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1 –  ;  
2 –   
( ) ;  
3 –   

 

 
 1 –       

 
 . 1       -

.     ,    -
   .    (1)    

    ;   Rэл  -
   dэл        

 .       30°.  
  (2)       -

        -
.         

 .     16.0.801.407–87  -
   [4]: Dэл = 12, 16, 20, 35, 32, 40 . 

    : 
 
Dэл = (0,4 – 0,6)√Fэл , ,                                                                             (1.1) 
 

 Fэл –     ( ). 
       (3) -

        . -
 1 : 10    12–25 ,  1 : 5 

  32–40 .        
 1,25Dэл.       -

   7–  . 
      -

          : 
 
d0 = (0,4 – 0,6) Dэл,                                                                                  (1.2) 
 

  ,       
         

   .  
   ,     -

,        [5].  
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1 –  ;  
2 –    ;  
3 – ;  
4 –     

;  
5 –   ;  
6 –   ;  
7 –    

 

 
 2 –     

 
 . 2      -

 .      :  -
 1,         -

 ;     2  ,  
     ;    3 

           
;     4     

         ; -
   5      -

;    6,    7.   
    ,   -

  [6]. 
 

 1 –        
 

 
 ,  

    
D* dэл Rэл S* f Rэл 

0,3 12 3 15–25 6 3 15–25  
0,5 12 4 25–50 6 4 25–30 
0,8 12 5 50–75 10 5 50–75 
1,0 12 5 75–100 10 5 75–100 
1,2 16 6 75–100 12 6 75–100 
1,5 16 7 100–150 12 7 100–150 
2,0 20 8 100–150 15 8 100–150 
2,5 20 9 150–200 18 10 150–200 
3,0 25 10 150–200 20 10 150–200 
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 ( . 4)     ,   

  ,     
    [13]. 

 .    ,  -
     1/1   1639–93.    -
      1 .  -

    ,   25–30 ,    -
 44 ± 4 .    ,    -
   9  4515–93   0,7 %.    

       ( . 5),    
83 %    –1  4960–75  17 % -

   99  5905–79. 
      -

      .   -
         
 [15]. 
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(83 %    –1   

17 %    99) 
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     850–900 ° ,  ( . 7) 
    ,    -

         , 
        .  

    . 8. 
 

 
 

 7 –    
 

   
 

                                                            
 

 8 –   : 
 –   ;  –    

 
      –1.62.5.1/11–

   450 °    4 ,    -
   -   (   -

) [16]. 
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1.4   я   
 

          
.      , , 

,     . , ,  
   ,   , -

   -  .    
   ,       . 
      -  ,   

    [16]. 
         -

 .         -
   . 

       ,     -
     ,     

.    ,    -
         [17]. 

     ,  
      ,    

       . , -
      . ,  

    , ,   .  , -
,          -

  . 
   0,0172 * 2/ .    

,         -
 . 

          
,  -       40 % 

    .        
,      ,     

 . 
     ,   

  .    ,   
,     ,  -

         .  
       ,  
  : 

1  . ,     500 , 
   ,   .    -

   ,    . 
2  .   ,   -

 ,    ,      
,      300 . 
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3  . ,     , -
   ,      

 200 . 
 –2601 [17],      -

      .     -
     ,      

     . -
      . - , 

  ,     ,  -
     . - ,   

,         
 [18]. 

          
  .       -

  :  
1 ,       

ё   (   ,  -
  450–500 º ).    ,    -

 ( . , .  0,6–0,05).      -  
 ( . 1–4)  ,     -

 ( . ),        
  .  

2 ,       
 250–300 º  (      , 

   ).        
 .  

3    ё    ( -
   120–200 º ).     -

  . 1,   . 1,   .  
 .          

.  
 ,      (  

   )      -
:  

.  0,6–0,05→ → → . 0,7→ . 1→ . → .  
→ . 1→ . 1–4. ,     -

,    .  0,6–0,05 ё    
,     . 1–4. 

      -
      [19]. 

 1      (   98,5–99,6 %)  -
 0,4–1,2 % ;      
 0,3 %.      18175–78; 

     ,   
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 . 
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    (    ), -
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 .    ,   
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  ,     -

  [2]. 
       ,  

       . 
       -

        
( , ,   .). 

      -
      Cu–Cr. -

       Cu–Cr, -
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 9 –   Cu–Cr 
  
   Cu–Cr     : α-  

         .   
       ,    

    [19]. 
        

( . 3)         . 
 ,   ,  ,  

    :      
(α)  Cr ( ,     ),   

 1074,8 °   ,  1,28 % Cr. 
          -

    . 2 [16]. 
 

