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1.1   
 

       

,    ,  . -

        -

  .       – 

,         -

   [1]. 

,       

  ,    -

/ / :  , , -

,  ,   , -

  . 

         -

  .    , -

     .     

        -

    ,    -

           

      [1].  

       -

   ,   -

 ,  -    , 
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  .  ,     -
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     ,    
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     ,    

   .       -

  .  ,      -

           

   . ,  ,  -

          

   [1].  

 

1.2   

 

         

   ,   -

 , ,    -

. [2] 

      -

,        

.     (29,8 ° )   

   ,    -

 ,     

  -  -    -

. [2] 
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    -   -

  , , , , , , , -

       , ,   

          -

   . 

    –    -

,     . 

      -

      . [3] 

 

1.3      

 

     -

       -

     ,   

     . 

     -

         

.  

      -

        -

     [4].  

 -      -

    ,     -

,    .    -

 ,    « ».   

     30  2200 ° .   

     -  ,    

.         

       .   
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  ,     « », 

 26-30    20 ° .  

      ,    

        

,      . 

       -

   15-20 %,      -

 .     -

    :     10-30 

°         .   -

           -

   [4, 5].  

       

 :    (  

   );   

 (   );   -

   (      ). 

         -

      : -

          

   .      -

     27 °    ,   -

     (D = 1⋅ −  см / ).   

     0,06-0,3 / .      -

         

  -    . 

  ,    , -

        

 .    ,  
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   .    

      [6].  

 

1.4    

 

 –     -

           [7].  

           

         . 

  :  

 

          dm = −  DS 
∂C
∂x

 dt,  (1.1) 

 
 ∂m –   ,     dt 

  S,   С(x);  

 D –  , 2/   2/ ; 

 (∂C/∂x) –  . 

 « » ,        -

     . 

           -

     –   -

 D.  

   ,  D  .  

  D  ,     

[7].  

       

 [8]: 

          = 𝑘𝑇/𝑓 (1.2) 
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 k –  ; f –    -

    .  

  ,    ,  -

,      ,   -

    :  

            dC/dt = D ∂  C/∂x . (1.3) 

 
  D ( 2/ ),     -

 ,   ,    -

   ,    (  , 

      -

 ),        -

.       -

  [7]:           D = D0 exp ( −  Q/RT), (1.4) 

  Q –    ( / ); 

          D0 –   ( 2/ ),     

    ;  

R –    (  / · ); 

T –   ( ). 

   (1.4)  

           lnD = lnD0 - Q/RT.   (1.5) 

 

    D0  Q   -

    ,    . 
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(         -

 )      -

     . 

  ,    ,  

     [7]: 

           D = x2

2t
, (1.6) 

 

 x –     (     

  ), ; 

t –   , . 

    .   

       [9]. 

     : 

  j = - DS
∂C(x)

∂x
, (1.7) 

 

 j –       S. 

  « »   ,       

       -

. 

 (1.7)    -

 ,       -

 .        -

          –    D.  

      [9]: 
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∂C(x,t)
∂t

=D
∂2C(x,t)

∂x2 . (1.8) 

 

 (1.8)      

 ,   .    

  .  

     -

      ,  ,  -

  . 

    ,  -

    .     -

    ,  -

   . 

    –    -

  ( )   -

,       -

  [9]: 

 Ď = , 𝜏 Ď + , 𝜏 Ď = 𝑁 Ď + 𝑁 Ď ; 
 

(1.9) 

 Ď –   ,  , 𝜏   , 𝜏  –   

     , 𝑁𝑖 –  ( )  

. 

   : 

 𝑉 = Ď − Ď · 𝑑𝑁 , 𝜏𝑑  

 

(1.10) 
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 (1.9)  (1.10),    ,  

       

.  ,  Ď  𝑉  ,  Ď   Ď     [9].  

 .    -

       -

 , . .    -    

,     .   -

       -

  ,      ,   

 .          -

,        .  

,         

    ,   -

     [10].  

 

1.5      ,  -
   

 

       

,    .     -

 .       ,  

       -

 .      

        -

     .    -

   [11].  

        

 . 
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    ,   -

,       ,  -

        

    .   ,   

       : 

)      -

 ;       -

  ,         

  ; 

)        -

;     ; 

)      -

,         

  (  ,  ,  ),   

      [11].  

        -

   ,        .  

          

 ,       -

      , . .   -

     . 

     -

    . 

He    ,      -

 – ,     –  -

         -

   –  . 
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        -

   .       -

  . .  [11].    -

      : 

1.      . -

         

,   (001)   -

.       

    .    

   .  

2.  ,     ,  

 - .  ,  lg D  I/   

 ;       

        . 

