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       – -

  𝑑 /𝑑х [5]. 
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 𝑑 =  − 𝑑C𝑑x 𝑑𝑆 𝑑𝜏,                                                                                  (1.1) 

 

 𝑑  –      ; 𝑑𝜏 –  ;  𝑑𝑆 –  ;  𝑑 /𝑑х –  ;  

D –   ( 2/ ).  

 « »   ,        

       [5]. 

 ,      ,  -

     ,    

   ,     [5]: 
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𝑑С𝑑𝜏 = 𝑑 /𝑑 ,                                                                                      (1.2) 

 

  D ( 2/ )   ,  

  ,  ,    -

 ,      [5]. 

      -

  ,   .  [5]: 

 =  exp − 𝑇 ,                                                                                  (1.3) 

 

  –   ( 2/ ),     

    ; 

Q –    ( / ); 

R –    ( / ∙ ); 

 –   ( ). 

         

        

 .        -

  .    – х ( -

           

    / 0)   [5]: 

 = 𝐾√ ∙ 𝜏,                                                                                           (1.4) 

 

  –      ; 

К – ,   / 0; 𝜏 – . 

    .   

       [6].  
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     : 

 𝑗 =  − 𝑆 𝑑𝐶 𝑥𝑑𝑥 ,                                                                                          (1.5) 

 

 j –       S; 

х –   . 

 

 « »  ,       -

       .  

 (1.5)    -

 ,       -

 .      -

    –   D.  

      [6]: 

 𝑑𝐶 𝑥,𝑡𝑑𝑡 = 𝑑 𝐶 𝑥,𝑡𝑑𝑥 .                                                                                     (1.6) 

 

 (1.6)      

 ,   .    

  .  

     ( -

, ,  ,   ё )  -

     ,  ,   -

  [6, 7].  
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    ,  . 
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.        

       -
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  (  ). 
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–   А  B     -
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–       , 

      , -

  .    

 ( x). 

–     (В)  (А).  

      (A)  (В)   

  А.   ,    -

       (     

 ).         

 ,    ,    -

     [8, 9]. 

         

 . .  [8].  ,      

(      ),  , -

  : 
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= 𝜏,                                                                                                   (1.7) 

 

 y –   ( ); 𝜏 –   ( ); 

2P –   (   ,  

 ) ( 2/ ).  

      [6],  -

     : 

 ≅ = − / 𝑇,                                                                                   (1.8) 

 

 Q –    ( / );  

D –   ( 2/ );  

D0 –  ;  

R –    ( / · );  

T –   ( ).  

 D0  Q       

 ,      ,   

  [8].  

      

          

        -

 .        

 .      -

 ,       [12, 13].  

        -

    D`  [14]. -

         

         [15]: 
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𝑑∆𝑥𝑑𝑡 = −∆𝐶−𝐶𝑅 𝐶𝐿 `∆ ,                                                                              (1.9) 

 

 R  L–         ;  

Δx –    ( );  

D` –    ( 2/ ). 

      

          

    -  - , 

        [14].  

       (Cu, 

Ag, Fe, Ni, Al, Co  .)       -

  ( ),       

    -  - . 

 

1.6       
-     

 

  ,   ,   

       .  -

 -  -      -

    .    ,    

          

.        

 ,     -

 -     . 

 -       

  . ,   -

     ,   

 ,    . . [16–17].  
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   . 
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      . 

      , 

       . 

    –   -

   ,    . 

  2    Cu–Ga.   -

     , -

     .   -

     α, , ,  1,  2,  3  θ.   -

       – 

Cu9Ga4, CuGa2  Cu3Ga: 

 

 + 3 = CuGa2 (254 ° ), (2.1) 

 

 + Cu = -  (836 ° ), (2.2) 

 

1 + ζ = Cu3Ga (619 ° ). (2.3) 
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2.5    
 

  ,  ,  

       -

  ,     . -

     AXIO – Observer Zlm ( . 8)  -
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3  ;    

        

 

        

      -

-  -    . 

 

3.1   

 

     13    -

   . . 2    

   ,     

- . 

 

 2 –       

/
 

  
(

) 

  

, °
 

 
, 

 

G
a,

 %
 

C
u,

 %
 

63
 

, %
 

63
 

, %
 

1 63 30 40 15 15 200 10 
2 63 30 40 15 15 140 10 
3 63 30 40 15 15 270 8 
4 63 50 – 25 25 140 20 
5 63 50 – 25 25 270 50 
6 63 50 – 25 25 140 100 
7 63 50 – 25 25 270 10 
8 63 50 – 25 25 270 30 
9 63 50 – 25 25 140 40 
10 63 50 – 25 25 200 40 
11 63 50 – 25 25 200 20 
12 63 50 – 25 25 200 70 
13 63 100 – – – 200 70 
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 1–3        -

           . 
 

3.2       (Cu, Zn)–Ga 

 

       

          -

       

 (  ). 

