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 (     ), ,  
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 ,    . 

     , 

          ё . -

      -

.        .  

   ,   ё -
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        ( . 1): 

, , . 

                                                                                      

 1 –  :  – ;  – ;  – ; 

l1, l2, l3 –  ; L –   

  

1.2 -    

 

     - ё    

  ,  .   -

    ,      

  .       

   . 

       

0,01…0,1 . ё       ,  

   5…10 ё  .  

        – 

, , ,  (Al2O3, SiO2, BN, SiC  .). -

ё        

        .  

   - ё  -

      .  

     ё   

 ( )       Al2O3 (    18%). 
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  ( . 1)   , -

,      . 

      , ё , 

   .     

 ,   ,   , -

  ,  .   

 , ,  , .    

 ,  ,    , -

   . . 

 

 1 –   (   ) 

 

 
 

Al2O3, % 
σ ,  σ0,2,  δ, % 

-1 6...8 300 220 7 

-2 9...12 350 280 5 

-3 13...17 400 320 3 

-4 18...22 450 370 1.5 

 

         

      (  20%)   ё  . -

      .   

   3,5…4%  : σ  = 750…850 , δ = 

8…12%. 

      , 

     .  

    .     

  ,    , 

     [3]. 
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1.3      
 

     

 ,  .   

   ,       . 

       : 

 ,  (   -

)  ,       

 - ,    .  -

        -

:  

-     ,   

   ;  

-       , -

     

-      ;  

   .  

 

1.4    

 

      -

  :     ,   -

  ,    . 

         -

:  ( , )     -

     ;    -

   ,   , 

    ( );   -

            -
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 ;  ( )     -

  . 

     -

      :  -

 ( ,    ,  -

   , ); ,   

        ;  

 , ;       

      ;   ; -

     .   

        . 

( . 2)       -

   -  .  

 

  2 –       . 

 

        -

     ,   
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    .   

   ,      ( ) -

   .     -

,       ,  -

      .     

,         

  ( )    .  

    ,    -

,   ,      

.        -

      .    

    .    

,      , -

 ,      .   

       -

 ,      

    : , , -

     . . ,  

( . 3, VII)     ,  -

  ,       , 

     . 

 

1.4.1 ,       -

    

 

       

 .     

   ;    -

 (      ,  -
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     ,    -

    ,  . -

     (   , 

  ,     .)   

   ,    -

 .        

 .         

     10-20 . %  .  

      ,   -

     3-6 . %. 

        -

        / . 

        

         

 .      -

    .    

          

[4]. 

 

1.4.2         

 

     , -

, , ,       

   -  .     -

  in-situ,   ,    -

       -

 .  ,   -

  in-situ       

,     -
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  Al3 ,   –    i, Zr, Ni, Fe, Co  . -

        

  ,  ,  -

    .  

      

 ( ).      , 

         -

 . 

 ,  ,   -

            -

,    ,  « » 

,    . 

       

     ,    -

        -

      . 

      

1…15%. 

,  ,    25%   

      ,    

     .   -

  –      [5].  

 

1.4.3  -     Al 

 

,    ,   -

  ,      -

 (  1000-11000 ),        1000 /  -

         -
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 .      -

    Al-     -

   (  ),   -

          

     ,   -

  .  

           -

 100 0 / .      

       103-104 0 / .  -

   ,   -

     (  1-2 ).  -

      -

 ( . 3)   ≈ 5 . 

 

 

 

 

 

 

 

 

 3 –    Al–2 % Zr     -

:  – ё  ;  – ё   ;  – ё  

 

      

 10    2-3 ,       -

,      .    -

    ,    -

   (    1000-13500 )    
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10000 /c (   ≈ 1 ).    

   ,       -

 .  

    Al- -C  -

,        

1 . .        : 1)  

    ; 2)  -

   ; 3)      

         .   

    .      TiC  

  ≈ 100 ,    Al-   . 

    ,    -

,       . ,  

  TiC      ,    

 Al-3% Ti-0.15 %. ,   ,   -

 -     [1]. 

  

1.5      

 

      : 

1)      -

  ;  

2)       

;   ,    -

.  

