n e t r a t i o n  of a n  i n t e r s t i t i a l  a t o m )  i s  0 . 7 6 4  f o r  V,  
0 .69A fo r  Nb,  a n d  0.61.~ f o r  T a .  T h e  r a d i u s  of a n  
N - a t o m  is  0 .76A f o r  V,  0 .80A f o r  Nb,  0 . 6 8 4  f o r  T a ,  
a n d  0 . 6 1 4  f o r  a F e .  T h e  r a d i u s  of a C - a t o m  in  a F e  
i s  0 . 6 4 4 .  T h e  v a l u e s  of  a r a d i u s  d i f f e r  f r o m  the  
u s u a l  a c c e p t e d  a t o m i c  r a d i i  of f r e e  a t o m s :  o x y g e n  a t  
0 . 6 6 4 ,  n i t r o g e n  a t  0 . 7 1 4 ,  a n d  c a r b o n  a t  0 . 7 7 4 .  7 I t  
m e a n s  t h a t  i n t e r s t i t i a l  a t o m s  c a n n o t  b e  c o n s i d e r e d  a s  
a r i g i d  s p h e r e  i n s e r t e d  in to  o c t a h e d r a l  i n t e r s t i c e  and  
d i s p l a c i n g  t he  n e a r e s t  h o s t  a t o m s .  

6.  I N T E R A C T I O N  O F  V A C A N C I E S  

H o s t  A t o m  D i s p l a c e m e n t s  

T h e  F o u r i e r - t r a n s f o r m s  of a t o m i c  d i s p l a c e m e n t s  
a r o u n d  a v a c a n c y  a n d  of t he  s t r e s s - i n d u c e d  i n t e r -  
a c t i o n  of v a c a n c i e s  a r e  d e t e r m i n e d  by  E q s .  [2] a n d  [5] 
w h e r e  F v a c ( k )  i s  d e t e r m i n e d  b y  Eq .  [11].  T h e  i n v e r s e  
F o u r i e r - t r a n s f o r m a t i o n  g i v e s  t he  n u m e r i c a l  v a l u e s  
f o r  d i s p l a c e m e n t s  and  s t r e s s - i n d u c e d  e n e r g i e s  of 
p a i r s  of v a c a n c i e s .  T h e s e  v a l u e s  a r e  p r e s e n t e d  in 
T a b l e  IX.  T h e  v o l u m e  of a v a c a n c y  d e p e n d i n g  on  the  
a t o m i c  d i s p l a c e m e n t s  of t he  n e a r e s t  a t o m s  i s  a l s o  
i n c l u d e d  in  t h i s  t a b l e .  

Table IX. Calculations of the Vacancy and Bivacancy Characteristics 

Metal 

Ratio of the Interaction Energy of Two 
Nearest Atom Vacancy Volume Vacancies (in eV) _ _  
Displacement, to the Atom First coordina- Second coordina- 

U/a Volume tion Shell tion Shell 

v 0.038 0.87 -0.029 -0.109 
Nb 0.037 0.88 -0.030 -0.169 
Ta 0.033 0.89 -0.036 -0.155 
Fe 0.024 0.92 -0.028 -0.068 

I t  i s  i n t e r e s t i n g  to  no t e  t he  f a c t  t h a t  t he  a t t r a c t i o n  
b e t w e e n  the  v a c a n c y  a n d  a n e x t - n e a r e s t  v a c a n c y  i s  
s t r o n g e r  t h a n  t h a t  b e t w e e n  t he  v a c a n c y  and  a n e a r e s t  
v a c a n c y .  T h e  i n t e r a c t i o n  of v a c a n c y  p a i r s  i n c r e a s e s  
in  the  s e q u e n c e  o~Fe - -  V ~ NC ~ T a ,  w h i c h  c o r -  
r e s p o n d s  to t h e  i n c r e a s e  in t he  c o h e s i o n  e n e r g y .  

T h e  c a l c u l a t e d  d i s p l a c e m e n t s  c a u s e d  by  a v a c a n c y  
a r e  in  good  a g r e e m e n t  w i t h  t he  v a l u e s  w h i c h  c a n  b e  
o b t a i n e d  b y  o t h e r  m e t h o d s :  d i s p l a c e m e n t  of t he  
n e a r e s t  a t o m  fo r  c~Fe i s  0 . 0 2 4 a  in  c o m p a r i s o n  to 
0 . 0 1 9 a  in  R e f .  8, fo r  V is  0 . 0 4 6 a  i n  c o m p a r i s o n  to  
0 . 0 3 8 0  i n  R e f .  8. 