3.        -

     .   

      

,      ,  –  

,     . 

4.      ( ) -

,     -  . 

         

     ,      

    –   . -

    ,   . 3. , -

 ,         « -

 »     :  

       ,   

   [14].  
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 ,        

 .     -

  ,     . 

. .          

 .  ,     ,  -

,    [11]: 

 

 y2=2pτ  , (1.9) 

  

 y –   ( ); 

           𝜏 –   ( ); 

          2  –   (   ,  

 ) ( 2/ ). 

     ,  -

     : 

 
 2p ≅ D = D0

-Q/RT, (1.10) 

 
 Q –    ( / ); 

          D –   ( 2/ ); 

          D0 –  ; 

          R –    ( / · ); 

          T –   ( ). 

 D0  Q       

 ,      ,   

 . 

       

     [15].       
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        -

 (  , . 1). 

 

 
 1 –         

    –  

      

(x) , : 

 
x = xA + xB = ( √a`A + √a`B )√t  = √D`t,  (1.11) 

 
 D` –    ( 2/ ); 

         a A`    a B
`  –         -

  ( 2/ ); 

t –    ( ).  ,   -

  -     , -

        -

 .       -

 –    -   , –  , 

       : 

)       -

; 

)    ; 

)      ; 



21 
 

)    :    

    . 

   ,     -

   ,   -     

   ,   , - -

,       .    -

       -

        

       

[16].  

 

1.6     

 

 –  -    ё  

 ,      -

 ( )     ( ), ё   -

  ,        -

   [1].  

       

  .     

      -

     ( ),      

      ( ). 

 –   ,       -

          -

  ,   .    -

      [1].  

 : 

1)      ; 
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2)        

; 

3)     ; 

4)     ; 

5)       ,   -

   ; 

6)       -

   ; 

7)        

. 

  

      : 

)    ; 

)     ё     -

   ; 

)        -

  ; 

)         ; 

     ; 

)    ,   -

 . 

  

        -

.   (  450° )    

    .    

        -

  [17].  
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2    
 

      , 

     -

 -       , -

,     .  

 
2.1     
 

  2    Cu-Ga [24].   

       – 

CuGa  CuGa2,     : 

 + Cu = -   836 ° ; 

 + CuGa = CuGa2  254 ° . 

 

 
 

 2 –    Cu-Ga 

 

  3    Ga-Al [24] 
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 3 –    Ga-Al  

 

  4    Cu-Al [24] 

 

 
 4 –    Cu-Al  
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  5     Cu-Al-Mn 

[24] 

 

 

 

 5 –     Cu-Al-Mn 

 

  –     

           -

      . 

      , 

       . 

    –   -

   ,    . 

       

      [25]. 

 
2.2   
  

         -

   -      
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   ,  ,  -

  ,      , -

    .  

      -

  -       – -

     5  60    140, 

200  270 ° ,     ,   

     .   

         

    ( 9-2)   

( 8 4).          -

 Ga.    : 

 

A + B → ;     (2.1) 

 

   А – ( u + Al + Mn); B – Ga.   

 

2.3     
 

     -

,    1.  

 

 1 –   
 

  

 -0  12797-77 

 1  859-2014 

8 4  613 - 79 

9-2  18175 - 78 

  1131-76 
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     - -

 (Cu–Al–Mn) – Ga     -

   1  10 .,  15 .,   -

 14 .,   5 . 

      

         -

      ( . 6). 

 

 
 6 –   Amalgamator 

   -    

     5  60   -

 140, 200  270 ° . 

       -

    ,   -

 . 

      

 : , . 

        , -
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  (400, 800, 1000, 1200, 1500, 2000, 2500).   

     . 

       -

   3ton,     Micro Fi-

ber,     ,  -

       . 

 

2.4    
 

       

-17  ( . 7),       

c  , a      -

.      1250 ° . 

 

 

 

 7 –   -17  

 

2.5   
 

       

    AXIO – Observer Zlm ( .8) 

    HITACHI TM –1000 ( . 9).  
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    ,   -

  .  

 

 
 8 –  Axio Obserwer Zlm 

 

 
 9 –  HITACHI TM - 1000 

 

       -

     : – 5 , N OH – 25 , 

O – 20 ,  5 %  HN . 
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2.6         
 

      

Carl Zeiss Jena ( . 10)    70  ,   -

     ( ) JEOL JSM 7001F 

( . 11)      10  15 ,   .  

 

 
 10 –   Carl Zeiss Jena 

 

 
 11 –    ( ) JEOL JSM 7001F 
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  -   -

  : 

– SEI –      ,  -

   (  50 ),    -

 ; 

– COMPO –        -

  (   50 ),    

     ; 

– TOPO –     . 