 2 –         -
  

 

, 
°  

-
. 

1050 1000 950 900 800 600 500 400 

Cr, 
%   

0,71 0,53 0,40 0,28 0,21 0,14 0,07 0,05 0,03 
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 3 –     (  , %) 
 

  Zr Ti Cu 
 -

 
,   

1 0,4...1,0 — — . — 
0,08 Fe; 0,3 Zn;  

 – 0,2 

0,82 0,4...0,7 — — . — 
0,01 P; 0,06 Fe; 0,005 
Pb; 0,05 Si; 0,015 Zn;  

 – 0,2 

2 0,2...0,4 — 
0,03... 
0,08 

. 0,5...0,8 Ni 
0,01P; 0,06 Fe; 0,005 
Pb; 0,05 Si; 0,015Zn;  

 – 0,2 

2 
0,25... 
0,45 

0,03... 
0,07 

0,04... 
0,08 

. 0,001 Mg 
0,015 Fe; 0,003 Pb; 0,01 

Si; 0,001 Zn;  
 – 0,2 

1 2 0,4...1,0 
0,03... 
0,08 

— . 0,03 Ni 
0,002 Bi; 0,003 Pb;  
0,01 Zn; 0,01 Sn; 

0,01As;  – 0,2 

21 
0,35... 

0,7 
0,15... 
0,30 

— . 0,15..,0,4 V 
0,01 P; 0,06 Fe; 0,005 
Pb; 0,02 Si; 0,01 Zn; 

 – 0,2 

2 0,3...0,5 - — . 0,1.„0,4 Nb 
0,01 P; 0,06 Fe; 

0,005Pb; 0,05 Si; 
0,015 Zn;  – 0,2 

2 
0,15... 
0,25 

0,15... 
0,25 

— . 0,03...0,10 Ca 
0,02 Fe; 0,005 Pb; 0,002 
Sb; 0,005 Zn; 0,005 P;  

 – 0,2 

1      18175–78; 

2 –      -
 . : ,    ,    

 . 
          
  . ,   ,  , -

        -
 . 
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   . 
     –   -

 .     –   -
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       -
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 .  
  ,    -

,   ,         -
 Cu–Sn  ,       -
  [21]. 

      
    .   –  

     . 
  –    -

         . -
       , 

 Zr, Cd, Sn, Sb, r,     Ni, Zn, Fe, Co   . 
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 ,     .  -
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      .   -
        -

,      . 
-       

       .  
,     ,   : -

         -
  [2]. 

         
           
     .    -

      ,   
      .  

  -         -
     .    

        
 ± 10  .         

      . 
      -

 .    ,    . 
    ,  .  -

    ,     
    .  ,  

 ,    ,    
   ,    -

 . 
     -

       ,    -
    ,    10–

15   770–790       5   1030    , 
   .     

   –      -
.         

1   25   .      , -
 ,     .    -

  2      ,    
2  –  . 

      ,  -
       . -
          -
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  ,  11200 11500 
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1 –   700 °  , 2 ;  
2 –   1000 °   ;  
3 –  (   

)  1000 °  
 

 
 10 –      (1% Cr)  
       

  . 
  

        
        

400 ° ,       . 
        -

     800 ° .   
        

400–650 °  [21]. 
  ,     

   1   . 5. 
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 5 – ,     -
 1 

 

  

 ,° :   

 1081 

 1076 

 γ, / 3 8920 

   
  α*106, -1 

17 

  cp /( * ) 388 

  ρ*106, *  
 

  0,0383 

  0,021 

   20 ° , λ, /( * ): 
 

  167 

  315 

    
 α', -1:  

  0,002 

  0,003 

   (  ) ,  131 

    (  ) G,  42 

  

  σb, : 
 

  240 

    410 

 ,    520 

  σ0,2, : 
 

  65 
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    270 

 ,    440 

  δ,% 
 

  50 

    22 

 ,    10 

   HV: 
 

  65 

    130 

 ,    150 

   (3*108      
σb=545 ), σ-1,  

197 

  

 , °  1250... 1350 

  , ° : 750...950 

  , ° : 
 

 650...700 

 980... 1000 

 400...500 

    , % 50 
 

 
     ,   
      ,  

  .    ,     
 , ,      1,  -

,        , 
   .     -

  ,  ,    , -
   ,     -

  . 
 ,      ,  

      ,   
   . 
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2   
 

2.1   
 

         
  (   )   -

  –   ,  -
,  ( ),    ( ) -

 – .      -
      ,  , , 

    .     
  ,        

  . 
       

       2500 ,  -
 –  1 000 000 . 

