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    HV,  -
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.  2   -
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   v  v p.      -
   200 0     HV  -
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        -

 . ,  -Fe   
   0,5 ,  Ni –  0,6   
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   . 1.20,    -
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  1,5 ,   . .  [72]. 

  -
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  60-     . .  -
     -

 [75],      -
 .    -
      -

.  ,      
    -

      -
   (   «  -
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. 1.21.  -
  «  – 

 – »  -
    

 ;  – 
   -

 ,  –  
  ,  – 

   -
,   -

    
 

 
  ,  S,   

G    [24] : 

( )
m

c a
mH T H C dT , 

/ [( ) / ]
m

c a
m mS T H T C T dT ,         (1.5) 

c a c a c aG H T T S T ,    
 

 m –      -
    Tm,   C  –  -

 (  )    -
  .  (1.5)  

 n- ( ), Sn-a(T), Gn-a    [24, 
79]       -

: 

( )
m

n a n a
m KH T H T C dT , 

0 [( ) / ]
m

n a n a n aS T S C T dT ,     (1.6) 

n a n a n aG H T T S T .    
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 Hm(T ) –     -
     .  

     .  
Sn-a

0 –      
  0 ,      -

      [80]. n
p –  

 . 
     -

  .   -
    S < 0.  , 

    S ,  G – 
.   S > 0,    
.    S  H -

,  G     – . 
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    30 % ( .). 
 

 
 

. 1.22.   Fe(Cr)–(Fe,Cr)3B,   
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  ( , , ). 
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        -
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    – –
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T
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 x –  ,      
 T, k –  .     

exp Ek A
RT

,  E –  , R –  -

.     ,   
   

T

dx x x dT
d T d

.   (1.8) 

       -
,     ,  0x

T
 , 

 (1.7)  (1.8),  ,   
  : 

(1 )expdx EA x
d RT

.   (1.9) 

 (1.9)  ,  

2 expd dx E dT E dxA
d d RT d RT d

. (1.10) 

 
       
  ,       
    , ,   

 0dx
d

  

2exp
m m

E E dTA
RT RT d

,          (1.11) 

 Tm – ,    , 

  .    
dT
d

, 
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1 ln
m m

E const
R T T

.  (1.12) 

      2

1ln
m mT T

  -

     E  -
  A. 

     -
      -
 – – : 

( ) 1 exp[ ]nx b ,   (1.13) 

 x( ) –    ,  
  , b –  , n –  ,  

      . -
 ,     -

  n [85].    
.     n  -

  1,5  4.  n = 1 + 0,5,     
,  ;  n = 2,5 + 0,5  -

     
;  n = 3,5–4 ,  

     -
      -
,     [86]. 

   b   -
  : 

0 exp Eb b
RT

,  (1.14) 

 b0 –  , E –  -
, R –  . 

   Tcrys   
  –   , -

  ,      -
    (    ) 

   (   )  , 
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  Tcrys.    Tcrys  
 ,    -

    (10-3–10-1    ). 
  Ea     Q -

       -
.  :   ,   

 Tcrys, Ea    Q [87, 88].  
    ,   -

        
(       ). 

   ,   -
,     :  40  

400 /  [69]. 
,       -

      Tk.  
Tk  13–23       

 D > 20        
  .       

 (0,4–0,65)     , -
  - ,  10–100 /  (   – 

    ). 
      -

 400–1500  (       
). 
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   ,  « -
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      -
 .     -

  E    -
       [24]: 

n a c aH T H T
E

x
,      (1.15) 

 Hn-a(T)  Hc-a(T) –   -
    ,   

  . 
     -

  ,    -
     -

   [24].    -
 ,    

 ,      -
   .   

     ,  
 ,   .   -

      
  .    -

    ,  , , 
     Ni–P [91], Fe–Co–Zr [92], Fe–

Ni–P–B [93], Si [94]  .     -
  :   

     -
, ,   Co–Zr [95]  Fe–B [96].   Fe–

Si–B [97]       
  450–5000C,     

25    5000C     -
   .   -

   NiZr2   
       

   [97].  
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 . 1.25     -
      -

   [24]. ,     
     ,   

0,5Tm,  Tm –   .  , -
,   . 

 

 
. 1.25      -

 ,     -
 Tm,       

:  Fe–B (1); Co–Zr (2);  Fe–Si–B (3);  Ni–P (4);  Si (5); Fe–Co–Zr (6);  
Pd–Cu–Si (7); Fe–Ni–P–B (8) 
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  . ,  ,  
 C  Si      Fe  

   , , -
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    [98].   Cu  Au 
    Fe     -

  -Fe   .  -
,  , ,  Nb, Zr  Mo, -
        

   [99].  Cr, Co, 
Ni  Pd       

     Fe [100]. 
,      -

       
.     Zr    

    . -
   , -
 ,     -

   Zr [99]. ,    
    ,    -

         
   1%    , -

,    [99]. 
  ,  -

  ,      
         

.      (  
)      -

       .  -
  Fe–Cu–Si–B [101]     -

  -Fe(Si)    -
 20 ,         -

  80 .      
Fe–Nb  Fe–Zr     -

      8–20 , 
  ,     [102]. 

      -
       -

  Fe–B–Si [24].    -
,      -

       -
 - .  ,   -
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      ( . .   
 )  41,5  17,0 /    -

    25  70     
    (   

Fe(Si)   Fe3B).      
 «  », . .  , -

, - ,    -
 . 
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[105]     [106].    

         , 
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     ?   -
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  Fe74Si13B9Nb3Cu1 (« »), Fe57,5Ni25B17,5, 
Fe49,5Ni33B17,5  Fe70Cr15B15.  

 . 1.26    -
 Ni–Fe–Co–Si–B    ( ),  N = 4  293 
  77  ( )   N = 8      

( ) (N –      ) ,  
      , -
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. 1.26  -
  Ni44Fe29Co15Si2B10  -

     
 ( ),  N = 4  293   

77  ( )   N = 8    
  ( ) 

 

. 1.27 T  -
   

Ni44Fe29Co15Si2B10  N = 4 
 293  ( )   N = 8  

77  ( ) 
 

 
   [111]  -
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 ,   . 1.26. , ,  

N = 4  T = 293 K        
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  ,    N = 8,  
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  = 77  (  = 6%  r = 2 ). -  
 ( . 1.27)    -

  . 
 . 1.28     

HV      ( -
       ) 

     (N)    
  .     -
         

  .    -
   HV     

(N = 0,5)    ,    
,        -

     = 293  (–2,8  +2,1   293   
–0,8   + 1,1   77 ).     -

  ,    HV   
0,75  ,    ,     

  ,     -
 HV  -     , 

    HV   -
 . 

 

 
 

. 1.28   HV  ( C)   
 ( )  Ni44Fe29Co15Si2B10    

 N     293  77  
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    HV   
      , 

       -
       [112]. 

      -
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   ,      -
 ( . 1.29).      -
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   [112]. 

  
 

. 1.29 - -
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       -
 500 0  [113].        

     -
   (     = 410 0 )   
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 ( . 1.27).  ,   -

       -
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    ,  

     .  
   (  80 2, 9 )  

 

 
 

. 3.30.   -
    -

   -
  2, -

     
   Al2O3 ( )  -
  -8 ( , ):  

1 –     (  – -
 ;  –  ; 

 –  ,  
196° ) 
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 (   20 3 )   
, , ,    

       -
  [71],     -
 ,    -

      . -
  1-2% , ,   

       -
     ( . . 3.1). 

 
 

3.4.3.  -      
        

 
. 3.31      

    8, -
    c  (   -

). ,  ,      
 ( . . 3.28, , )     

 200  ( . . 3.28, , ) ,     
 ( . . 3.31,  1  2),    

     -
      -

  ( . . 3.31,   1'  2').  
 

 

 

. 3.31.  -
    h -

   8, 
  -

  (1, 2)  
   (1 , 2 ): 

1, 1  – ,  
( 196° ); 2, 2  – , -

 ( 196° ),  
200  
 

 



 . . 
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 200  ( . . 3.31,  2)   -
    ( ) -

  - ,     
 ,       -

  .      
  (110)    ( . 

3.32,  2; . 3.33,  3, 4).  
 

. 3.32.   
    

(110)    h -
   8,  

  :  
1 – ,  ( 196° ); 
2 – ,  ( 196° ), 

 200  
 

 

 

. 3.33.  -
  [(110)-

(101)(011)]   8: 
1 –   , . ( 196° ); 
2 – , . ( 196° ) + ; 
3 – , . ( 196° ), . 

200 ; 4 – , . ( 196° ), 
. 200  +  

 
       

    -
      -   -
  , ,   

    (110)  ( . . 3.32, 
 1)     ( . . 

3.33,  1  2).     (110)  
     

    ( . . 3.33, -
 2, 4).       
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         8. 

  
. 3.34.  

   
 h -

    
35,   

 -
 

 
. 3.31, 3.34, 3.35 ,     
      -

        
,     .  

     -
 8     -

      -
    200  ( . . 3.31,  1), -

     -
      -
   .   

      -
      

      (   -
       ),  

  ( . . 3.31,  2), 
  ( . 3.34)   -

 ( . . 3.9) .  
      -

        -
     ,  

       
 . 

    25–30 .% -
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       -
   ( . . 3.35). 

 . 3.35.  
   

  
    h 

  
  

20 3 ,  
  810° , -

  180°    
 -

 
 

. 3.31, 3.34, 3.35      -
 ,  ,  -

    ,   -
      ( . . 3.9). 

 
 

3.5.       
    

3.5.1.      -
  ,    
 

. 3.36 ,     -
      

  -    ,  
0,20–1,35% . ,   -

  35      8 
   = 400 ,     8 -

    10    = 
350 .     

      
    -

 .  
    -
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 ,     -
    -

  ( .   . 3.36  . 3.37). ,  
      -
      . , , 

     -
      -

  ,      
  ( )  , -

    .  

 
 

. 3.36.    (  1   )  
    :   –  ;  

–  ;  –    196° ;  – -
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 -

  
 35  ( . 

3.38),     
   

 400°   -
  - ,  

    
   

 -
. , 

   
  -

   (  
2)  -

   
  

(110)  , , 
       

 (  1).    400°    
     (110)    

 ,       
    -

 . 

 
 

. 3.38.    (1 )    
   2      (110)   

35: 1 –   950° ; 2 –  +    

 
. 3.37.   -
    

   
  : 

 –  ,  -
   

   -
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     35 

,     350  (1 )   
-   ,  , 100  ( . 3.39, , ).  

 

 
 

 

 
 

 

 
 

 

 
 
 

 
 

 

 
 

. 3.39.       350  ( , ) 
450  ( , )  500  ( , ) ,     

  35     
:  –     (110) ;   

,  –      
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     -
.   . 3.39,    

 -  (    . 3.25, )   -
     .   