7.  I N T E R A C T I O N  B E T W E E N  A V A C A N C Y  AND 
I N T E R S T I T I A L  A T O M  IN O C T A H E D R A L  

I N T E R S T I C E S  

A c c o r d i n g  to E q s .  [2] a n d  [6], t he  F o u r i e r - t r a n s f o r m  
of s t r e s s - i n d u c e d  e n e r g i e s  b e t w e e n  a v a c a n c y  and  in -  

t e r s t i t i a l  a t o m  i s  

V vac (p,k) = - F vac (k)V*(p ,k)  = - F vac  ( k ) G i j ( k )  

x F ? c t  (p,k) [151 

w h e r e  F vac (k) a n d  F ~ (p,k) a r e  d e t e r m i n e d  by  E q s .  

[11] a n d  [8]. 
S i n c e  F ~  i s  a l i n e a r  f u n c t i o n  of t, t h e  i n t e r -  

a c t i o n  e n e r g y  W ( v a c , p ;  x , y , z )  b e t w e e n  a v a c a n c y  a n d  
i n t e r s t i t i a l  a t o m  i s  a l s o  a l i n e a r  f u n c t i o n  of t: 

W(vac ;  x , y , z )  _ l ( x , y , z )  + m ( x , y , z ) t .  [16] 
Uaa 

T h e  c o e f f i c i e n t s  l ( x , y , z )  a n d  m ( x , y , z )  i n  Eq .  [16] a r e  
t he  m a t e r i a l  c o n s t a n t s  f o r  e a c h  m e t a l  and  do no t  d e -  
p e n d  on  the  k i n d  of t he  i n t e r s t i t i a l .  T h e  c a l c u l a t e d  
v a l u e s  of t h e s e  c o n s t a n t s  a r e  p r e s e n t e d  in  T a b l e  X 
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and the specif ic  va lues  of in t e rac t ion  energ ies  calcu-  
lated by means  of the Table  X data  for a number  of 
sol id solut ions  a re  shown in Table  XI. 

One can eas i ly  see f rom Table  XI that there  is a 
grea t  a t t rac t ive  in te rac t ion  between a vacancy and the 
n e a r e s t  in te r s t i t i a l ,  and as in the case of the i n t e r -  
act ion between two vacanc ies ,  the s t ronges t  in t e rac t ion  
is proved to be with the n e x t - n e a r e s t  i n t e r s t i t i a l .  

The ca lcula ted  data agree  qual i ta t ive ly  with the ex- 
p e r i m e n t a l  data for V-O and Nb-O (Refs. 9,10) solu-  
t ions in which the re laxa t ion  methods r evea l  a s igni f i -  
cant quant i ty  of vacancy-oxygen  p a i r s .  

otFe-C is the only case for which there  a re  r e l i ab l e  
expe r imen ta l  data on the v a c a n c y - i n t e r s t i t i a l  b inding  
energy .  It is the ease of otFe-C solut ion that was 
studied in Ref. 11. According to Ref. 11, the binding 
energy  of a v a c a n c y - c a r b o n  pai r  in i r r ad i a t ed  a Fe 
is 0.41 eV. The calculated value p re sen t ed  in Table  XI 
is 0.37 eV. These  quant i t ies  a re  in good ag reemen t  
with each other.  

8. CONCLUSION 

The n u m e r i c a l  ca lcu la t ions  of the s t r e s s - i n d u c e d  
in te rac t ion  energ ies  of i n t e r s t i t i a l s ,  vacanc ies ,  i n t e r -  
s t i t i a l s  and vacanc ies  in bcc meta ls  o~Fe, V, Nb, and 
Ta,  as well  as d i sp lacemen t s  of host a toms caused 
by these defects  have been pe r fo rmed .  The cases  
of occupation of oc tahedra l  and t e t r ahed ra l  i n t e r -  
s t i ces  a re  d i scussed .  The n u m e r i c a l  coeff icients  b, 
n, d, l, m, h, and g, which a re  the m a t e r i a l  cons tants  
of c~Fe, V, Nb, and Ta have been  calcula ted by means  
of a computer .  These  coeff icients  enable  d i rec t ly  
ca lcula t ing  s t r e s s - i n d u c e d  pa i rwise  in t e rac t ion  e n e r -  
gies be tween any i n t e r s t i t i a l s ,  be tween i n t e r s t i t i a l s  
and vacanc ies ,  as well  as being able to calcula te  host 
a tom d i sp lacements  if the coeff icients  of the concen-  

t r a t ion  expansion of the host bcc lat t ice (concerning 
the r e l evan t  in t e r s t i t i a l )  a re  known. 