   : 
1   – ,   ; 
2   –  ; 
3        . 

    ,  -
     . 

      : 
–  ,        

   ( ); 
– ,       
 ,        -

,  ; 
–       , ,   

 ; 
–        -

  ,     ; 
–          

    . 
.       

       
 . 

        -
 (   ).      

         . 
      -

       .   
          

    90 °     ,   
      .  -
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    ,       -
       -

 .    ,     . 
     –  

    3–4 . 
     ,   -

,      . 
   ( . 11).  -

,   -   . 
         
 ( . 11),       

   .  ,  -
    « »,    

« »       . 
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          -

      –    
.        -

  ,  ,    
,        -

 . 
 ,      , -

         
. 

 . 6       
     . 
 

 6 –        
 

   
 

10%-    -
  

   1–2 
.  -

    
 

  
  

10  2,5%-   -
  , 10  

25%-   

   
  3   1,5–2  

    
 

, , 
   

 

1–2   , 10  
1%-    -

  

 -
, . 

   
   

0,5–1,5  

, , 
 

10–50%-    
  

 -
  2–5   1–2  

   -
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2.2    
 

     -
       -
    ,   . 

     Carl Zelss Axio Observer Z1m ( . 12) 
     -

 AxioCam MRc5   [22]. 
 

 
 

 12 –    Carl Zeiss Axio Observer Z1m 
 

     ( .7). 
 

 7 –    Carl Zeiss Axio 
Observer Z1m 

 

   50x – 1000x (    -
   Optovar) 

    5x, 10x, 20x, 50x, 100x (  -
, , ,  

) 
    

  
 W–PL 10x/23  (  Е–PL 10 /25 ) 

    
 

 6–   

    -
 

 6–   ё  
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    HAL 12 /100  

  ( -
)    

 XBO 75  ( ); HBO 12 /100  ( ); 
 LED ( ) 

    
   

  130 85  
   20 20 /90o 

  -
  

  120 100  STEP 
  130 85  CAN 

    
 

  , ё  , , 
 ,  ,  

 /    / / /   
 (   ) 

   
x x ,  

 831(  HAL 100) x 425 
(    ) x294(386  Z1m) 

 ,   36(Z1m) 

 
 2007   Carl Zeiss     

  Axio Observer A1m/D1m/Z1m.   -
      IC2S– , 

      -
   ,    

 ,       -
        ё    

,    ё   ,  . 
  Axio Observer   -

.       -
   ,       

 ё ,       -
     .   

ё      .     
 ,      

,   .     -
 ( ,        ) 

       -
   . 

      (     -
)        

,      ,  
       z. 

     Carl Zeiss 
         ё -

 , ,   -
  (DIC, PlasDIC),   .  -
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         -
 (  20 ),     -  TIC. 

  (  )     
   .    
   ( ),     -

  HITACHI TM1000 ( . 13) [23]. 
 

 
 

 13 –    HITACHI TM1000 
 

 HITACHI TM1000      -
   ,    

   ,      -
,   . 

   3–   –     
,     ,   , 

   –    ,  -
,   .   

    (~10-5 )     -
 – ,     . 

    .   
  ,      

 .  ,  -
    ,    . -
      ,  

         
.       .bmp, .jpg, .gif. 

 ,  ,  -
      -

 ( . 14) [23]. 
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 14 –     HITACHI TM1000 

     ( .8). 
 

 8 –    HITACHI TM1000 
 

  
 

15  ( ) 

  

 20  10 000 (    
  32 *;  

  :  
3,5  ( ) 

   
  

 5  10–2  

   
   

 30–50 ;   1  15   
(    ) 

  70  ( ) 
   20  
  

 
  Х: 15 ;   У: 18  (  

   Х  У) 

  
 :  1,0;  -

:  0,1 
   -

  
  +  

      
  

  
 

    

   -
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    -

 (  ) 
   

 
1280  960, 640  480   

(  ) 
,   

 
   ,   , 

  ,  ,  

  
 : 1 3/  

 : 30 /  
  

 
~ 100 ,  , 50 , 500  

 
      

 JEOL JSM–7001F ( . 15) [24]. 
 

 
 

 15 –    JEOL JSM–7001F 
 

 :  
–   ; 
–    0.5  30 ; 
–  (    )  1.2  (  

 30 ); 
– :  x 10  x 1 000 000; 
–   (    ): -

, ; 
–  :  B  U 
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BRANSON 3510 ( . 16) 

 

 
 

 16 –   BRANSON 3510 
 

 : 
–  – 5 ; 
–  5 ; 
– :  

 399 370 310; 
 290 150 150; 

–  40 ; 
–   130 ; 
–  220 ; 
–     – 335 . 
 