     Fe3C, -
  ,      -

 . 
   450     -

  -  ( . 3.39, ).    
   ,   
   .   

 ( . 3.39, ).      -
       

.  [76],   -
     

   ,    -
       -
 . 

   500    -
       

    300     
  100–150 ,    ,    

  ( . 3.39, , ).    
     

       -
  ,    ( . . 3.25, ).  
    -

     20 ( . . 3.26) 
        350°  

( . 3.40, , ),      –    
 450°  ( . 3.40, , , . 3.41, , ).    -

   ,   -
      550°  ( . 3.41, , ). 

     -
    350–550°    

      -
    ( . . 3.36, 
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3.37).   ,       
       
  .  [77],   -
  ~50     -

    -    -
   64–81%. 

 

 
 

 
 

 

 
 

 
 
 

. 3.40. ,      350  ( , 
)  450  ( , )       20, 

  : ,  –  -
   (110)   
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. 3.41. « » ,    
  450  ( , )  550  ( , )    -

   20,   :  
,  –     (110)   

 
. 3.41, ,  ,    20   -

      450°  -
  « » ,   

   -
 ( 100 )  (   )  -

 ,    
 (0,2–0,4 ) .    
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« »     ( -
  6   . . 3.36),  -

   , , - ,    
     .  

[78]       -
      ,   -
  « » ,  -
     . 

     550°      
20   « »  ( . 3.41, , ), 

     2,8  ( . . 3.36) 
     -

 . 
 ,     -

  « »    
   (    , 

 , 300–400   . . 3.41, , ),   
 ,    « »  -
        [78, 79]. 

 

3.5.2.       
      

  
 

. 3.42 ,      -
  10   1200  (20 )   

350, 450  550°    8,  
 ( . . 3.28, , ),   -

      -
.        20   350  450°  -

      
(110)  , ,    

 [66].      -
       -

    ( . . 3.42). 
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-   , 
   20-    350  , -
 ,  -       

       100 
 ( . 3.43, , ). 

 -
 20  

 450  -
   

   
 -

 ( . 3.43, ), -
  -

   
  -

   -
  450  (  

 20 ) -
  ( . 3.44, ).  

 -
  

   
550   

   
  

 
 -

  -
   

  
  8 

( . 3.43, )  -
    ( . 3.44, ). -

      
      -

      . , -
  [80]       

 
 

. 3.42.   
    

 350° , 450°   550°  -
  8   -

     -
    8  -
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600  (1 )      -
      , -

     .  
         

   ,    
     .   

[81]     
         

,       -
 .  

 

 
 

 
 

 

 
 

 
 

. 3.43.    20-    350  ( , ) 
450  ( )  550  ( ) ,     -

  8       8   
:  –     (110)  
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. 3.44.    8  20-   
 450  ( )  550  ( ) 

 
 

   , -
       -
,       

 (       -
    ),   

        -
  [82]. 

 
3.5.3.      

    ,  
  

 
  . 3.45  3.46  -

,       
    , -

      -
    . ,  0,68–

1,06%      20 3   
40       -

   400°      
 20, 40  8 ( . . 3.45,  II).   

       -   
       

.  
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. 3.45.   
    -

   
 ( ), -

 ( )  -
 ( )    -

  (I)   
  (II). 

   : 
,  –  ;  – , -

  

   (2,90%Ni)  -
 (1,66–4,20%Si)     -

      
  100–350°  ( . . 3.45, ; 3.46)  -

       
      [71].  

     400–600°   -
    80 2  80 4 -

       -
  8;      -

    ( . . 3.46,  II). -
      

,  ,    400–600°  
       

  -     .  
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. 3.46.      -
      -

 ( ,  ) (I)     
(II) 

 
3.5.4.    ,  

       
 

 -   -
      

    
,       -

,     [16, 18, 32, 34, 66, 83]:  
1)   -       

350     (  20 ) ;  
2)      450–550°  « -

» ,     ; 
3)      -

     -
     -
  -  ;  

4)      ; 
5)     - ; 
6)   ( )   

    . 
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3.6.      
    

 
     -

   (   SMAT [11], 
      -

 [8])      
  (     -

 )    .  
     -

   ,    
, ,     -

     -
   . 

      -
      -

        
    [84, 85]. 

      -
     ( . 

. 3.1, ),         
  (     0,07 /   

   ) ( . 3.47, )   -
  (    0,1–4,5 /     

  ) ( . 3.47, ). 
 

 
 

 
 

 
. 3.47.       

 :  –  - ,  –  -  
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. 3.48 ,    -
  50    ( . . 3.24, ), -

      ( . . 
3.27),   (  1,5–3,0 )  -

     ,  
     –    
 (     [42])    (  -

      -
 ).     

 ,  ,      
    100–600°    -

      ( . . 3.48, , ).  
 

  
 

 
 

 

   

 
 

   

 
 

 

 
. 3.48.   

  (2   )  -
  Ih  

   
( )     -

  (  –
)   ( )   -

 ( )  50: 1 –   850°  
  + ; 2 –  +  

  + -
 

 
. 3.48.   

  (2   )  -
  Ih  

   
( )     -

  (  –
)   ( )   -

 ( )  50: 1 –   850°  
  + ; 2 –  +  

  + -
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     -
  ( . . 3.48, )   -

      100–350° ,  
   400–600°     (  2) 

    , 
    (  1).   
       

  400°  ( . . 3.36)   ,  
      

       
    .  

       
     -

        
 (  2 / )   ( )  -

 (  )  [15, 16, 20, 33]. . 3.49 -
,      2,7–3,4 /  -

   8 (   + ) -
        -

 (   )  ,    
  .    -

      
8         
  .     

,     ,    -
 ,     8  -

     
   .  

   , -
 ,     
       -

,       -
      . 
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. 3.49.    Ih,  
 f       8   

 V     :   
1 –   ( );   
2 –  +   ( )  ;   
3 –  +    
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3.7.       
     

3.7.1.       
      

      
  
 

      -
      20 (   
 :  25 ,  7    3 ), -

       -
  ( . . 3.1, ) [17, 19].  -

   -   
( . . 3.13, 3.14),      
1,68  4,25         
~10      70–80  ( . . 3.9).  

. 3.50 ,     -
      

   .    -
       -

       -
   .  

      
     -
        

  [4]   [86].    -
 SMAT    -

       
 [11].  

  « »   ( . 3.51) 
    (    N = 10  

50)      -
       

  5,6 ,     -
 -  (  ,    ) 

( . 3.52).      -
     .  
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. 3.50.    20   :  

1 –   ; 2 –   
 

 

. 3.51.  « » -
   -

   -
  =  +  = 0,0056 (  – 

   
;  –   

 ),  
    

 ,  
 0,5  

 

 

 

. 3.52.  -
      

 (110)   -
    

20    -
  « »  

:   –  -
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     -
   3,7–4,4   , 

  [17, 19].      -
 ( . 3.53, a, )    ( . 3.53, , 

)      « »  
,     -

      ( . . 3.50). 
 

 
 

 

 
 

 
 

. 3.53.        
  20  « »     N = 50 (a, ) 

 N = 750 ( , ):  (a, )    ( , ) 
 

      
     ( . 

3.54),        
    .  -

  20      -
      -

  –  ( . . 3.54, ).   -
       -

,        
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       ( . 
. 3.50,  1).     20 -

       -
    , - , -

     -
.         -

 –      -
    N = 10 ( . .3.54, )   -

     ( . . 3.50,  2). 
 

 
 

 
 

. 3.54.      20  -
   (a)     ( ), 

 « »      
N=10 
 

    -
     -

     
( . . 3.13, , ; 3.19)      -

 ( . . 3.18).     -
  ,  ,   -
   ,   -

        
   [19].   -

        
,   . 

      -
   ( . 3.55) ,    
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    20    -
 ( . 3.56,  I),       -

      . 
 

 

. 3.55.   -
    -

  = 2  = const (  –  
 ),  
  R  = min/ max = 0 ( -

  ), 
   

   , -
  30  

  

 

 
 

. 3.56.  
   

 20   -
  (1)  

  (2), -
   -

  (I)  
 (II) -

 

 
      -

    ,    
,   ,   -

     «  -
  – » [87].    -

     -
      -

        
 ( . 3.56,  II),      

      -
      ( . . 3.18). 
 



 . . 

 184

3.7.2.       
       

   
 

       -
    (25 7 2,7 )  -

    50     -
    ( . . 3.1, 

).       
 ( . . 3.27)     ~200 . 
 

 
  

 
 

. 3.57.   
  (2   )  -

   50  
 : 1 – -

  850°    + ; 2 – 
 +  + ; 0,2 – -
  ;   – 

  -
;  –   

 
. 3.57 ,      
   ,     

   ,    
.      200-300  

      . 
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3.8.      
,    

 
  -    

       
 ,    
  P–h (    –  

 ) ( . 3.58)    -
  ( , ,    

.)    ( ,   )  
[88]. ,    -

     
,    [14],   

–       
   [55, 56, 89]   

 20   -
 -

  [90].  
 -

  -
   -
    

  
  -

,   -
  -

,  -
  -

  -
    -

  -
    

.  
       -
      -

     / *,  -
       [91, 

92],    3/ *2,    

 
 

. 3.58.   
    

 P –   
h    50 
  0,98  (100 )  -

 Fischerscope HM2000 XYm 
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 [93, 94].    / *, 3/ *2  -

  R  (R  = (hmax  hp)/hmax×100%,  hmax  hp  
       -

 ),     -
 .  

 ,     -
   [92-95],       

   [55, 56, 89, 90].  
       

« » ,     
     

, -    .  
   -

  50 ( . . 3.27)    -
  ( . . 3.24, )   P–h-  

    ( . . 3.58).  
 . 3.2     

50,    ISO 14577-1:2002 [96]. 
,        -

      hmax  hp 
  R   .   

       HM ( -
    ,    -
),      HIT,  
  HIT/E*  HIT

3/E*2
      

  ,  ,   -
  HIT,     E* 

   ( . . 3.2).   [14] ,  
         

    30 .  ,  -
 ,   -

        -
 . 
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 3.2 
      0,98  

(100 )    50,     
 

 
 

 
hmax, 

 
hp, 

 
HM, 

 
HIT, 

 
E*, 

 
R , 
% *

ITH
E

 
3

2*
ITH

E
, 

 
 2,50 1,86 6,1 8,6 212 25,8 0,041 0,014 

+  2,20 1,46 7,9 12,4 218 33,8 0,057 0,040 
 

: hmax –    ; hp – 
      ; HM 

–   ; HIT –  ; E* –  
 ; R –  ; HIT/E* – -

     ; HIT
3/E*2 – -

     
 

 
3.9.  -   

  
 

     
     -

  ( )    -
        -

   .   
   ,     

      
 .  ,    -

     -
  [17, 19]     ( . 