Such fo rmula t ion  s e e ms  useful  s ince  the avai lable  
expe r imen ta l  data for Un and U33 can hardly  be con- 
s ide red  as f inal  and should be more  accura te .  The 
mic roscop ic  theory  employed in this paper  allows 
taking into account an  a tomic s t r uc t u r e  of a sol id 
solution; the B o r n - K a r m a n  constants  be ing the only 
p a r a m e t e r s  made use of in the computer  ca lcu la t ions .  
These  constants  for a F e ,  Nb, and Ta  were found by 
the ine las t ic  neu t ron  s ca t t e r i ng  method, and V- was 
found by the X - r a y  diffuse s ca t t e r ing  method. 

The s t r e s s - i n d u c e d  in t e rac t ion  ene rg ie s  and host 
atom d i sp lacements  for concre te  sol id solut ions  have 
been  evaluated proceed ing  f rom the ca lcula ted  n u m e r i -  
cal  coeff icients  b, n, d, l, m, h, g, and avai lable  ex- 
p e r i m e n t a l  data on Un and U33 (far f rom being com- 
plete ly  accura te ) .  

The large s t r e s s - i n d u c e d  in te rac t ion  of the in t e r -  
s t i t i a l s  in al l  four d i scussed  meta l s  r e ve a l s  that these  
sol id solut ions cannot be cons ide red  as ideal  because  
of the ex t r eme ly  sma l l  content  of i n t e r s t i t i a l  a toms 
and the poss ib i l i ty  of s h o r t - r a n g e  or long- range  o rder  
or decomposi t ion  which should be taken into account .  

APPENDIX I 

Equat ion for the ca lcula t ion  of Dij(k) ( in te rac t ion  in 
eight coordinat ion  shel ls) :  

i'ai ~ ~ ] 
Du(k) = 8a l  [1 - cos ~ -  cos cos - ~ -  

kal ka2 _ ~  + [4~2 s in  2 -~ -  + 432 ( sin2 ~ -  + sin~ )I 

+ [4c~(2 -  coskal c o s k a e -  coskal coska3) 

Table X. Coefficients (in eV) for Calculations of the Stress-Induced Interaction Energies of a Vacancy Located 
in the Coordinate Origin and Interstitial Located in Octahedral Site with the Coordinates tx, y,z) 

- - V  - -  N b - -  - -  Ta - -  - -  Fe - -  
( x , y , z )  1 rn 1 m 1 m 1 m 

(0,0,�89 -0.881 -2 .776 - t . 2 9 0  -3.892 -1.329 -3 .624 -0.537 -1.463 
( �89  -0.861 -0.908 -1.155 -1.168 -1.191 -1.448 -0.497 -0.590 
(1,0,�89 -0.049 -0.021 -0.068 -0.013 -0 .070 -0.082 -0.058 -0.084 
(�89189 0.322 0.174 0.404 0.294 0.489 0.442 0.159 0.075 
(1,1,�89 0.102 0.454 0.132 0.575 0.021 0.706 0.046 0.243 
(1,17/2) 0.020 -0 .070 0.031 .0 .034  0.036 -0.036 0.044 0.017 
(�89 0.013 0.034 0 0.070 0.016 0.006 0.010 0.001 
(2,1,%) -0.001 -0.009 0.015 0.075 -0.005 -0.030 -0.007 -0.004 

Table XI.  Interaction Energies (in eV) of a Vacancy Located in the Coordinate Origin with the Specific 
Interstitial Located in Octahedra| interstice with the Coordinate (x,y,z} 