        

  ,   -

      JEOL JSM 7001F.  

     50 -

  .     -

  B  U. 

     ,  ,  

,   .      

       

-    [20].  

 

2.7   
 

       –

3 ( . 12).  
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 12 –  –3 

 

      

   20 .       

,         -

.         (  

)    (  ). 
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3       
     

 

       -

       . -

        -

     [21].     

       

          - . 

 

3.1   
 

      12    -

   .  2    

   ,  ,  

   - .       

 . 

 
 2 –     -  

 

/
  (

-
) 

  

, 
°

  
-

, 
 

C
u,

 %
 

G
a,

 %
 

8
4,

 
%

 

9-
2,

 %
 

A
l, 

%
 

1 1 50 35 15 –  –  200 8 
2 1 50 35 15 –  –  140 12 
3 1 50 35 15 –  –  270 6 
4 1 25 50 25 –  –  140 12 
5 1 55 30 –  –  15 200 58 
6 8 4 55 30 –  –  15 200 58 
7 9-2 50 35 –  15 –  200 10 
8 9-2 25 50 –  25 –  200 16 
9 9-2 50 35 –  15 –  140 35 
10 9-2 25 50 –  25 –  140 35 
11 9-2 50 35 –  15 –  270 10 
12 9-2 25 50 –  25 –  270 10 
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3.2     (Cu–Al–Mn) – Ga 

 

        

       -

 . 

   270 °C   : №3 -

   ( 8 4)       -

     t = 270 °C,   6 .; №11  -

  ( 9-2)        ( -

  35%   - )    ( 9-

2)  t = 270 °C,   10 .  №12    

( 9-2)        (  -

 50%   - )    ( 9-2)  t = 270 

°C,   10 .,    13. 
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 13 –  ,   :  – №3;  – №11;  – 

№12. 

 

  270 °C  ,   -

       - ,   , 

   .   №12   50% 

  -        19 

. 

,   : №1    

( 8 4)           

 t = 200 °C,   8 .; №7    ( 9-2) 

       (   35%  

 - )    ( 9-2)  t = 200 °C,   

10 .  №8    ( 9-2)    -

    (   50%   - ) 

   ( 9-2)  t = 200 °C,   16 .,  

  14.  
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 14 –  ,   :  – №1;  – №7;  – №8. 

 

    ,   

  ( 9-2)   ( 8 4)      

 .  
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        9 , 

    6 .   14 ,   -

          

1/3 ,   . 

  ,      

   .  

,   : №2    

(  8 4 15%   - )    -

    (   35%   - )  

   t = 140 °C,   12 .; №4    ( -

 8 4 25%   - )      

   (   50%   - )   

  t = 140 °C,   12 .; №9    

( 9-2)        (  -

 35%   - )    ( 9-2)  t = 140 

°C,   35 .  №10    ( 9-2)   

     (   50%   

- )    ( 9-2)  t = 140 °C,   35 

.,          -

,    15. 
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 15 –  ,   : 

a – №2;  – №4;  – №9;  – №10. 

 

       ( 9-2) 

,     ( 9-2)   

( 8 4)       . 
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  15 ,       

          -

   ,    ,    -

 140 °C       -

    .  

       : -

,  ,       -

   3. 
 

 3 –     
 

 
 

 
 

, 
 

 
 

 -  

, °
 

 
, 

 

C
u,

 %
 

G
a,

 %
 

8
4,

 %
 

9-
2,

 %
 

3 12 1 50 35 15 –  270 6 
11 12 9-2 50 35 –  15 270 10 
12 18 9-2 25 50 –  25 270 10 
1 8 1 50 35 15 –  200 8 
7 5 9-2 50 35 –  15 200 10 
8 5 9-2 25 50 –  25 200 16 
4 8 1 25 50 25 –  140 12 
2 4 1 50 35 15 –  140 12 
9 3 9-2 50 35 –  15 140 35 
10 5 9-2 25 50 –  25 140 35 
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 ,   ,  -

      ,   

  ,    , , , -

     .  

      ,   -

      .  -

        , -

,    .     

     1,5 % ,    . 

 

3.3       

 

     -

      .   

    Excel   -

     . 

  16     CuGa2  

   200 ° .     

65%   35% (  ). 
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 16 – -     (Cu–Al–Mn)–
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  17      CuGa2  
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20 ,   200 °C, . №8 

 

    ( . 16  . 17)  -

     Cu–Ga,  ,   -

 200 °C   CuGa .     -
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. 3, 4  5). 
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 18 – -     (Cu–Al–Mn)–

Ga ( )      ( ),  ,  

20 ,   140 °C, . № 10 

 

    ( . 16, 17  18)  -

    Cu–Ga,  ,   -

    CuGa ,       

    (Cu – 33÷35 %; Ga – 65÷67 %). 