3)       ;  

4)     -

  ,        

,         , 
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   ,       

 .  

  : 

1)      ProCAST, -

    . 

2)       

Al–Ti(Zr)–C, Al–B–C      Al–Ti–B. 

3)  ,      

 -     . 

4)       -

     . 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

2       

 

2.1       

 

       -

 6   11069-2001    2. 

 

 2 –       11069-2001 

 

 
 

Al,  
 

,   
Fe Si Cu Zn Ti   ( -

  ) 
 

6 99,6 0,25 0,18 0,01 0,05 0,02 0,03 0,40 
 

    : 

–  (Al-10Ti, Al-10Zr, Al-5B); 

–    . 

 

2.2      

 

  ,     

   ,      

  (  4  5).     

 .      – 

- .     -

        

       . 
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 4 –   

 

 

 5 –        

 

   : 

–   (1 )-1000 2; 

–       1300  – 40 ; 

–   44±4 ; 

–  – 5 ; 

–   ,     

   35 ,   10 /     0,5…1,5 

; 

–   380/220 , 50 ; 
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–       0,5   

     ; 

–    20 / ; 

–    2 / ; 

–    ( )   0,8. 

 

2.3   

 

       

 Al-10Ti, Al-5B, Al-10Zr     

   ,     -

.      -

 .      

     1000-1100 o      

         -

.        

        

    - , -

   .     -

         -

 TiC, ZrC, C2Al3B48 [6]        -

       .  -

        -

       ,    

    . 
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2.4      

 

  ( . 6)    -

  JEOL JSM-7001F.  - JEOL (Japan).   

–2007 . 

 

 

 

 6 –    JEOL JSM-7001F 

 

 : 

–   ; 

–    0.5  30 ; 

–  (    )  1.2  (  -

 30 ); 

– :  x 10  x 1 000 000; 

–   (    ): -

, ; 

–  :  B  U; 

–        -

. 
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 : 

–      -

,       ; 

–      -

 (   ),  ; 

–  :  ,   -

 ,       

 ,     ,   

,   . 

    ( )   -

         -

        

  .  C    -

    ,      , -

            

  ,     

,         -

     .     

    -  JSM 7001F  

JEOL ( )     Oxford Instruments ( -

).    1,2    30  ( -

   ),   –  0,5  30 , 

 –  x 10  x 1 000 000,    200 .  -

       Jeol (Japan) 

 Gatan (USA).       

,  , :     

 – INCA Point & ID,  – Mapping  QuantMap, -

     – Feature.  -
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  ,  ,   (    -

 ),        

   .    -

  …  ,     -

 .  ,    -

    ,  

    ,  -

         

  ,    -

  JSM 7001F  JEOL ( )    

Oxford Instruments ( ).  
 

2.5       
 

      -

      Axio Observer. 

  7   Axio Observer    -

. 

 

 

 

 

 

 

 

 

 

 7 –  Axio Observer     
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 Axio Observer     

 ,  ,   

 (DIC),  VAREL,  PlasDIC     

. 

   STA 449C Jupiter   

 .    ( ) – , -

      -

    . 

   ,     -

    ,   , 

  ,  ,    

   ,     -

,   ,  ,   -

,         8. 

         

. 

 

 

 

 

 

 

 8 – STA 449C Jupiter 

        25  1650 

.    1400 .      1-50 
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/ .  STA 449C      5000  (   -

). 

      ,  

    . 

    ,       

 ,     .   

       -

,      .  -

    . 

       

           -

      . 

 

2.6  Bruker d8 Advance    -

 

 

    ,    -

.     ,   ,  

  ,    , 

  .     (1) 

                                           nλ=2dsinθ      (1) 

 d –  , θ –     

, n –  , λ –    . 

     .  -

         -

        -

,        .  
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      -

     . 

    « »  , 

  ,   ,   

  -  [7].     -

  BRUKER D8 ADVANCE,    -

 9. 

 

 

 

 

 

 

 

 

 9 –  Bruker d8 Advance 

      20  100    0,007 . 
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3      
 

3.1      

   Al 
 

          -

     .   -

        

  .      