( x , y , z )  V-O V-N Nb-O Nb-N Ta-O Ta-N Fe-C Fe-N 

(0 ,0 , �89  .0 .299 -0.221 -0.398 .0 .560  .0 .479 .0 .563 -0.330 -0.344 
( �89189 .0 .479 -0.469 .0 .518 -0.645 .0.501 .0 .589 .0 .374 -0.371 
(1 ,0 , �89  -0.034 -0.033 -0.037 -0.048 -0.030 -0.035 -0.042 -0.042 
( �89 0.194 0.196 0.187 0.230 0.212 0.249 0.130 0.127 
(1 ,1 , �89  0.020 0.006 0.035 0.055 0.068 0.080 0.018 0.021 
(1,1,3/2) 0.020 0.023 0.017 0.019 0.018 0.021 0.036 0.035 
(�89 ,a/2,2) 0.005 0.005 .0 .006 .0 .007 0.007 0.008 0.009 0.008 
(2 ,1 , �89  0 0.001 0.005 0.006 .0.001 -0.002 -0.006 -0.006 
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3k~1 + 413~(1- coska~ c o s ~ s ) t  + ~8a~ ( 1 -  c o s - ~ -  

• co s  cos  ) + 8/34 ( 2 - cos  - - 5 -  

ka~ cos  ~a~ - 3~____~ ka~ c o s _ ~ ) ]  • cos - ~ -  cos  cos  ~ -  

+ 8~5 (1 - coskal  coskae coska3) + [4~6 sin2kal 

kal 
+ 4/36 (sinZka2 + sin2ka3)] + [8/37 (1 - cos ~ -  

c o s  
2 

3ka~ cos cos 
• cos - ~ ) ]  + [4a8(2 - cos2ka~ coskl~ 

- cos2kal  coska3) + 4/36(2 - c o s l ~  cos2ka~ 

- coskax cos2ka3) + 4v6 (2 - cos2kaz coska3 

- coskae cos2ka3)]; [AI.1] 

D,~(k) = 8/3~ s i n ~  s i n - ~ - - c o s - ~  + 4y3 sinka~ sinlr 

3 ~ j  . ka~ 3ka~ ka~ [S 4 + (sin - -  sm  - -~  + sin ~ sin ~--)  

lm3 3~_s • co s -~ -+  8~4 sin-~A s i n ~ -  cos - ] 

+ 8/35 sinlr sinksr coska3 + [857 (sin k~ 

• sin + sin sin ) cos ~ 

+ 87v sin - ~  s in ~ cos -~-] + 45~ (sin2ka~ 

• sinka~ + sinka, sin2kae); [AI.2] 

where at, /3, 7, and 5 are the Born-Karman constants 
in notations according to Woods. ~'~s The remaining 

components  of the matr ix  Dij(k) a re  obtained by cycl ic  
permuta t ion  of the subscr ip t s .  

APPENDIX II. DETERMINATION OF Ull AND Uss 

The coeff icients  Ull, U33, and t = UI~/U33 of the con- 
cent ra t ion  expansion of bcc solid solution were  de- 
t e rmined  by two var ious  methods.  

1) For  ~ F e - C  and ~ F e - N  which fo rm an o rde red  
supe r sa tu ra t ed  in ters t i t ia l  solution (carbon and ni t ro-  
gen mar tens i te )  as  well as for  V-H, Nb-H, and Ta-H,  
o rdered /3  phase de terminat ion  has been pe r fo rmed  
over  c rys t a l  latt ice p a r a m e t e r  data (Eq. [9b]). 

2) Fo r  the in ters t i t ia l  solutions of oxygen and ni t ro-  
gen in V, Nb, and Ta, the coefficients  U~ and U33 
were  found proceeding f rom the concent ra t ion  de- 
pendence of the c rys t a l  lat t ice p a r a m e t e r  of a dis-  
o rde red  solid solution and f rom Snoek re laxat ion 
caused by in ters t i t ia ls  ~4'~5 by means of the following 
equations:  

da 
U33 + 2U11 = 3 a--d-C 

( ) 3 k T  n dQmax 
U 3 3 -  Ull  = a-d~-d~GF dC 

/ 

where C is the f rac t ion  of in ters t i t ia l  a toms re la ted  to 
- 1  the total number  of host atoms; Q max is the height of 

the Snoek-peak; T n is the absolute t empera tu re  of the 
peak; and F is the effective c rys t a l  or ientat ion fac tor  
( r  ~ 0.2 for  po lyc rys t a l  without a texture) :  

1 
G = St, + 2F(2S;~ - 2S;2 - S~4) [AII.2] 

the rigidity modulus; S~, S' iz, and S~4 are the compli- 
ance coefficients of a cubic crystal in usual notations. 
The values which were made use of for calculation 
are shown in Table XII and Appendix Ill. 