 3.7).  
      

      -
        -

,  ,    [97–99]. 
      -
 (       -
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      -
)      -

   (SMAT  )   -
  [100],   [101]  -

   -181 [102]. -
      -

   [86, 103].  
  -  

      
   ,  ,  -

    ,    -
   . 

     50, 
    -

 ,    -
     ( . . 3.36), -

       
( . . 3.48),       
( . . 3.57)     -

 -     
  350  ( . 3.3, 3.4).  

 
 3.3 

   -   
 50   ,   Ih,  

   0,2;    
         

 
  

, Ih 
  

  
 

 
, 

  
 

 

 
 

 

 

 
0,2, 

 
, 

 
, 

% 

 + 
 350°  4,6 2,8·10-7 5,3·10-9 3,5· 

10-6 1410 1570 2,5 

+ + 
 350°  8,6 1,3·10-7 1,8·10-9 1,4· 

10-6 1400 1560 2,5 
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 3.4 
      0,98  

(100 )    50,     
-    

 
 

 
 

hmax, 
 

hp, 
 

HM, 
 

HIT, 
 

E*, 
 

R , 
% *

ITH
E

 
3

2*
ITH

E
, 

 
 + 

 350°  2,90 2,33 4,5 5,8 223 19,6 0,026 0,004 

+ + 
 350°  2,33 1,64 7,0 10,4 214 29,7 0,049 0,025 

 
:   hmax, hp, HM, HIT, E*, R , 

HIT/E*, HIT
3/E*2     . 3.2 

 
  3.3  3.4 ,   -

 ,  ,   -
   350  (1 ),     -

         -
  ,   HIT (  1,6–1,9 ),  

  Ih     -
 (  2,2–2,9 ),    -
 R  (  1,5 ),      -

  HIT/E* (  1,9 )   -
  HIT

3/E*2 (  6,2 )    
   0,2,   . 

 
3.10.     

       
  

 
     -

 ,        
     -

    -  -
      , -
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   .    
      

  ,   -
       -

  ( ,    , 
 ,    .). 
     

       -
,   ,    -
 ( , )  -  -

,       . 
        

     -
    .   

      ,  -
      

        
   [104]. 

      , -
    (     

 )    -
    ( -

      ).  
   ( ,  , -

 ,      
.)   ,     -

       -
 ,      -

      . 
,     -

        
,      -

      . , -
,      

-   ,  -
     
.      

     ,  -
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 .     [86, 
101, 103],     -

 ,  ,   . 
     

        
   ,    -

      -
    -

    -    
  .     

    -
       

    (> 200 ),  -
     -

       . 
     -

  ,   -
       

   -   - ,     
       

 (  2 / )  .   
     

       
 .  

     -
     -

  ( ,   350°   
 50,    ).  -

-    (  +  + ) 
      

        
       . 

     
 ,       -

      , -
 ,      

        
(100–600° ).      -
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     -

       
,      -

  [42],     -
   .  

 -   
  ,  -

      ~450° ,  -
       -

 (  ~6 ) « » , -
         

   (0,2-0,4 ) .  -
   « »    -

    . 
      

     -
 (  2194773 [105]),   -

 (       -
       
     196  100°    

     450° ). , 
  ,   -

  ,      -
    , 

   .  
   [105]   

  ,     -
      -
      -

      196  [20, 32], 
       -

,      -
.     196   

    [7].   -
   ,   

   SMGT (surface mechanical grinding 
treatment) [12],    -
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      ( , , )  
      . 

   3.3    -
   (  , -

 )   -
      -

     [20]. 
    -
      

       
   ,     -

  (  )  .  
     ,   

 ,     
 ,     . .  

[56, 89, 90, 106, 107],   -
     -

      ( ),  
     

     -
 -   ( . $4.59).  

 

 
 

 
 

. $4.59. ,     -
    20     -  :   – 

    (110)  
 

3.59). 

9. . 3.5
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     -
       

     -
     -

.   [21, 83]    -
     -

      ( , 
,  ),     

    , -
     . -
        

     
,  ,      -
    [108].  

 
      -
,      09- -1-1008, 09-

-1-1002, 09- -12-2002, 09- -1-1002     11-08-01025- . 
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                                    (6.1) 

 J –      
( ), . .   ,   -

    ;   
21 ( )L T .   ,    

     -
   , . .   -

    ,   -
  ,    .   

(6.1)     .   -

    1, . . 1n
x

,  D J ,    

  .  ,   
 ,  «  »   

    n
x

,  D –   

      ,  1.  
,      

[D]=[J]/[dn/dx]=(1/L2T)/(1/L3)/L=L2/T, 

. .    D   2/   2/ .    
   , ,  -
,    . 

     , 
      (6.1),  -
        

       , -
  : 

n nD
t x x

 .                                  (6.2) 
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    :   
   n(x,t)  

       -
    dx      t. 

 (6.2)      -
 .      ,  

     n -
 ,   (6.2)  : 

2

2 .n nD
t x

                                  (6.3) 

  D    n  0, -
 ,   .  ,  -
 D      

 .  n  0  -
       -

,       -
 .     

    ,  
  ,     -

    , ,   
D, . .    D = D(n). 

   (6.1)–( 6.3)    -
      

  c(x,t): 

,J D
x

                                      (6.4) 

2

2 ,c cD
t x

                                     (6.5) 

   (6.1)  (6.3)     
      n0    

0
1

( , ) ( , )
N

i
i

n x t n x t , 

 N –   . 



 . . 
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      :  

0 exp QD D
RT

,                              (6.6) 

 Q –    ,  D0 – -
 .     Q – 

    E,   
    ,   1 
  , . . Q = NA E,  NA –  

.  , Q   /  (  
/ ,     1 ). D0 –  -

 ,   -
       -

     .  
  (6.6)   -

  D0  Q       -
 .   -

       
   c(x,t) ( . . c–x-

)   ,     
 D, D(c), D0, Q   . 

     ,    
 D0  Q        

  ,      -
 .     lnD  

1/T       (  
D):    ,   -

      .  -
        

,   ,    
    . 
 

6.2.       
 

      
 .      

,      « » 
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       -
 (  ).     -

      -
   vD  (   ).  

      -
    ,  

,  ,  .    
  (  )  -

      -
       ( ).  
       -

 .       -
     ,   

      ( ) 
     

gbD  (   ).      
   Dgb,     -

  a    , . . – aDgb. 
,      -

     . -
  – ,  (      

)      -
    ,   -
        -
   .    

   Ds. 
   ,   -

,       , -
    . 

          -
      -

: Dv  Dgb  Ds.  ,  Dgb/Dv   
      104  Dgb/Dv  106 

[1].  
  E  ,  -

  ,  -
        -



 . . 
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     .   -
       -
  : Qs  Qgb  Qv; ,  

Qgb/Qv  0,3–0,7      . 
      -

      -
 .        

       -
.     -

      ,   
  .     -

      Dpv –    -
   Dpv      

   Dpb –       
Dgb. 

      
      Dav. -

  , . .       
100 ,        -

   ,   -
        .  
      – -, 

-, ,      
–      . -

       
      ,    

 ;     –   
    .  

 
6.3.     

.   
  

    ,  
      . 
    ,    
:  ,   , 

        
.          
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,     , -
     -

.  
  ,    

    – -  –  
   ( ,t)    

        t 
(  –  ).    -

   ,    
      

.  – -     -
,        -

 . – -     -
    . 

      -
 ,      -

,      .  
 ,      

       
 [2]     . .  [3].  

         
   ,    ,  

   , -
   - ,   -

,   , -  
  ,    

 [4].     -
    ,  -

      
,      -

.  ,     -
   ,    .  

        -
   ,  -
   ,     -

, , .    
     
, , :  



 . . 
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-      
; 

       -       -
 ,       -

  ,    ( , 
      -  

); 
-        
          -

; 
-       

       
.  

      
      . , -
,        -

    ,    
     . 

       
    , 

  ,  -
   .   -

    ,   
        -

       .  
      

  -   . 
 

6.4.    
    

 
      -
      

      -
  : 

( )a a c , 
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  –    .  -
      

       
    .  

    a   -
  c      

.       -
    1 10     

    .  
     -

    ,    -
       – -

 . 
      -

    0  c  5 10 .%  -
       -

  :  

0( )a c a bc ,                                         (6.7) 

 0a  –    , b –  
 .      -

  , ,   ,   -
      100-  

  [5],   b –  .  
 

6.4.1.     
 

      
 , ,   -
,      -

     -
         

   .  
 ,     

, “ ”  ,    
.    ,     -

,    ,     



 . . 
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,    .    
      

    ,     
    .   ,  -

,      
 ,   .   

,      
      ,  

   ,    
    ,   ,  

        , 
     .    

      .  
      

   ,  , 
       -

  Q  D0.  
    -

      -
    [6],   -
 .  

     -
     ( ) -

 h.        
      . -

    ( . 6.1)  Jv, 
 Jgb   Js .   

        
 ,     , 

       -
 [1].     ,   -

         
      , 

       
 (    D  . 6.1).     

   . 
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. 6.1.    (a)   -
  ( )         

:     (Js);     -
  (Jgb);        (Jv) 

 
       

         
   ,      (  

   ,    
     , 

   ),   [2] 
1/ 2 2

1 , / exp / 4n x t Q Dt x Dt . 

 1 ,n x t      -
    x     

   t, Q = n01h – « » 
  ( . .    

,       -
  ), n01 –    

    h   .  n02 –  -
     (  )  n2(x,t) 

–     .  ,  n01  n02 
   : 

01 1 1/An N M   02 2 2/An N M , 

 1, 2, M1, M2 –       
, , NA –  .  



 . . 
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       ,   
    x    ,  

 1 ( , )n x t 2 02( , )n x t n .   -
        : 

1 1 1 2

1/ 2 2
01 02

, , /  , ,  

/  exp / 4 .

c x t n x t n x t n x t

n h n Dt x Dt
                (6.8) 

     -
 c1s, . .      x = 0. 
  (6.8),   

1/ 2
1 1 01 020, /[  ]sc c t n h n Dt ,                   (6.9)  

 
1 22 2

2 1 1/ / sD t h v v c .                       (6.10) 

 v1  v2      , -
 (    , ,  

[5]).  2 1 01 02v / /v n n    , -
       

 .  (6.10)     -
  h, t     c1s  , 

      -
. 

      , 
      (6.10)  .  

        
    .      