,   ,    -

,       

    250-300  [8,9].    -

    Al-Zr, Al-Zr-Sc    

     -  -

       -

       -

         -

   Al3Zr, Al3Sc  . [10]. 

       -

      -

         

,      -

  [11, 12].       -

        -

    [13-15],    -

   [16].     -  

      , 

     . -
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    .   

         

   ,    , 

    . 

      -

   in-situ      : 

–       -

     ; 

–      

        

; 

–     ; 

–      -

      -

. 

        

     in-situ   -

,           

 ,       -

   ,       -

 ( . 3) [17]. 

 3 –    ( )   

 

 t, °  
 , .%,   

      
B 660** 0,022 < 0,001 
C 665 0,1·10-4 < 0,004·10-4 

Ti 665* 0,15 1,0 
Zr 660* 0,11 0,28 
Cr 660* 0,41 0,77 
V 665* 0,25 0,6 

 
* – е е  е е е е  е  
** – е е  я э е  
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     3,   -

  (Ti, Zr, Cr, V)      -

  .     -

     ,    

        -

      .  , -

   (Al3Zr, Al3Ti  .)   

   .   ,  -

     ,   ,   

       -

      ,  -

       . 

         

       . 

     4. 

 

 4 –         

    

 

№      , /  lg K 

1 Zr T + CT = ZrCT            (1) -196,780 + 0,00921Т 10273/T – 0,481 

2 Ti T + CT = TiCT             (2) -184,889 + 0,0125Т 9652/T – 0,655 

3 4Al  + 3  = Al4C3T      (3) -265,150 + 0,095Т 13842/T – 4,960 

4 3Cr T + 2C T = Cr3C2T    (4) -79,130 – 0,017Т 4131/T + 0,922 

5 4B T + CT = B4CT           (5) -41,533 + 0,0055Т 2168/T – 0,291 

6 3Al  + Ti = TiAl3T        (6) -37,5 + 0,0106Т [99] 1958/T – 0,553 

7 Al  + 2  = AlB2           (7) - 69,119 – 0,0278Т 3138/T + 1,451 

 

      -

      .   Al-C-

Zr(Ti)        
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,    1000     , 

         

.   Al-B,      -

    AlB2   (2),   -

   (1248 ) –  AlB12 [18].   

     1248    (2). 

 

        4AlB12 + 2C = C2Al3B48 + Al                            (2) 

 

    (C2Al3B48),    

 [19].  

        -

         

 . ,    -

      1100-1200  [20, 21].  

       

       « -

».      7,   -

 –    B4C (  10), ZrC, TiC.  

 –  ~1,33  (10-5  . .),   1500 . 

 
 
 

                                                      
                                       

                           θ 
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                        θ 

 

 
 

                          θ 

 

 

 

 10 –       B4C:  – 950 ;  – 1000 ;  

– 1050  

 

      

    –   (Ti, Zr)  -

         . 

       -

  ,      -

 ,  -      Al-Sr, -

     . 

      ,  -

 ,   ,    

  ,      .   
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       -

   .    -

 ,   ,     [22]. 

  11     -

     .    -

 1173-1223     ,   ,   -

  1273-1373    :   -

    ,       -

   ,     -

      .  

 

 

 

 

 

 

 

 11 –      θ   (1 – 

B4C; 2 – ZrC; 3 – TiC)  

       in-

situ      -

        -

 ,         -

        . 
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3.2     Al  

        

     ,    -

  ,   .   

  ,   10-9 ,   -

   ,    . 

       ,   

       ,   

   / .    -

 ,   , ,   

        ,   -

  / .       -

         .  -

       (3), . .  

                                        ΔG = 2 (σ /  – σ / ) > 0               (3) 

 σ /  , σ /  –        -

   .       

θ –       .  θ > 

90°       ,  θ < 90°, 

    .  

  11 ,     1223   -

     ,     -

 –  .     -

          

  ,        -

 .        -

 ,  ,   σ /     

  .  ,   -
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        -

       .  

 

3.3        

    

 

    , -

      . 

        

ProCAST, LVMFlow,   .      -

    ProCAST. 

ProCAST -    3D-  

    .   -

     ,   -

  ,      ,    

,     . . [23,24]. 