It is necessary to note that the value 2U11 + U33 for 
V-H disordered solution at low H-atom content ~6 is 
distinct from that for ordered /3 phase. This can 
be understandable if one remembers that H-atoms 

Table XII, Experimental Data for Determination of Ul l  and Uaa 

_ __ • 101 dQ-lmax ~, Employed Values 

dc T n, K* AC Aal , A Aa3, A U11 U33 t 
i d a  

Alloy a dc 

Fe-C -0.09 +0.86 -0.10 (Ref. 20) 
Fe-N -0.07 +0.83 ~0.08 (Ref. 21) 
V-O t.5 (Ref. 22) 8 (Refs. 30, 31) 453 -0.10 +0.66 -0.15 
V-N 1.38 (Ref. 25) 8 (Refs. 31, 32) 540 -0.14 +0.69 -0.2 
Nb-O 1.26 (Ref. 23) 4.9 (Refs. 5, 33, 34) 413 -0.06 +0.50 -0.12 
Nb-N 1.67 (Refs. 28, 26) 4.8 (Refs. 34, 35) 550 -0.05 +0.60 -0.08 
Ta-O 1.33 (Refs. 24, 27) 7.4 (Ref. 36) 413 -0.04 +0.47 -0.08 
Ta-N 1.5 (Refs. 27-29) 7.3 (Ref. 37) 610 -0.05 +0.56 -0.09 

V-H 0.43 to 0.73 2.98 to 3.00 3.27 to 3.32 (ReL 38) +0.025 +0.074 +0.3 
0.5 to 0.75 3.01 to 3.03 3.31 to 3.39 (Ref. 39) 

Nb-H 0.7 to 0.97 3.405 to 3 420~- 3.435 to 3.455 3.42 to 3.45 (Ref. 40) +0.019 +0.032 +0.6 

Ta-H 0.45 to 0.75 3.363 to 3.397 3.397 to 3.445 (Ref. 41) +0.034 +0.051 +0.7 

*Peak temperatures are presented at those frequencies (~1 Hz) at which heights of Snoek peak were determined. 
~'al and a2 differ slightly in this solid solution, and Utl is taken as an average of the values determined from a~ and a~. 
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in V occupy s imul taneous  te trahedral  in ter s t i ce s  as 
we l l  as  octahedral  ones  and their  dis tr ibut ion along 
both of them depends on the compos i t ion  and ordering.  

APPENDIX III 

Appendix III. The Magnitude of Constants Used in Calculations 

a, A •  -l* (units d y n / c m 2 / ?  X1012 (units cm2/dyn) 17 

C11 C12 C44 S~ 1 -S '12 S~4 

V 3.026 7.35 -5 .30 24.6 13.4 2.87 0.760 0.287 0.892 
Nb 3.300 6.45 -7.46 22.8 11.9 4.26 0.660 0.233 3.48 
T a 3.303 18.5 -8.05 26.7 16.1 8.25 0.686 0.258 1.212 
Fe 2,87 17.2 -4.29 24,2 14.65 11.2 0.683 0.234 2.348 

Born-Karman Force Constants (• -a units dyn/cm) 

al  ~1 a2 ~2 as /~a 73 a4 ~4 74 54 as ~s as ~6 a? f17 77 

aaC44, e, eV 
eV ReL 4 

Fe (Ref. 18) 17.86 14.91 14.92 0.36 1.24 -1.09 0.3 -0 .6  -0.06 0.28 0.1 -0.23 -0.24 

V (Ref. 19) 10.87 7.24 6.49 -2.15 -4.69 2.99 0.57 1.44 0.29 -1.15 1.22 0.01 -0.12 -1.39 0.34 -0.36 -0,14 0.09 

8'7 

-0.43 

Nb (Ref. 12) 14.14 8.84 14.16 -3 .64 2.27 -6.38 0.76 3.61 -0.75 -0.95 1.26 -1.16 -1.33 -7.08 1.32 -0.03 -0.1 0.37 

67 a8 138 78 ~8 

-0.17 0.51 -0.27 0.81 -0 .06  

Ta (Ref. 13) 16.98 11.2 11.82 1.42 3.55 -5.43 1.94 3.58 -0.72 -1.73 0.98 -0.49 0.81 -3 .70 0.13 0.56 -0.24 0.11 

67 

-0.68 
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