    1,  -
  D1,     t1;   -

   T2     t2. -
   D2   T2.  ,  

     -
      

1/ 2' 2
1 1 2 1 1 1 1 1, /  exp /(4 )c x t v v h D t x D t , 
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     , -
     ,   

'' 1/ 2 2
1 1 2 2 1 1 1 2 2 1 1 2 2, /  [ ] exp  [ / 4( )]c x t t v v h D t D t x D t D t . 

       
: 

'' 1/ 2
2 1 1 2 2 1 1 1 2 20, /  [ ]s c t t v v h D t D t .         (6.11) 

  (6.11),     -
  

1/ 2'
1 1 1 2 1 1 10, /s c t v v h D t  

    2s,   
 1 22  2  2

2 2 2 1 2 1  /  s sD t h v v c c .                    (6.12)  

 (6.12)       
  .    -

     
cm–1  cm     m-   . :  

 1 22  2  2
2 1 1  /  m m m mD t h v v c c .                  (6.13) 

 ,    -
        

     
   ,   

   (6.10, 6.12, 6.13),  .  
 
6.4.2.      

  
 

      -
       -

   ( ),      
      -

      .  



 . . 
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 (6.7)      
:  

 = a0 + bc, 
  –  

/a0 = bc/ 0. 

      [7] 

/a0 = d /d0, 

 d = d – d0 –    d -
     (h,k,l)  -

     c  -
    d0    
  .       -

 .  ,   –
 [7], 

d/d = –ctg  ,                                  (6.14) 

      

0 / ctgc a b q ,                        (6.15) 

  
0 / ctgq a b . 

       = –
0     -

          -
      0  -

  .    
     

   . -
       -

   ,    
   ,    

,      -
.  l     

    a    -
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        -
 ( . . 6.2) 

tg( 2 )l g , 

 g –  .    
22 / cos ( 2 )l g .                         (6.16) 

  (6.15)  (6.16)  

c = k l,                                          (6.17) 

  
2

0 cos ( 2 ) /(2 tg )k a bg . 
    

 
 

. 6.2.      : F –  
;  – ; L –  ;   –   

  
 

  b      
    [8].  

     
     (   -

      )  -
   ,   (6.15)  

(6.17)     
  ,     (6.10)  (6.13) – 
   . 

     ,   -
      -

 .     
    [9, 10]:   



 . . 

 338

  « »,     -
     : 

d   12(Dvt)1/2 

      

d   20(Dvt)1/2 

    , -
. 

     
    : ) -

    -
    )    
     .   -

        
       

       -
  .  
  [6, 9]     -

        
      

,       
  ( )     

     ,  
  .    

  . 
       

,           
 ,     

        
 .      

     ,   
  –   .   

     ,   -
 ,     

      . 
 ,      

     ,  -
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    ,   -
   h  (h   -1,   –  

      -
)  ;      
     ,   

        
   .   

          
       l (  

),    . 
      

      -
.   . 6.3   -

      -
  (  Be  Cu).  

 
 

        

 

 
 

. 6.3.      ( ) 
  (  Be  Cu)    -

 
 

     , 
     . ,  

     .  
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   ,     
 ,      

  ,     
.       

      -
 .      

  ,      
   . 

     
   ,     
       -

 . 
 

6.4.3.      
    

 
     ,  -

 ,   :  
1)   ,      

,        
      -

;  
2)         90°,  

       
         ( . 

(6.14));  
3)       -

  ,      -
        

 ,     
. 

      
  ,   

  ,     -
      10–30%.  

 ,       
         

,        
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    .   
   5–10 %. 

      ,  
      -

 .     -
     [9].  -

      -
        -

    . 
 

6.5.     
   

 
      Dgb -

      -
    , -

         -
     (  -

   . 6.1).        -
   .   

 ,     -
,     , 

  .      
       -

,       -
        

 .  
      -

      CD  . 6.1,  
  , , ,  

    (   
      ).  

       -
        
   .  -

       -
  . 6.1, .    -

       



 . . 

 342

   ,  ,  , 
,  ,   -

   aDgb.    -
 . 

 
6.5.1.       
 

    « » 
  A   (  ) 

  ;     -
 ,    (x,z)     

 y       B ( . . 
6.4).  

 
 

. 6.4.     
 

  ,    -
,    ,    -

  .       -
     [11]     -

      -
,     -
.      -
       -

.  
        2b0 ( . 

6.4).     –     2 , 
 ,   x = a (a  2b0),  
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  ,  
 Dgb.    B    

    : )   
 ,      

       -
 (    -  [1]); )  -

 Dv   Dgb     -
 ,  Dgb Dv     

 [1, 11].      
 B      t  -

,    (  x0y), -
 : 

1/ 2 1/ 22 2

1

2 3/ 2

1 2

, , / exp / 4 / [ / 4

1/ 2]exp[ / 4 ]/ erfc{ 1 / [ / 2

1 / 2 ]} , , ,

c x y t Q Dt Q Dt

d c y t c x y t

(6.18) 

 1/ 2( ) ( )vD t , 1/ 2( )vy D t , gb vD D , 
1/ 2( 1) ( )va D t ,  a –   «  

» (2a = 5 10-8 ), Q –     
 ; erfc( ) 1 erf( )y y ,  erf( )y  -

   : 

21/ 2

0

erf( ) 2 /
y

xy e dx .                            (6.19) 

  1( , )y t  (6.18)    
,  2 ( , , )x y t  –  .  
 -  ,    [1]: 

100a  (Dvt)1/2  2b/20. 

      (  = 0) -
      2b1,     -



 . . 
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;   x1     
       

1 = 1( ) = (x1 – a)/(Dvt)1/2,                           (6.20) 

    = 0    1  2/ 1  10-4 ( . 6.4).    x  z 
, ,  (6.18),   -

  ,   z.    -
    2/ 1 = const    . 

6.1, . 
        

–         ( -
      –

).  ,     -
   , . . 

2b0  1/ A,                                      (6.21) 

  –      
  ,      -

   S,    
  n,     -

   .    -
       -

      -
.     6.1,     

( 1.8),   aDgb     ( 1.10).  
 

.5.2.   aDgb 
 

   (6.18)    
0,1%  1 = 1( )  ,     = 0    

1 2/ 1  10-4,   0    6     10-2    
103.    2  = 5 10-10 ,  = 104  106. -

  1 = 1( )  104 (  )  
 106 (  )      0,04%, 

      . 
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  1 = 1( )   . 6.5.  -
  , 1( )     

,        1
m 5,5. 

 
 

. 6.5.  1    = ( –1)/(Dvt)1/2 
 

        
 Ni  Cu    46  116    

750 o  [10]. 
  Ni  Cu    [6, 12–

14],  –  [15],   [6, 12, 13]  [15]  -
     ( . . 

6.1).  . 6.1     -
       -

. 
  Ni  0,1–0,2    

       -
   1000    2   

   50  200 .   
     Cu   -

 .    Cu  -
    10 %. 

    750   -
  10-3 .     60  

180 .       -
. 



 . . 
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     .    

  (400) (  = 82 12´).   Ni 
     1–2 . %. 

 
6 . 1 .   

        
Ni  Cu 

 

( ,  )v gbD D 1012, 2/  
 

 
. 

 

-
 -
 -
, °C 750 °C 800 °C 850 °C 

[13] 695–1061 2,74 10,01 33,1 
[12] 743–1076 2,27 8,31 26,9  

 
[14] 855–1055 2,51 9,00 28,8 

-
 
 

 = 2,5 Å 

[15] 676–850 2,49.106 4,50.106 7,79.106 

 
 . 6.2       

     Ni  Cu     
   750 .   -

  . 6.2   3–4   
;     Dgb  30 %.  

      -
   ,    , 

       
 .  

    , 
        -

 .    ,  -
    0,4    0,8.   -

       
20–60%.  
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        2.2       
     Dgb    

   750  
d = 2b0,  t,    Dgb 106, c 2/  

46 140 0,433 0,004 100,69 1,5 0,5 
116 180 0,716 0,006 107,15 1,8 0,6 

(Dvt)1/2,  1,64 
 

       
    ,   -

 1( )        
(6.18) ,     -

   . 
 

6.6.     
 

      
(     )  .  

       -
,        -

      -
.        

    -
  , , -
  ,   

 ,    . 
       -

    ,     . 
  ,   -  

 ,   
        

       
   45     90  (   

  ( . 6.6)).      -
   ,   

     . 

.2 6



 . . 
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    (  6.4):     

     -
       -

.  

 
 

 
. 6.6.       -
  :  –   ;  – -

   (BC = R); D  = y –   
   

  
 ,        

       -
     : 

1 0 ctg /(2 )n a bR y , 

 y –     . 
   ,   (6.10): 

1 22 2
2 1 1 / / .nD t h v v c  

     -
       -

  .     . 6.7 -
     Cu  -
,      

  Fe -   (111)-  Cu.  
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1   2           3 
. 6.7.   Cu   [111], -

     Al  0,8  
      700   Fe 

K - : 1 – Cu (111)  ; 2 –  40 ; 3 –  
4,0  

 
      -
     -

      -
       -
,  ,    -

 .      -
     (    -

 ),    -
        
       . 

     -
     [16, 17].  

       -
  ( )    -

      
    , -

        -
      . 

     [17]    -
   ,  

 ,    .  
     -

 Al    Fe (Fe–1,94 .% Si)  -
      [110]. -
      «KDO»  

       



 . . 
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. 6.8.     –    
    0 [17].   

 
. 6.8.     -

  Fe   (    -
): 1 – 5 ; 2 – 7 ; 3 – 10  

 
        
      -

      
 Fe,      , 

    Al   
 Fe   .    -

       
      . 

 ,        
  [18], ,  

   ,   , -
     . -
  Fe ( )   

 Co 1   -
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 ,         -
 1,13 . .       

  ,    -
    ,  

       -
,      -

   ( . 6.9).  
 

 
. 6.9.      

 Fe  ,   Al,   
 : 1 – 5 ; 2 – 7 ; 3 – 10  

 
    :  

1)      
,      , 

  ;  
2)     -

  –  0;  
3)      -

       (6.12) -
      .  



 . . 
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    D . –  Al   
 Fe,     -

      ; D  –  Al  -
  Fe,    -

 [18]    ; D/D  = 
D  – D /D  –    -

  ,       
. 

  [18]      Al 
 0,048 ,     -

,   Fe c    
  (110)   ~10-3    680 °   

 1–10 .    -
    Co K 1 – , -

   [19],     (n, –
n).      Si  

 [100] (  (400)). 
 ,     5, 7 

 10 ,    . 6.9,  -
  (  ) [18]     –  . 6.10. 

     
  ,       

 .  
   . 6.10   , 

,     5 ,   -
   Fe ( 0 = 62,39 )  -

       
 .      