2.3     

 
       

    ,   ,  -
 ( , , ),  ,    
–   ( , ,   

.),   ,      
 , , .    

 .       
–3 ( . 17) [26].    -
  . 9 [25]. 
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 17 –     –3 
 

 9 –    –3 
 

 ,   0,0196  4,9 
 ,   0,002  0,500 

  -
 

130, 500, 800 

 ,  (  ) 270 290 470 
,  (  ) 22 

 
     9450–76 « -

    » [27]. 
    ( . 18),     

   .      -
,     ,     

    1,588 .  
   ,     -

 (   )     –  (  ), 
  ,       

,   . 
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 18 –       
 

     –   -
  = 980  (10 ),    1.    
      = + 1.   -

  ,        -
   . 

ё       .   
ё   ,    -

  0,002 .  . 10  ,   -
   ё   .    
      -     

     3,0 . 
     9013–59 (  6508–86) 

.      [28]. 
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 10 –   ё     
 

  
 -

 -
 ё -

 

1 
 

( ) 

 
 

( ) 

 
 

 ё -
  

  
HR 

 -
 

  
ё  

 HRB 130 –  882 
(90) 

980 
(100) 

25–100  
 -
  

1,588  

 
 
2.4   я 
 

     4104–
1 –      ( . 19).  

       -
         
  .     : 

 0,    : 10-2 .   -
   ,      
       ,      

     .    
  ,     .  
    0–100 , 0–1 , 0–10 , 0–100 

, 0–1 , 0–10       -
    ,    – -

   [29]. 
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 19 –  4104– 1  
 

 4104– 1    ,  , 
       -

.          12–
16   .      

       .  -
    .  

        -
 ,    . , 
    ,   

       
 .     -

,        , -
  ,    . 

    4104– 1 -
     ,    -

      . 
   4104– 1: 

       
  : 

– 4 %   1–100 . 
– 2.5%   0–1 , 0–10 , 0–100 , 0–1 . 
– 1.5%   . 

   4104 –  0–100   0–10  
(12 ). 

  1,5; 2,5  4 (     ). 
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3 я  
 

3.1   1 
 

  20–24      
1,     . 

 

 
 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 

 

 20 –   1 ( –1) : 
 – ;  –    ;  –  700–750  ; 

 –     ;  –   1 
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 21 –   1  
(Carl Zelss Axio Observer Z1m 50 ) : 

 – ;  –    ;  –  700–750   ; 
 –     ;  –   1 



43 

 

 
 

 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 

 22 –   1 
(Carl Zelss Axio Observer Z1m 200 ) : 

 – ;  –    ;  –  700–750   ; 
 –     ;  –   1 
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 23 –   1  
(HITACHI TM1000   4000–5000) : 

 – ;  –    ;  –  700–750   ; 
 –     ;  –   1 
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 24 –   1  
(HITACHI TM1000   1000–2000) : 

 – ;  –    ;  –  700–750   ; 
 –     ;  –   1 
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   ( . 20,  – 24, )     α-
      .  . 20,  

– 24,        -
   .      

     .    
   ,   . 20,  – 24, ,  

  700–750     .   
  ( . 20,  – 24, )     

α-      .    
 ( . 20,  – 24, )   ,   -

   . 
  ,     

 ,      JEOL 
JSM–7001F [24].      5 2  

       ( . 11, 12). 
-     1, -

        . 25–27.  
 

 
 

 25 – -    
  1 ( 6000) 
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 26 – -    
  1 ( 15000) 

 

 
 

 27 – -    
  1 ( 30000) 

 
      

   ( . 28)  ,   -
     . 

 
 11 –     , % 

 

Cr P Cu Total 
1,01 0,12 98,87 100 
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 28 –     
   ( 3000): 

 – Cr ( );  – Cu ( ) 
 

  -    ,  
   ,     , -

    30000.       
    ( . 29). 

 

 
 

 29 –      ,  
30000,  0,5  

 
       

( . 12)      -
  ( . 30). 
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 12 –    , . % 
 

Spectrum Cr Cu Total 
Line Spectrum(1)  100,00 100,00 
Line Spectrum(2) 0,57 99,43 100,00 
Line Spectrum(3) 0,61 99,39 100,00 
Line Spectrum(4) 23,88 76,12 100,00 
Line Spectrum(5) 13,27 86,73 100,00 
Line Spectrum(6) 0,66 99,34 100,00 
 

 
 

 30 –      
 

        
       , ,  -

,      . 
 

3.2     
 

         
     , 
     ,    
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