,   : № 4    -

  ,   – 25 %   - , 
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,      (   50 %  
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   ,   – 25 %   

- ,      (   

50 %   - )   63  T = 140 °C, 𝜏 = 100 .  -

 14       
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 14 –  ,     T = 140 °C:  

a – 𝜏 = 20 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ); 

 – 𝜏 = 40 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ); 

 – 𝜏 = 100 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ) 

 

     63,  -

       . 

  14      .  

  AXIO – Observer Zlm     -

     .  -

         . -  

,       -

,        .   

,   : № 11    -

  ,   – 25 %   - , 

     (   50 %   

- )   63  T = 200 °C, 𝜏 = 20 .; № 10    

  ,   – 25 %   - -

,      (   50 %  

 - )   63  T = 200 °C, 𝜏 = 40 .  № 12   

   ,   – 25 %   

- ,      (   
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50 %   - )   63  T = 200 °C, 𝜏 = 70 .  -

 15       

   . 

 

  
  

 
 

 

 15 –  ,     T = 200 °C:  

a – 𝜏 = 20 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ); 

 – 𝜏 = 40 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – );  

 – 𝜏 = 70 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ) 

 

     ,  -

        . -

         -

 ,      . 

   270 °C   : № 7 

     ,   – 25 %  
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 - ,      (  -

 50 %   - )   63  T = 270 °C, 𝜏 = 10 .; № 8 

     ,   – 25 %  

 - ,      (  -

 50 %   - )   63  T = 270 °C, 𝜏 =  30 .  № 5 

     ,   – 25 %  

 - ,      (  -

 50 %   - )   63  T = 270 °C, 𝜏 = 50 .  

 16       

    . 

 

  

  

 

 

 

 16 –  ,     T = 270 °C:  

a – 𝜏 = 10 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ); 

 – 𝜏 = 30 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – );  

 – 𝜏 = 50 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ) 
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 ,       270 °C -

  , . .      

      . 

       

     ( )   .  

      , -

   -  - . 

         

   Cu   ,   -

 . 

    17      -

  .       63–Ga 

  5–6     Cu–Ga ( . 18, ).    

     - -

  3–4 . 
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 17 – -       :  

 –  № 4  T = 140 ° , 𝜏 = 20 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - -

; 5 – );  –  № 1  T = 200 ° , 𝜏 = 10 . (1 –   63; 2 – Cu3Ga; 3 – Cu9Ga4 ; 

4 – - ; 5 – ; 6 – );   –  № 5  T = 270 ° , 𝜏 = 50 . (1 –   63; 

2 – Cu3Ga; 3 – Cu9Ga4 ; 4 – - ; 5 – ) 

 

  18     -

           

      140 ° , 200 °   270 ° , -

  : y –      τ –  

  .  

 

 
 

 18 –           -

   ,  = 140 ° , 200 °   270 °  

0

100

200

300

0 50 100 150

 
, 

, 

 , τ, 

140 °С 200 °С 270 °С
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 ,    y2–τ,  -

  ( . 19). 

 

 

 

 19 –             

,  = 140 ° , 200 °   270 °  

 

       

 10  30 , . .       -

 .  

    18,       63–Ga  

 140 ° , 200 °   270 °    : 

 = 𝜏, (3.1) 

 

 y –   ( ); 

τ –   ( ),   ;  

P –   2/    ,   -

   . 

 . 3       -

 2P   . 

0

10000

20000

30000

40000

50000

60000

0 20 40 60 80 100 120

 
, 

2 , 

 , τ, 

140 200 270
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 3 –          

 

     ,  -

   ,     -

    . 

 

3.3       

 

     ( ) JEOL JSM 

7001        -

 .       Excel -

       . 

  20  -   -

  63–Ga.  ,    (№ 6: T = 140 

°C, 𝜏 = 100 .), 50 %,       25 % (  ). 

 

 

№
 

 

, 
°  

 -
,  

  , 
 

  
2 , 2/  

4 
140 

20 18 
0,86∙10-14 9 40 44 

6 100 54 
11 

200 
20 63 

5,31∙10-14 10 40 86 
12 70 116 
7 

270 
10 114 

35,76∙10-14 8 30 170 
5 50 204 
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 20 – -     63–Ga:  

 – -     63–Ga; 

 –    ,  ,  3 , 

  140 °C 
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   14   11    Cu3Ga.  5  3 

    Ga,     CuGa2. -

   ,   11–5  3–1 ,  -

  Cu–Ga,  ,     -

  Cu9Ga4   .    -

   Cu9Ga4   1 (32 %   

,   ).  

    270 °    

    (  21). 

 

 21 – -     63–Ga: 

 – -     63–Ga,  3 ; 

 – -     63–Ga,  1 ; 

 –    ,  ,  1 , 

  140 °C 
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Cu Zn Ga
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 21 ( )           

  (№5: T = 270 °C, 𝜏 = 50 .).   -

        . 