   (    –   -
 Al    Fe),   -

         -
  .   -

    ,    
 .    , , 

       
(     ).   

      -
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      ,  (6.11), 
      (6.12). 

 
 

. 6.10.       
  1  (1 ), 3 (2), 5 (3), 7 (4 )  10 (5) [18] 

 
 

 . 6.3  ,     
    . 

                                                             
  6 .3  

   Al    0,048    
   [110] Fe 

  
t ,  D , 2/  D , 2/  D /D 100% 

5 1,65 10-16 1,74 10-16 5 

7 2,48 10-16 2,54 10-16 2 

10 2,92 10-16 2,85 10-16 3 
 

      2–5% 
( . . 6.3),      -

        
[6]        

.  



 . . 
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 ,    -
      ,  

         
     -

      [6]  -
   ( )  -

 .      
       2-4 
 ,   .    -

 ( ,   ),  
   ,  ,  -

   ,   -
   . 

      -
,        

       (  
  ) ,    

  .      -
         
,       
    .  

      
 ,     -

     -
        1 . 

         -
  ,       -
  . 

 
6.7.       

  
 

  (  )  , -
     -

.        -
 ,      

    .    
    -
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  [20]   (      
)     -

  . 
       
    -

      
    ,   

   .      
      , 

       -
      -

       
 .       
        

. 
 

6.7.1.      
   

 
       

     (    -
  ).    

        
 ,    -

   .    
     -

     KLMN,   . 
6.11.   ,      -

    L0,     " " 
    l0.   -

    .  ,  -
        

    .    ,  
       -

  . 



 . . 
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. 6.11.      -
  (KLMN   ): L0 –  
  ; l0 –      

 
 

,       -
   , . . 

L0  1/ A,                                    (6.22) 

 A       -
   .      

        S, 
      KLMN, 
     -

.         
       -

  .   -
       -

    6.2.  
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 ( 2.14)    -
  0( ) ( ) /mA mAt I t I ,    L0 

 ,   t   z   
DBA     .  

   DAB     , -
,      

        
  L0, z  . .    ,   

  l0  L0    DAB    -
     .  

        -
    6.7.2.   d  L0,  d   -

  ,  l0     -
    ,  -

   DAB. 
      -

      -
         

B BN N .  NB  1–5 .%,   -
 DBA   ,    -
.  

       
     -

   ,       
 ,      .  

     -
    , ,   ,  -

      DBA  
 :    BN   NB  s

BN , 
 s

BN         -
 ,     , -

     ,   
,   

 
 /( ctg )A B A Ab N a . 
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,   z      -
 (       

  [2]): 
0erf ( ) 1 /B Bz N N , 

 BN -    ( 2.11)   .  
      

    -
 [20]    [21],   -

  DNi Cu  DCu Ni  Cu–Ni (    70–
80 ).      800–
1050      0,5  12 .  -

  ( ,  ),  -
 ,   ,    

  .  
    -

       
      -

   LD  (DBAt)1/2,   L0  
  l0    

(DBAt)1/2  l0  L0,                               (6.23) 

   (6.22) ,    -
      . 

       
~30 %,      -

     .   
,       -

  .   ,   
  ,     10-19  

10-12 2/ .        
   ,  -

      -
 .      

     ,  
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     . -
        -

  : 1-10   50-200  (  
  [22]). 

 
6.7.2.    

  Dpb 
 

   ,   -
     ( )  -

    .     
,        

,   ,     -
     .  -

        . 
,      ,   

  « »    
, : 1)     -

     ; 2)      
 –       -

  –   -
 ( ).      

   Dpb    -
  [23].    .  

        
     (  ),    

     ,   . 6.11. -
 d –       « » 

   ,     

00 ( - ) /KLMN Ll V V S ,                                (6.24) 

 VKLMN  
0LV  –     KLMN  

 L0 + l0         L0 -
, S  –       

 L0 + l0.      -
:  



 . . 

 360

1)          -
     ( . 2.12 a),    

(DBAt)1/2  d  L0;                           (6.25 ) 

2)  d       -
          ( . 6.12, 

),    
(DBAt)1/2  d  L0.                        (6.25 ) 

 
 

 
. 6.12.        -

    d  L0    :  – 
(DBAt)1/2  d  L0;  – (DBAt)1/2  d  L0; Jv –   ; Jpb – -

   
 

       -
       ,  -

     [20]  -
      DAB. 

      , 
           

 ,         
    (   Dpb)    -

      (c  Dv).   -
     Jv     -

   (    1),     Jpb  -
     . -
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     « » -
   ,     -

  , ,    -
 1  2,      

Dpb,  ,     – -
  D0pb    Qpb 

 .    -
       -

 6.3.    ,   
   Dpb: 

20

1/2 1/ 4

(1 )  /
2 ( / )  ( + )

v B A
b

AB

y d d S PD
t D M Int

,                 (6.26) 

  
/ 2

AB
0

/ 2ln( / );   ln  erfc  [( /2)/(2 D )] 
d

s
A AM d N N Int z t dz . 

(6.27) 
 

     
Dpb     Al( )–Cu( ),  

  “ ”     : 
    Al   Cu  -

    bCu = 2,46·10-3 Å/ .% [8];  
   -    –   

 (222)  Cu = 59 06 ;  -
 Al  Cu – Al

sN 19,6 .  (  565 ) [25].     
        

Cu  Al,    400–500  Cu
sN   0,5–

2,5 .%,      
  «  » (  ),  

   Cu     
    (   ) 

  .  
 Al  Cu     

     75–300 .    



 . . 

 362

      -
   . ,   

  Al ,    50 
,  L0  (207 5) .     

Cu    : d  (75 2)  (« » -
)  (192 5)  (« » ).     -

    :  1)  -
 1  – Al– u (59 . )     Al  Cu 

 (    1, 3, 6, 9)  2)  2 Al–Cu 
(80,7 . )     (   4, 7, 10)  -

 Cu  (    2, 5, 8, 11).  
 1     -

  Al  Cu,   2 –   -
     Al  Cu.  

      9,5   
 1,0 ,       -

 .    570 .   
       

( 10-2 )   400    15    
     .  -

     -
    ,     
    ,   

     u  -
      75 ,  -

   u- ,     
Al,  «  »   Al  -

 .      
  .     -

       400   
     10 .  

     400, 
450, 500  550 ,     40   3 . 

      
-2  Co K - .    , 

       
      [20].    
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        -
   (311) -  Cu c Cu = 

48 00 ,  (222) -  Cu c Cu = 59 06    
(311) -  Al  Al = 47 09 .     

 (311) -  Cu,    -
 ,    –   -

    .   -
      , 

  .   
     -

  u  0 ( )mI t   ( )mI t  c , 
   = 0( ) /m mI t I .     -

  0,57  0,92.     Al  Cu  
: 

                    2 1/ 2 2 2
Al Cu (1 ) /(16 )D d tz                          (6.28) 

     1  
2 1/ 2 2 2

Al Cu 0 (1 ) /(16 )D l tz                           (6.29) 

    2.  z – ,   
 ( 2.9– 2.11); d –   u; 0l –  

   Cu,     -
         

  
3 3 3 3

Cu 0 u 0 0 0 Al 0 Cu/{[( ) ] }L L l L L  

   0l = 249,8 .  
  AlN    l  Cu  Cu = 48,0   

CuAN a ctg Cu Cu/ b = 11,55 .%, 

   = 0,1 /2 = 8,73 10-4  (  -2). 
  ,    u–Al 

[25]   Al  Cu    400–550  
    Al

sN   19,6 .%.  
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erf(z) = 0,941,     erf-  [26] -
  z,     z = 1,33.  Cu = 

59,1    AN = 0,766 .%  z = 1,46. 
      

  ,     
 ( 1.5– 1.6)     -

 . 
   D l Cu   . 6.5. 

 ,       
   . 
      -

    Al   
 Cu   lnDAl Cu  1/T.     

 . 6.13,    « »  -
,    .   

0ln ln i
i

QD D
RT

  
(ln ) ,
(1/ )

DQ R
T

 

 Di  Ti –    i-   , 
  ,     Q  -

 D0,   : Q = 159,7 / ; D0 = 
5,91·10-4 2/ . 

     -
  ,     -

.        
   Al   Cu [27]: Q = 

181,3 / ; D0 = 0,08·10-4 2/ . 
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 6.5     
     DAl Cu 

 

  
 T , C t,   DAl Cu, 

2/  
Al Cu ,D  

2/  

1 00 

0 
1 
3 

- 
0,922 
0,863 

- 
5,7·10-16 
6,1·10-16 

 
(5,9 0,3)·10-16 

 

3 50 

0 
1 
3 

- 
0,876 
0,816 

- 
1,5·10-15 
1,1·10-15 

 
(1,7 0,2)·10-15 

 

4 50 

0 
1 
3 

- 
0,887 
0,817 

- 
2,1·10-15 

1,9·10-15 
- 

6 00 

0 
0,67 
2,67 

- 
0,843 
0,667 

- 
3,6·10-15 

4,6·10-15 

 
(4,5 0,4)·10-15 

 

7 00 

0 
0,67 
2,67 

- 
0,852 
0,741 

- 
5,4·10-15 
4,5·10-15 

- 

9 50 0,67 0,566 3,3·10-14 (3,2 0,1)·10-14 

10 50 0,67 0,667 3,1·10-14 - 

 

 
. 6.13.      -

 Al  Cu     Al–Cu 
 



 . . 
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  Dpb    Al  
Cu     u (311)   2, 5, 8, 11 

    (6.26)  (6.27);  Al (311)   Cu 
(222)         

.   D bAl Cu  D bAl Cu,  
  = 5 Å,     Int ( . . 3.1), 

  . 6.6.  
 

  6.6 
      

Al  Cu 
 

  
 T ,  t,   

Dpb Al Cu, 
3/c 

Dpb Al Cu, 
2/c 

2 400 3 0,880 6,2·10-22 1,2·10-12 

5 450 1 0,889 1,7·10-21 3,4·10-12 

8 500 
0,67 
2,67 

0,884 
0,814 

2,9·10-21 

3,3·10-21 
5,7·10-12 

6,7·10-12 

11 550 0,67 0,822 1,2·10-20 2,4·10-11 
 

      -
     Al  

Cu,   :  -
 D0 b = 2,68·10-13 3/c,    

 Q b = 117,38 / .   = 5 Å  -
      

Al  Cu   ( . 6.14):  
D b = 5,36·10-4exp[–117,38 / /(RT)] 2/ . 

 
   . 6.5  6.6,   

  3–4     
,        

  .  
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     -
    ,  

      .  
 

 

 
 
 

. 6.14.  
  Al  Cu  
  Al–Cu 

(  2,  = 5 Å) 
 

 
       -

,    ,    -
 (  6.4.3),       . 