      -

      ,    

       . 

       -

    Al-Ti-C, Al-Zr-C  Al-B-C  

  [25].     

  13.     12     -

   ,     

  1000   100   4-28   . ,   -

          ( -

 ),    –     ,  -

     . 
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,  
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,  

1 

2 
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 12 –      -

    (  –  Al-5C2Al3B48;  –  Al-10TiC;   –  Al-

10ZrC): 1 –  ; 2 –   ; 3 – (   -

) 
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                     1                 1,5           2          3              

 

 

 

 
                    

                     4                 5        6            7  

         

 

 

 
  
 
                       8      9          10               12  

 

 

 13 –        Al-10ZrC   -

  

 

       -

     ( . 5).  ё ,  -

          

 . ,      -



40 

 

     ,    -

         

   . 

 

 5 –       

 

№ 
/  

  
 -

 
, °  

 , 
° /  

Al-5C2Al3B48 
1    

621 
50 

2    139 
3   400 

Al-10TiC 
1    

618 
65 

2    155 
3   270 

Al-10ZrC 
1    

631 
58 

2    157 
3   494 

 

        -

        50÷65 / ,  -

     – 139÷157 /        

  – 270÷494  / ,   -

    1÷2   0,25÷1,5     1 . 

 

3.4      -

 
 

3.4.1      

Al-Ti-B 
 

      Al-Ti-B -

      -

 JEOL JSM-7001F     INCA Oxford  
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Instruments.      -

 .  

  14     Al-Ti-B.  -

 ,     6.  7 , 

    1  6            -

  15  30 ,   10-20 , 7  –  . 

 

  
  

 

 14 – -    :  – 

 ;  –    site 1 

 

 6 –   , site 1 

 

All results in atomic% site 1 

Spectrum Al Si Ti 

Spectrum 1 72.90 0.60 26.51 

Spectrum 2 72.42 0.42 27.17 

Spectrum 3 72.94 - 27.06 

Spectrum 4 72.16 - 27.84 

Spectrum 5 72.71 0.46 26.83 

Spectrum 6 72.57 0.49 26.94 

Spectrum 7 100.00 - - 
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  Site 2  15  2 ,  -

   7,        

 (Al,Ti)B2,   1 .   2 -   -

   300 .  
 

 

 
 15 – -     site 2 

 

 7 –   , site 2 

All results in atomic% site 2 

Spectrum B C Al Ti 

Spectrum 1 72.88 - 17.38 9.74 

Spectrum 2 - 76.58 23.27 0.15 
 

 

 site 3    16   2  

,     8.     

                .  

:   2 ,  0.5 .     -

            200-300 .  
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 16 – -     site 3 

 

 8 –   , site 3 

 Site 4      17.  

           ,   

  9.         50-55 ,   10 -20 .  
 

 

 

 

 

 17 – -   :  –  ;  –  

  site 4 

 

All results in atomic%  site 3 

Spectrum B C O Al Ti 

Spectrum 1 76.93 - - 10.52 12.25 

Spectrum 2 - 73.94 0.49 25.37 0.20 
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 9 –   , site 4 

 

All results in atomic%  site 4 

Spectrum Al Ti 

Spectrum 1 72.89 27.11 

Spectrum 2 72.99 27.01 

Spectrum 3 100.00 - 

 

 

 Site 5     Al-Ti-B  18.    

 

 

  
  

 18 – -   :  –    100;  

–     300 

 

 

 

 

  Site 6  19. 
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 19 – -   :  –  ;  –  

  site 6 

 

 10 –   , site 6 

 

 

 Site 7    .  -

 3 ,                                  11,  -

 20.                -

      +         1  (  250   800 ).  

  1  2-3 .  3   –   Ti  Al -   

Al.              +        . 
 