   21 ( )  ,   77  73  -

   – 63.     -

 , ,     №6 (T = 140 °C, 𝜏 = 100 .).  72  67 -

,    Cu–Zn,   `  (CuZn). 

   65   60    Cu3Ga. -

       Cu–Ga,  

,    Cu9Ga4   .  

     Cu9Ga4 -

  1 (32 %   ,   ).  

 ,         ( ) 

    (  )    -

        -

 Cu9Ga4   ,    « -»      900 ° ,   -

    .   -

   ,    -

  -        -

      . 

 ,       

 Cu–Ga,  ,    Cu–Ga  140 °C  

270 °C,  ,    . 4.  

    ,      

200 °C, 70 ,     [23]. 

 

 



45 

 

 4 –    

 

    ,    -

  ,    -

  ( . 22).      -

   ,     

  ,      

.       3     
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 22 –        140 °     

 100  
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45 %

  
    

 
Cu–Ga  140 °C CuZn, Cu3Ga, [Cu9Ga4 ( 1. 2. 3)], (Cu9Ga4 

+ CuGa2), CuGa2 
Cu–Ga  200 °C [Cu9Ga4 ( 1. 2. 3)], CuGa2 
Cu–Ga  270 °C CuZn, Cu3Ga, [Cu9Ga4 ( 1. 2. 3)] 

12 % 

43 % 
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   ,   %: 

 

Cu3Ga –   (Cu = 75 %; Ga = 25 %) 

         -

   . 

53/13 = 4,01 

51/20 = 2,55 

Ga = 12 %; Zn = 43 %; Cu = 45 % ( . . 22) 

Cu / Ga = 45/12 = 3,75 

. .       α ,    

 .        

     . 

     -

     ( . 23),   270 ° , -

    Cu9Ga4.  

 

 

 

 23 –   ,   t = 270 °C,  (D8 Advance (Bruker),  

 CuKa,   20º ≤ 2Th/Th≤ 40 º,   0,007 º,    0,3 

.     [21]) 
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 :         -

       . 

  ,     -

.  № 5 (T = 270 °C, 𝜏 = 50 .),      

 ,    ,    

  .     20–30 °C , 

  600 °C.     . .   -

   .     -

  600 °C. 

 

3.4     щ  

 

  24, 25  26     

        

,    140 °C, 200 °C  270 °C,   -

      . 
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      -
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3.5    - -

щ  -  (Cu, Zn)–Ga 

 

  ,     

   ,     . 

        

   ,   . 

    ,    

      50 % (  ).  

  ,       -

   – .      -

       

,      . 

   № 1, № 2, № 3     17,  

 ,        63–Ga 

  5–6     Cu–Ga.     

    -   3–4 . 
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4     

 

         

 . .  [8].  ,      

(      ),  , -

  : 

 = 𝜏,                                                                                                        (4.1) 

 

 y –   ( ); 𝜏 –   ( ); 

2P–   (   ,  -

  ) ( 2/ ).  

   3     -

  : 

 

 °С, = , + , + , ∙ − 4 = , ∙ − /  . 

 

 °С, = , + , + , ∙ − 4 = , ∙ − /  . 

 

      [6],  -

     : 

 ≅ = − / 𝑇,                                                                                                                (4.2) 

 

 Q –    ( / );  

D –   ( 2/ );  

D0 –  ;  

R –    ( / · );  
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T –   ( ).  

 D0  Q       

 ,      ,   

  [8].  

      ,  

    ,   

   : 

 𝑎 ln D  = ln D0  – Q
2,3RT

 (  140 ° ); 

  

ln D  = ln D0  – Q
2,3RT

 (  270 ° ). 

 

      . 

  3     -

    140 °   270 ° . : 

  °С = , ∙ − ;  °С = − , − = − , .   (4.4) 

  °С = , ∙ − ;  °С = , − = − , .                                                           (4.5) 

 

     4.3: 

  –  , = ln D0  – Q
2,3∙2∙413

= ln D0  – Q
1899,8

 ; 

     (4.6)  – , = ln D0  – Q
2,3∙2∙543

= ln D0  – Q
2497,8

 . 

 

(4.3) 
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 ln D0   4.6 ( )    4.6 ( ): 

 –  ,  = – ,  + Q
,

 – Q
4 ,

 ; , = , − ,  ; =   а ь .                                                                                  (4.7) 

 

       -

 4.6 ( ): 

 

– , = ln D0 – 13 416,6
,

 ; = –  , + , = –  ,  ; = – , = , ∙ –   . 
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Ч  

 

       

     -    

 -  (  ),     -

  140–270 °  ё     600 ° .  

    ,    -

  ,  y –    , τ –  

, P –   (   ,  -

  ). 

       -

 .        -

 140 ° , 200 °   270 °      Cu9Ga4, 

CuGa2  Cu3Ga.  

    (D0, Q)   -

        50 °   300 ° .  

,        63–Ga 

  5–6     Cu–Ga    .  

     -

       -

   -     -

       . 
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