 ,     -
  bD        ~45 

%,       -
      -

 [1]. 
 

6.8.       
 

      -
 ( )    ( )  ,   

,   ,    
,       -

  ,   . 
          

     ,   
       

   ,  -
      .  

      
   (  



 . . 

 368

  )   .  -
       

   :     , 
    .  

      
    .    ,  -

      -
    .   

     , 
        , 

   .   -
         

.  
     , ,  
  ,    ,  

  .      -
  ,      -

  ,  –   
  ,    -

         -
   .  
       -

,       -
 ,       

 .      ,   
      -

   ,    
        

.        
     -

    . -
        -

     10-24 10-17 2/ . 
  ,   

        
  ,   -

  ,    -
, , ,    
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.       -
   , ,   [30]. 

       
   .  ,   

     ,   -
 .  

  [31]       -
     . -
     ,  

      . 
      -

  ,      -
  ,       

        
      

   .     -
    , , -

,       -
        

  :    
       
. 

       -
   ,  ,  

      -
     . 

  [32],      -
       -

  ,     -
    ( ) g(R) = 4 R2 (R), 

        R  
 ; (R) –       

 (  ).      -
      – -
  W(R) = (R)/ ni,  ni –   -

 ,        
 .   , W(R)  -

  -     R  -



 . . 
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 .       -
    , , ,  -

 ,     
,  ,  , 
,      . 

    g(R)   
   R ,   -

      (  ) 
n ,        – -

      < R2>. 
     -

-  ,    
   . 

     [31]    
Fe81Si7B12   ,    -

     .    
.       

Al,     Fe  0  12,5 .% 
    200  300 0 .  -

  ,    
     

      400 . 
      Fe81Si7B12 -

 35 40      1,5 1,5 2.  
      

      
       d  10 .   

   l  h  0,13    
       -

 .       -
  -4. 

    : 1 – , -
     Fe81Si7B12 (    -

        -
  ); 2 –  -

,     (  -
 10 )  Al-    300 C   3-  
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 (    -
    ); 3 –  

  Al- ,     
 300 0C    8  (   ). 

     -
      Si- -

    (400)   
  1.     

   2   10  120      
,   . 

     -
        -

.       -
  ,   , -

,  ,    
     , 

  [32]. 
  -   

   R( ) –     
;     -

     [7].    
      (6.7), 
,         

:  

R( ) = R0 + ,                                  (6.30) 

R0 –       = 0  -
  ;  – , ,    

,       -
  .       -

       2 
,      

     Al (  = –0,0113 Å/ .%). 
,    ,   

h (Dt)1/2,  h –    Al, D –  Al  , 
t –  ,      



 . . 
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 [7],    ,  -
   :  

2 22
02

2
1

cVhD
t V c

 .                             (6.31) 

   V1 –    ; V2 
–    ,  V2 = ciVi, 0 – 

   ;  – -
      ,  

:  

 = (0, t)= 0 /R R .                   (6.32) 

 ,    
     .  -
   ,    -

    .    
       

     t1, t2, t3  
 .      ( -

        -
   d  (Dt)1/2,  d –  -

  2 ).      
   g(R),    

R(c )      -
     3.    

 (6.31),  t –   .  
            

       
( )      

( )m m m ,  m   m   –    
     , ,  -

  -   
     .  

     
      

    . 
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 . 6.15     
,   . 6.16 –   , -

        -
,       
 3    300    -

   8     .  
      

    -
   ,     

       
  .  . 6.16 ,  
       ,  

      Al. 
 . 6.8       

   R ,  -
     < R2>    H 

  .   -
     R , < R2>    -

 Al,       -
-     . 

   Al  -
 ,     Al   , 
Al Al Al100/[1 ( ) /( )]AC ACM M = 1,06 .% ( Al   

–   Al  ),     – 
R =2,598 Å.    (6.31)   Al  

 Fe81Si7B12  300 , V1 = 16,6 Å3  V2 = 12,47 Å3  Dav = 
4,8 10-17 2/ . 

         
      

H        
 < R2>   Al. 



 . . 
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2

1

3

0,0
1,0
2,0
3,0
4,0
5,0
6,0
7,0
8,0
9,0

10,0

0,0 2,0 4,0 6,0 8,0s, 1/Å

I
, 

/

. 6.15.       -
: 1 –  ; 2 – ; 3 –  

 
. 6.16.     :  

1 –  ; 2 – ; 3 –  
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 ,       
       

 ,   R . 
 

   6.8 
   

 

 
 

    Fe81Si7B12 

  1 ( -
 ) 

 2 ( -
) 300 C 

 3 ( -
) 300 C 

Al,  
. . . 0,0 0,0106 0,0468 

R , Å 2,610 2,598 2,558 

< R2>, Å2 0,126 0,111 0,087 

H, 1/Å 12,332 12,776 15,627 
 

        
  Fe–Si–B . ,    

    Fe85P15, Fe84C8B8   300 C, 
   10-17–10-19 2/  [33],     

   ,    
. 

,       
 R ,      -

    < R2> : )   
 ,     -

   ,  
    , -

    ; )  
  ,   -

     . 
       

,       
.    [31],    

 ,    -
 ,  30%.  



 . . 
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 .      

     -
  (400–600 ),   D 10-15 2/  [33].  

     -
      -
 LD.  LD = (Dt)1/2 1   t 3 c  : D  LD/t  10-18  

2/ .  ,     
        

 10-18  D  10-15 2/ . 
 

 
 

      .  
     -

     , -
,    , -

    ,  -
,       -

   ,    -
    .    

    , 
        -

        . -
      -

   [1]    -
          -

.        
       -

.      -
 .  ,     -

     ,    -
  .     , 

       
    -

,         
   .   
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    -
      [9].  

        -
      -

      ,  -
,   ,    -

 .  , ( . [3–6]  -
    )  

      
,       

       
  ,       

   ,    
,     

  (   ),  -
       
   . 

       -
       

 -    
     , , -

    .   
 

  
 
 



 . . 
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 1 
 

      
      -

    
 

    -
      dy  , 

   ,  [7] 

0 0 0 exp( )A AdP I Q S k y dy ,                                 ( 1.1) 

 I0 –    ; Q0 –  
   ; S – 

     ; kA – 
     ,   -
   

2 / sinA Ak .                                             ( 1.2) 

  ,    , 
 

2
0 04S b , 

   ,   S,  

0 0/n S S . 

   ( 1.1)  y    0  , 
     

   : 

0 0 0 0 0 /( )A AP I Q n S k .                                      ( 1.3) 

      
  T     t.  

 ,   ,  -
    ,    

2
1 14S b .  
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 ,  S1   t  -
 .        -

   P1     S1: 

1 0 0 0 1 /( )A AP I Q n S k .                                        ( 1.4) 

,    " "   -
    ,     

      (  
  ),    

(Dvt)1/2 1/ A, 

      -
  : 

 0 0 ( )mP I f d ;                                        ( 1.5) 

1 1 ( )mP I f d ,                                         ( 1.6) 

 Im0  Im1(t) –       
       -

 , f( ) –    -
  .    

 = P1(t)/P0,                                                  ( 1.7) 

    .  I0  n0 -
,      -

      -
           

,  ( 1.7)   (2.20), ( 1.3)-( 1.6), : 
2 2 2 2

1 0 0 1 0 0 1 0( ) / ( ) / ( ) /I t I b x b ,                   ( 1.8) 

 1/2
0 0( ) / ( ) .vb a D t  

   ( 1.8),  :  

1 0 (1 ) . 



 . . 
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  1 0 ,    . -
 : 

1 0( )(1 )/( )vb a D t .                              ( 1.9) 

 ,   1   
       

1 = 1( ) ( . 2.4),       
1/ 2

1 ( 1) ( )va D t , 

  –     Dv    t 
     aDgb  

 

1( )gb v vaD D D t a .                          ( 1.10) 

       ,  -
 « »   (2a = 5·10-8 ). 

 
 
 

 2 
 

     
      -

    
 

     -
       

 c  S   –      
    (     

     -
).      

      ,   
  ( . 2.1),  [7] ( . ( 1.1)): 

0 exp( )A A A A AdP I Q S k x dx ,                               ( 2.1) 
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 I0      ; QA    
    

   ; SA    -
   ,   S; kA  -

   ,  ( 1.2).   
 

 
 

. 2.1.      
     

 (     ) 
 

 SA.   ,  
     ,  

2
0 0 0( )S L l  

   ,   S,  

n = S/S0. 

 
2 2
0 0 0/( )S SL L l  

 
2 2

0 0 0 0/( ) exp( )A A A AdP I Q SL L l k x dx .                ( 2.3) 

  ( 2.3)  x    0   , -
     -

    
0 2

0 0 /( )A A AP I Q nL k .                               ( 2.4) 



 . . 
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    ,  -
       -

,        -
      -

 ,      . 
      

       t.  -
,      S,  -

       ,    S  
(  S0 )   t   . -

   LA(t)       
 KLMN    t.  ( 2.4)  

: 

 2
0( ) ( ) /( )A A AP t I Q nL t k .                         ( 2.5)  

( )A AL L t       -
   (6.3)    -

        . , -
,      -
      -

    ,    -
      

1/ 2( )ABD t 0 0,  l L                                             ( 2.6) 

     B   -
  

0 ,  0;
( ,0)

0,   > 0,
B

B
N y

N y
y

                                      ( 2.7)    

 0
BN       -

 , DBA       (  -
),      [2] ( . 2.2): 

0 1/ 2( , ) / 2{1 erf[ /(4 ) ]}B B ABN y t N y D t .                 ( 2.8) 

 



 6.    ... 

 383 

 
 

. 2.2.      
         

 
      
    – BN ,       

  « ».     -
 :   BN   -

    .  , 
     -

    ,   NB(y,t)  BN  -
  ,      

, « »      -
 ,     2  = 0,1  (   

    ) -
      .  