All results in atomic%  site 6 

Spectrum B Al Ti 

Spectrum 1 66.43 27.92 5.65 

Spectrum 2 73.84 20.52 5.64 
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 11 –   , site 7 

 

     3.4.2     Al-Ti-C, Al-

Zr-C, Al-B-C 

 

        

      : 

1)       

 ; 

2)        

     ё ,   -

         -

; 

 

 
  

 20 – -   :  –  ;  –  

  site 7 

All results in atomic%  site 7 

Spectrum B Al Ti 

Spectrum 1 78.58 9.59 11.84 

Spectrum 2 78.71 10.24 11.04 

Spectrum 3 - 99.73 0.27 
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3)        

   . 

      -

    10    100    -

  .     -

 Al-Zr-C; Al-Ti-C; Al-B-C      -

 12    21, 22  23. 
 

 12 –        

      

-
  

Zr, 
. 

% 

-
 -

 
ZrC, . 

% 

-
  

, 

. % 

-
 -

 
C2Al48B48 

. % 

-
  

Ti 

. % 

-
 -

 
TiC, . 

1-1 
0.76

5 
0.85 2-1 0.5 0.63 3-1 

0.9
3 

1.16 

1-2 2.2 2.44 2-4 1.4 1.75 3-2 
1.4
6 

1.83 

1-3 3.28 3.64 2-3 3.0 3.75 3-3 4.2 5.25 

1-4 4.5 5.0 2-4 4.0 5.0 3-4 
1.7
5 

2.19 
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 21 –      Al-Zr-C (1-4), -

     ( ),    ( , ) 
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 22 –      Al-B-C (2-4); -

     ( ),    ( - ) 
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 23 –      Al-Ti-C     (3-3); -

     ( ),    ( - ) 
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35 40 45 50 55 60 65 70 75 80 85 

■ 

■ 
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■ 

▲ 

▲ ▲ 

● ● 

● 

● 

▲ 

▲ 

 ■ - Al 

▲- Al3Zr 

 ● - ZrC 

   Al-Zr-C,    

,    :    (Alα),  

 (Al3Zr)    (ZrC),    -

     24.     

   Al-B-C   C2Al3B48,    Al-Ti-

C      (Alα)    

(Al3Ti)    (TiC),      -

 ,    25.    -

      

 . 

   

 

 

 

 

 

 

 

 

 24 –      Al-Zr-C (1-4), -
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35 
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50 

35 40 45 50 55 60 65 70 75 80 85 

■ 

■ 
■ 

■ 

▲ ▲ 

● ● ● 

 ■  - Al 
 ▲ - Al3Ti 
  ● - TiC 

 

 

 

 

 

 

 

 

 

 25 –      Al-Ti-C (3-3), -

      

 

  24, 25  26    -

         

: 1-4, 2-4, 3-3 (  4.1). ,    ( -

 4.2, )   (  4.4, )   .  

     100 ,   200-

300 ,    5÷8  8÷10  .   

      1-2   -

     (  4.2, , ;  4.4 , 

).     (   ) 

  Ti  Zr   5-10 . 

   Al-B   -

  AlB12 [26], ,   ,   -

       (12). 

       

  (4): 
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(CnAlBm)    (AlB2),     -

     4.7.   4.3  -

     AlB2      50-
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 26 –      Al-B-C (2-4), -

      

 

,        
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,     .  -

      

    ,    -

 .      

         

    . 
 

3.5       
 

3.5.1     
 

       

     13. 
 

 13 –       

 

 

 , o  , /  

   
 -

 

 -

 

999 635,6 628,3 7,3 304,4 -258,8 

6 653,8 634,9 18,9 291,9 -238,3 

Al-0,26ZrC 649,7 636,7 13,0 268,9 -244,8 

Al-0,51ZrC 654,0 635,6 18,4 284,9 -266,8 

Al-0,35TiC 662,1 637,9 24,2 275,5 -218,5 

Al-0,17C2Al3B48 654,8 635,6 19,2 299,6 -231,0 

Al-0,32C2Al3B48 654,7 635,1 19,6 291,3 -233,2 

     -

  .    -

,    .     -

       : (Al-Ti-C) → (Al-B-C) → 

(Al-Zr-C).        

. ,        -
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 27 –        6, -

      :  –  Al-B-

C (0,15% C2Al3B48);  –  Al-Zr-C (0,25% ZrC);  –  Al-Ti-C (1,16% TiC) 
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  10-100 / . 
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