  17    1, 2, 3    5. 1 

      ( 9-2),  

 3  CuGa .   2  : Cu – 53,33; Ga 
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– 40,58; Al – 4,29; Mn – 1,79   %    5  -

: Cu – 56,61; Ga – 36,98; Al – 4,37; Mn – 2,03   %.   

 ,       ,     -

    (Cu, Ga, Al, Mn).    -

,       -  -

  Cu–Ga. 

       

       -

.       -

       .  

 

3.4      

 

  19, 20  21     

         - , 

   270 °C, 200 °C  140 °C.  

 

 
 19 –        

 (Cu–Al–Mn) – Ga   270 °C   6 . 
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250
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750

1000
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1500
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2000
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H
V,

 

Cu
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 20 –        

 (Cu–Al–Mn) – Ga   200 °C   10 . 

 

 
 21 –        

 (Cu–Al–Mn) – Ga   140 °C   12 . 
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     .   -

   .   -  

0

250

500

750

1000

1250

1500

1750

ⅇ

H
V,

 

Cu

0

250

500

750

1000

1250

1500

1750

ⅇ

H
V,

 

Cu



48 
 

 270 °C       ,    

     1800 .    

 -   Cu–Ga.    -

      

 [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

4     

 

  [11]    ,    -

    ( )   -

    :  

             y2=2D∙
∆C
a

∙τ, 
 

 y –      τ;  

           a – « »  ;  

          Δ  –      , 

         , 

. . Δ  – const. 

 ,  « »    -

, . .        

   ,      .  

 ,       

       : 

             D = y2d
2 ∆Cτ

, 

 

 y –  ( )  ,    τ ( )  

     ,    -

  –    , (y –  -

); 

            d –   ,      -

       ,      

; 

(4.1) 

(4.2) 
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           Δ  –       -

       ( ),     

  [ / 3]. 

      -

   [7]: 

 

 D = D0e-Q/ RT, 

 

 D –    [м / ]; 

        D  –  ;  

        Q –   [ / ]; 

        R –    [ / ·º ];  

        T –  [ ].  

      ,  

    ,   

   : 

 

 𝑎 ln D =ln D0 - Q
2,3RT

 (  140 ° ); 

 

 ln D =ln D0 - Q
2,3RT

 (  200 ° ). 

 

      ,   

  . 

        -

 Cu–Ga–Al–Mn,     ,  -

   ( )   .   

        

        -

 .  

(4.3) 

(4.4) 
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       -

           -  

   (  ) 

 ,        Cu–Ga  -

     - . 

  22        -

    Cu–Ga   200 º   140 º ,  -

     ,  -

 (Q)    (D ).      -

    (Cu–Al–Mn) – Ga    -

 .     3.2     -

 Cu–Ga  1,5     (Cu–Al–Mn) – Ga   

200 º ,      140 º . 

 

 
 22 –       Cu–Ga  (Cu–Al–Mn) – Ga  

 200 º   140 º  

 

   [11]: 

 

0
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y, 
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Ga (140℃)
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 𝑝       -

       𝑝  

      -

    200 º   140 º ,     -

  Q  D . 

     4  

 

 4 –          

(Cu–Al–Mn) – Ga (140÷200 º ) 

 

 -

 

 

, % ( ) 

 -

 -

 -

  p ≅ Ď, [ 2/ ] 

 -

 

Q, 

[ / ] 

D , 
[ 2/ ] 

 

(Cu–Al–Mn) – Ga 

(140 º ) Cu Ga Al Mn  

7,38∙10-15 

 ∙10
-12

 
(Cu–Al–Mn) – Ga 

(200 º ) 
1,75∙10-14 

 

      -

    -     -

  ё        

    . 

 ,       

       -

,     ,   -

      ё  -

     . 

= 𝑝𝜏, (4.5) 
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 -      

, , - ,     

( )   100–120 º .    ,    

       ё .  -

       -

      250 º . 
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      -

      -  

   -  (  ),   -

    100–300 °  ё     800 

° . 

     

      300 ° . 

    ,    -

   = 𝑝𝜏 ,  y –    ,  𝜏 –  , 2𝑝 –     

 (  ). 

       

 .        

   140 °   200 °      Cu Ga Al Mn ,   270 °      -

 . 

    (D, D0, Q)   

  ( 9-2)      100–300 

° . 

       

          

  40 % ( ),  ,    

-    u–Ga    700–800 ° . 

      

 «  » – 2020». 
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