   BN   -
       -

.  
  BN     y = y   

      ,   y  
= y (t)      

 " "        -
      



 . . 
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.   y    ( 2.8),    
( , )BN N y t : 

1/ 22 ( ) ,BAy z D t                                        ( 2.9) 

 z  ,     erf-
  : 

0erf ( ) 1 2 /B Bz N N .                                  ( 2.10) 

  –   ,  ( . (6.15)) 

/ ctgB A A AN a b ,                              ( 2.11) 

 aA      , bA   
,     -

        -
   ( . (6.7)):  

,   ( 2.11) BN ,  -
      

,    ( 2.9– 2.10)    
erf-     z   .  -

 ( )y t   ( 2.9),    -
. ,  

0( ) 2 | ( ) |AL t L y t                              ( 2.12)  

    

0 0( ) [ ( ) 2 | ( ) |]/( )A A A AP t I Q n L t y t k .                 ( 2.13) 

,    « »    -
   ,      

   BN ,    
 , ,   ( .2.3–

2.5),   (t) ( . ( 1.7))     -
  

0 2 2
0 0( ) ( ) / [ ( ) 2 | ( ) |] /mA mAt I t I L t y t L .             ( 2.13) 
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 0( ) /mA mAI t I  –       
        -

  .   ( 2.12) , 
 I0  n ;      

     
        -

  . 
 ( 2.9)  ( 2.12),    

 1/ 2( )BAD t ,     ,  
  ,  :  

 
2 1/ 2 2 2
0 (1 ) /(16 )BAD L tz .                          ( 2.14) 

 
 
 
 

 3 
 

       
  Dpb 

 
         

 s
AN . ,  L0  d,   

       -
 s

AN .       
        

 [23],   : 

1/ 2 1/ 4

0 1/ 4 1/ 2 1/ 2

2 ( / 2)( )= exp  erfc
( ) ( ) 2( )gb

gb

D z yc y, z,t c
t D Dt

,        ( 3.1) 

  erfc( ) 1 erf ( )x x  –     
( . (6.19));      .   

 0      
 y = 0,       



 . . 
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 s
AN         -

;  –  ; D –   -
. ,     -

       -
   ,      -
, ,      

    (y,z)   -
,    : 

1/ 2 1/ 4

1/ 4 1/ 2 1/ 2

2   / 2( ,  ,  ) exp  erf
( ) ( ) 2( )

s AB
A A

pb AB

D y zN y z t N
t D D t

,     ( 3.2) 

 ( ,  ,  )AN y z t –    -
      ; DAB  –  

     ;  Dpb   
      -

   ,    –  -
 . 

  ,      
     – AN ,    -

     « » ( , -
,  AN s

AN ).     
  t     ( 3.2) -

     
( , , ) / s

A AN y z t N const .  ,   AN   
  : 

1/ 2 1/ 4

s 1/ 4 1/ 2 1/ 2
A

( ,  ,  ) 2   / 2exp  erfc
N ( ) ( ) 2( )

A AB

pb AB

N z y t D y z
t D D t

 = const. 

( 3.3) 

    . 3.1.  
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. 3.1.    A  -
  B   (     y=0 -

  0   . 6.11) 
 

 ( 3.3),  
 

2/12/11/4

4/12/1

)(2
2/erfcln +

)()(
y 2),,(

ln
tD

z
Dt

D
N

tzyN

ABpb

AB
s
A

A

. 
    y = y ,  AN , 

     ( ,z): y  = y (z,t),  
     « -

»  B       -
       : 

1/ 2

1/ 2 1/ 4 1/ 4 1/ 2

ln  erfc[(z- /2)/(2(D ) )] ln( ,  )
2 /[( ) ( ) ]

s
AB A A

pb

t N Ny z t
D t D

.        ( 3.4) 

       ( 3.4)     
LD  (DABt)1/2         -

     z,  
 ( . (6.25 )  . 6.12 ): 

LD  d/2. 
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C    . 3.1, ,   -
   ,     -

,  
/ 2

1
0

/ 2 1/ 2

1/ 2 1/4 1/ 4 1/ 2
AB0

( ) 2 ( , )

ln  erfc{(z- /2)/[2( ) ]} ln ( , , ) /2  
2  /[( ) ( ) ]

d

d s
AB A A

pb

S t y z t dz

D t N y z t N dz
D t D

.     ( 3.5) 

  ,      , -
   « »      

  (   )   

S2(t) = y d                                                    ( 3.6) 

 y  – ,   « » -
 B.   « »  ,  

    ,  

d2 – [S1(t) + S2(t)], 

      N  4L0/d   ,  
        -

      

SN1 = N{d2 – [S1(t) + S2(t)]} + 4d2. 

    l0    
      d  , 

        
   ,    , -

  . .    . ,   
 ( . . 3.2): 

Sp = 4(l0/2 – d)L0 + 4( 2
0l /4 – d2). 
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. 3.2.      
    (d  l0/2) 

 
 ,       
      

SN = SN1 + Sp = 4L0{l0/2 – [S1(t) + S2(t)]/d}+ 2
0l .                     ( 3.7) 

          
–        .   

       -
,     ,  ( . 

6.11) 
0 2

0 0 0 0(2 ) /( )B B B BP I Q n l L l k .                               ( 3.8)  

 n –      -
   ; B  kB –   

       -
  .     -

    T   -
  t.  ,    , 

,        



 . . 

 390

,        
     :  

2
0 0 0 0 0 1 2( ) [2 4 ( ) / ]/( )B B B BP t I Q n l L l L S S d k .           ( 3.9) 

  , ,    « » -
     ,    -
   t    BN ,   

,  ( 2.4– 2.5),    
       

   
0( ) ( ) /mB mBt I t I , 

 0
mBI   ( )mBI t  –      

    B     
  .  I0  n -

,        
   ,  : 

0 2 2
0 0 0 1 2 0 0 0 0( ) ( ) / {2 4 [ ( ) ( )]/ }/(2 )mB mBt I t I L l L S t S t d l L l l  

( 3.10). 
       

0 2
0 0 02BS L l l                                          ( 3.11) 

    ,    -
  

04 / /AN L d P d ,                                         ( 3.12) 

 PA –     . C  ( 3.11) 
 ( 3.12)   ( 3.10)   

0
1 2( ) 1 [ ( ) ( )]/A Bt P S t S t dS ,                              ( 3.13) 

   ( 3.13)    S1(t)  
( 3.5), S2(t)  ( 3.6)     Dpb,  -
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20

1/2 1/ 4

(1 )  /
2 ( / )  ( + )

v B A
pb

AB

y d d S PD
t D M Int

, 

  
/ 2

AB
0

ln( );   ln erfc [(z /2)/(2 D )] 
2

d
A
s
A

NdM Int t dz
N

. 

    
  Int     

 1–6 ,    Dv   
10-12-10-16 2/c       
 = 5 Å (  “ ”  [1])   = 50 Å. 

   0  50  (   
   ).   z, d  ,  

         
.   3.1   , -

      -
      . 

 
         3.1 

   Int  
 

t,  D , 2/  

 10-12 10-13 10-14 10-15 10-16 

1 -7,50·10-6 -2,98·10-5 -1,62·10-4 -2,89·10-4 -3,28·10-4 

2 -5,13·10-6 -1,92·10-5 -9,43·10-5 -2,64·10-4 -3,21·10-4 

3 -4,13·10-6 -1,49·10-5 -6,93·10-5 -2,47·10-4 -3,15·10-4 

4 -3,54·10-6 -1,26·10-5 -5,61·10-5 -2,30·10-4 -3,10·10-4 

5 -3,15·10-6 -1,11·10-5 -4,78·10-5 -2,16·10-4 -3,05·10-4 

6 -2,86·10-6 -1,00·10-5 -4,21·10-5 -2,03·10-4 -3,02·10-4 

 
 



 . . 
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1.   ,      
?  

2.     ?  
3.     ( )    

 ? 
4.      -

 ? 
5.       ? 
6.        -

    ? 
7.       -

,     ? 
8.     «  » 

   ? 
9.        -

  ? 
10.        -

          
? 

11.         
    -

  ?    
. 

12.      ,   -
      ?  

,    (   
(Dt)1/2 1/ ,     )   -

 (   (Dt)1/2 1/ ). 
13.      (2.10),  

     
. 

14.       
       

 ? 
15.       

 ? 
16.      -

. 
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  (mechanical spectroscopy) –  -
 ,    . 

 (relaxation) –      
,     .  

  (elastic aftereffect) –   -
       -

. 

  (internal friction) –   -
      ,   -

  .  

   (diffusion under stress) –    -
 ,     -

  . 

   (Snoeck relaxation) –  -    
  ,     -

  . 

  (Zener relaxation) –  -    
    . 

  (deformation maxima) –  -
    . 

 –   (Snoeck–Köster maximum) – -
     ,    

    . 

-     (dislocation-
related amplitude-dependent internal friction) –   -

   ,    ( -
) . 

   (mechanical relaxation spectrum) –
  ,     -

 , ,  . 
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,    .  -

    . 7.1. 

            
 

. 7.1.        .  
 

       
 0      

    = 0,    –  –  -
      1.  -

   «  »     
 .     

      1:  
  0   –   . -
 0       -

  .     
  ,   -

    , ,  
 ,     .  

       
         -

  . 
       -

 , . .     
,        

   .   -
    t: 



 . . 

 400

                           = A exp(–t/ )                                         (7.1) 
 

  –     –  .  
       –  

 ,   -
       -

 :                                                                                   

                              = 0 exp (H/k T)                                     (7.2) 

 H –    , T –
 , k  –    0 –

 ( ) .  -
    ,  -

    , -
   («   »)  -

  :  A, H, 0. 
   ,   -
  –  «  ». -

  Q–1–       
 ,      

 .    ,   -
         -

.      -
   –    – -

  . 7.2.   (1)  1   
 50–100     (2),    

 .    (6)  -
   (5)     (4). 

       (3). 
        

 (   ~10-7 –10-5),   
   :  

                             Q-1=  /2  = ln(A1/An)/(2 n),                           

  –   , 1  n –
 1-   n–   ( . 7.3). 
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. 7.2.    
  

. 7.3.   

 
       
      -

:   
Q-1 = ( W/2 W), 

 W/W –  ,     
, ( W –  ,   -

        -
 ). 

      
,      
 :   

                                  Q-1=  /(1+ 2 2),                                  (7.3) 

  = 2 f –   ; f – ,  – -
 ,  –  ,  -

     A  
 (7.1).  (7.3)     

 .    Q-1
m = /2     = 1. 

  ,   ,   
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  .   (7.2),  -
  T       . 

     , -
 .     . 7.4,   

       (ER  EU 
–    , -

, . .     )  
   Tm  . C  
      

 ,     -
  . 

 

. 7.4.  ( )   ( )  -
  

 
  Tm       

Q-1
m,      (7.2)  (7.3),  -

  :   = 2Q-1
m, 

  H    -
  0.     0   -

  (   T(1)
m  T(2)

m)   -
  f1  f2 : 

H = [k ln( 2/ 1)]/(T(2)
m – T(1)

m), 

0 = exp(–H/k Tm)/ . 
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     H    
  ,        

ln( ) – 1/Tm.       
H,         –  0. 

7.1.   

       -
 ,      -

      -
   .    

    : 
• «   »   ( -

 ,  ,   -
     ); 

• «   »   -
; 

•  ; 
•   (  : 

, , – ); 
•    ; 
•  . 

  ,   -
    –   -

.  ,  ,   -
-   . 

 
7.1.1.   ,  «    

»   
 

         
 ,    , -

    ,    
.      -

  «   »  -
 ( . .   , -

     
),         -
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     –   . 
        
. 

 
7.1.2.   

 
  –   ,  

« »   (O, N, C)   . 
        VB 

    . .  (  
  V, Nb, Ta)  VIB  (Cr, Mo, W),    -Fe. 

 ,      -
    ,    

    ,   -
   a/2 (  –   ), -

    ~ a/10,       
 (a/ 2) –  ,    ( . 7.5). -

    -
         -

 .    ( -
 )     . 

                             

 

 
. 7.5.     (  -
)     (   –  -

) 
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       -
       (x, y, z),  -

      -
   (   = 1, 2  3).    

      
   ,    -

    n1, n2, n3   .  
     -

   ( , x)    
      

    p = 1,   p = 2  3, -
      -

   p = 2  3   p = 1,  n1  
,  n2  n3.      -

 ,      
       

«   »  . 
     -

     -
  ,     -

    ,      
 ,     -

  .        
  D    -

  D = D0exp[–H/(RT)],  D0 – -
 , H –    -

 : 
 

 = a2/(36D)                                      (7.4) 
      

0 = a2/(36D0).                                   (7.5) 
 

   H,    0  –    -
 (7.2), a –   .  -
       -

    H.   
 Tm ,    (7.5),  -

  : 



 . . 
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Tm = H/{k ln[  a2 f/(18D0)]}.                        (7.6) 
 

 Tm,  , -
  . 7.1.      

      ,  
      ,  

    .    -
    . 

 
 7 .1 

   
 

 
Tm,  
K 

(f = 1 )

H, 
/  

0, 
10-15  

Qm
1 104 (    .% 

 , 
,  T=Tm)

Cr–C 435   2620 
Cr–N 429 114.4 1.43 1880 
-Fe–C 314 83.7 1.89 2150 
-Fe–N 300 78.8 2.38 2000 

Mo–C 579–596 165          2170 

Mo–N 498 125 11 2140 

Mo–O 483–515 130–140  1340 

Nb–C 514 137.5  660 

Nb–N 562 151.0 1.22 480 
Nb–O 422 111 2.65 490 
Ta–C 626 160.6  1030 

Ta–N 615 160.1 3.6 730 
Ta–O 420 106.2 8.55 740 
V–C 443 114.7–117.3  1070 

V–N 544 151.0 0.51 800 
V–O 458 124.0 1.0 800 
W–C 670–683 188–197  2550 

              
 . 7.6     Nb–O–N. -

,    -    N       
     . 

           
  :      -

,     ,   , -
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   –  .     -
   ,       

. 

 
 . 2.6.    Nb 

 
       
 ,      ,  

  ,   . 
      Fe–C  Fe–N  

  7.7,    Nb–O –  . 7.8.   -
   ,       

     -  . ,  -
       -

  , . .     -
    , -

   . -     
     

       VIB -
    . .   -Fe, 
   VB  ( .2.1). 

        -
        

     :    -
  ;   ( , 1 . % Mo  Nb–O  

Nb–N);       -
      ( -
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, 1 .% Cr  Nb-O  Nb-N);     
        

  (1 .% Zr  Hf  Nb–O  Nb–N).  
      -

     ,    
     , 

    .  
       

        
        -

. 

 

 
 
 
 
. 7.7.    

   -
    -

  ( . %)  -Fe: 
1 –   , 
2 –  
 

 

 
 
 
 
 
 
 
. 7.8.   

  -
  Nb   -
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7.1.3.   -     
    

 
       

        -
 ,      -
   .    
 (     )    

       -
     .  -

       ,    
 .     

 (     ),  
 .      -

        -
,   ,  -
– .       

        -
.      . 7.2. 

 
 7.2 

   -    
   

 
, 

.% 
f, 

 
Tm, 
K 

H ,  
/

0,       
  

Fe–C(0.5)–
Ni(12)–Mo(3) 2000 648 125 1.2·10-14 C– . -

 
Fe–Cr(18)–

Mn(4)–N(0.4) 1 625 142 10-13 N-sub 

Ni–C 1 520 144 8·10-16 C–C 
Pd–C 1 450 127  C–C 

Ni–Ti–H 1 165 30.8 2·10-11 H–Ti 

Yb–N 1 393 105  N– . -
  

Yb–O 0.5 413 117  O – . -
  

 
 



 . . 

 410

7.1.4.   
 

      -
       -

  ( , , )      
       -

 .       
       -
.       . 7.9. 

 

 
 

. 7.9.     Cu–19at %Al, -
    

 
   Q-1

m    -
   (    ):   

 
Q-1

m ~ c2(1 – c2).                        
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7.1.5.    
 

      -
 –      

 . 
       -

  . 7.10.      :  
  (   )   –  SK  -  

 [SK(H)],  [SK(D)],  [SK(O)],  
[SK(N)]   [SK(C)].        

       -
     ,   -

    , , -
   ( . 7.3).  ,   

 ,    . 7.10    DES, 
      . 

  –     
 ,    (H, D, O, N, C),  

     , 
  .     

   ,     
    . 

 
 7.3 

 ( )  2HK   Hk
M   

     ,    
  

   
 H M

k ( )  2Hk ( ) 2Hk ( )  
K - - 0.051 
Ba - 0.051 0.41 
Nb 0.070 0.08 0.72 
Ta 0.034 0.062 0.96-1.1 
Cr - 0.13 - 
Mo 0.074 0.18 1.09 
W 0.187 0.507 1.9-2.1 
-Fe 0.001 0.022 0.94 
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   ,    
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 .     . 7.11.  
 

 
 

. 7.11.     Al–0.1at.%Mg 
 128 K     (  ~ ):    A – 

 , B –        
 

     - -
      . -
     -

      dQ-1/d   -
  tg( ),   –    .  -

       -
 .     -

  . 7.12.     
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 ,         -
    «  » (  -
 ).     -

   LN.      Lc -
  ,     

       -
     .   

       
 -  (   -

,  , « » -
  )     , 

. .     .   -
       -

          
 . 

 
 

. 7.12.      -
   ( )      

   ( ) (    ) 
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7.2.  ,    
  
 

    -
,      

     , -
 ,   ,  

     .  -
      ,  

   .     -
   ,    -

  , ,   ,  , -
      -

,    –    , -
      .  

      
      
 ,        

  . -    
    ,    

   ,      
,     . 

 
7.2.1.  

 
  D, D0  H,  -

  D = D0exp[–H/(k T)],     -
 , 0    ,  -

     ( .   -
 7.4–7.6).   :   -

  (  ),   ( -
 ),    (  –   –   

,    ),   -
   (     ),  

      .  
     (  

)       
(    a). 
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  D     : 

D = 2/ ,                            

  – ,  ,   
  .   ,    

      ( – ,    -
  . .)     ,    -

     -
.    ,    

   ,   
    D     

 (  (7.4)  (7.5)),     -
  H     -

 .     = 1/36.  
     

      -
, ,    -

, : 
1.       

       
  ,     

. ,     -
        -

,        a/ 2, 
      -

    .    ( -
 )      -

,    ,   ,  -
       -

 , . .     -
.  

2.     . 
3.      

 ,     . 
 

      -
 :    

     , -
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;      -

.      -
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  7.13   ,  
    .  

     , . .   
 ,    -

  ,    
     H. 

 

 
 

. 7.13.       
(1)      (2)  ; (3) – ,    
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 . 7.14     
 (      

 )    -
    . ,    -

      ,  
        

,     ,  
     . -

      , -
      -

         
.       

        -
    . 

 
 

. 7.14.      
   : (1) –     -
  (2) –    ( p –  ) 
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7.2.2.      
   

 
      

,     -
 .    , 

     . -
 ,       -

  –   –   
     Q-1

m   
2 10-4,        

    0.001–0.004 .%,  –  
0,05  6 .%,        

    – (1–2) .%. 
       

  , N  O    ,   
      

  .    
 . 

   ,    
      -
  ,        

( . 7.15, 7.16),   ,   -
 ,    ,    

 .  

 
. 7.15.     Fe–C,    

   : 1 –  ;  2 – -
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. 7.16.     C  N  ,   -

       -
:1,2 – N; 3,5 – C; 1,3 –  Ni; 4 – 2 .% Ni; 2,5 – 4.7 .% Ni 

 
    -

       ,    
      -

       
   ,    -

   . 
        V, Nb, Ta, 

Ti, Zr  Pd     -
     .  -

       
  ,     

         
.       

( . 7.17)   ,   -
     .  -
    D  H,     

    -
 (    . 7.18).  
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. 7.17.  
   
  Ta–H 

 H/Ta = 0.17 (1), 0.09 (2), 
0.06 (3), 0.05 (4), 0.01 (5) 
 

 

 

 
 
 
 

. 7.18.  
  

  , -
  -

  (1 – , 
  -

; 2 –  -
)   -

   -
 , -

   
   

 – 3 

 
   D  H    -
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,     -
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7.2.3.     

 
  –      

 ,    –  
« »      

.       -
 ,      ,   

 .      
       

(     ),   -
      

 .     
   ,    

      -Fe.  -
        -
       -

 (N, C  -Fe, , N   V  VI  -
   . . ),    (  

  ). 
      . 

7.19.   823    Fe–N    
 448–623 ,     -

         
Q-1

m  f = 1 .      -
 Q-1

m  ,    50%  (  
    )   

« - »   ( . 7.20).    
   . 

  :  –  
 Fe16N2   –   

Fe4N. ,      -
    , . .    

  .   -
    . 
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. 7.19.        Fe–

0.042 .% N         ( -
  823 ,     0 ).  

 
 

 
. 7.20. « - »   (50%)   , -

 ( .%): 1 – 0.042N; 2 – 0.021N; 3 – 0.9Co + 0.021N; 4 –
4.9Co + 0.030N;  5 – 0.8W + 0.042N; 6 – 1.2W + 0.045N; 7 –0.6Mo + 
0.031N; 8 – 0.9Mo + 0.036N; 9 – 4.7Ni + 0.035N 
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      ,  -

      -
     .  

      -
     ,  C  

N  . 
       

   ( . 7.21)   -
     (tg ).  . 

7.22 ,      
tg  (      

   ,    
  ) ,  ,  

  ,       
       

.   tg , Q-1
m    

     . 
  

 

 
. 7.21.        -
  973       317 : 1 –  ; 2 
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. 7.22.          
      

  (tg )      ( ) 
  0.0008 .%(C+N)   0.9%. 
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  ,     

.    Zr, Co, Ti, La, Ce, Nd, 
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   ,    -

       -
  .     -

    .  . 
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