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1.1    .   

   
  

  –     
        . 

         
     [1].    – 

     , , 
–       

 .      
   :    ё. 

  –      .  
     ,   

  –      , 
 ,    . 

        
: 

–        ( –
 , ); 

–     ( ); 
–   ; 
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–   –  ; 
–    . 
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 .     : 
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–  ; 
–  ; 
–    ; 
–   –    (  
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   [3]. 

   ,   
   .   
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  ,   ,  .  

        
    . 

        
   ,      

       .  
      .  

      
      .   

         
,            

         .  
     . 

   (   ) 
     ,    

      , 
, ,      

     [3]. 
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    ,   
   ,       

 . 
     ,    

 ,    –   
  .      

    .     
:   ,      . 

        
 : 

– ,    ; 
–   [1–2].  
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.1.  

 
 1 –       

 

    
  

σB,  σ0,2,  δ, % Ψ, % 
1  82 44 40,2 72 
2  175 92 30,1 66,1 

 
 

  
189 
201 

110 
105 

16,1 
14,2 

33,0 
29,3 

1 
 

  
244 
255 

213 
163 

4,5 
4,2 

12,2 
11,0 

 
       

      (   
    ),    , . . 

     .   
   ,    

  –  ;    
       . 
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1.2      9  
  

 
        

,     .    
 ,  ,  

 .       
   ,    

.      
        

,       
 .      

   .    
     :   

 , ,     
         

  .       ,   
    9,     .2 

 
 2 –      9 ( . %) 

 
 Al Si Cu Mn Mg Ti Zn Fe 

9 . 7,22 0,04 0,10 0,49 0,06 0,10 0,43 
 

       
 400        40  15  400 . 
    15  15  120     

 .       
:    535 °C ± 5 °C   5   

      . 
     

        
 -1   20, 100, 150, 170, 200, 250, 500  535 °   

  15  30 % [4]. 
    HTMO    
 ,   .  
 ,     ,  , 

   .    
  ,    

 ( )     9  
  .   

 ,       
 .  ,  HTM   

   .    
9       1.  
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 1 –    9   :  – , 

-  . 
 

 9       . 3 
 

 3 –     9    
 

 

   σB,  σ0,2,  δ, % 

  160 115 3,0 
  20 

°C   30 % + 
: 170 °C–2 

 

280 215 2,2 

  150 
°C   15 % + 

: 
150 °C – 4  
170 °C – 2  

   
 30 % + 

: 170 °C – 2 
 

 
 
 

270 
265 

 
 

285 

 
 
 

210 
205 

 
 

215 

 
 
 

2,6 
2,7 

 
 

2,5 

  200 
°C   15 % + 

: 150°C–4 
 

250 190 3,0 

 
  –  

,        
 ,       

 –  .     
     ,  

  ,    
     . 
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1.3     
      

 
      

   . –   
         
         

    [4].   90%  
     .    

   .   
  ,      .  

    – ,   
    – . 

   ,    , 
     .  -  
         

     [5]. 
  –  ,     

    ,    
,   . .;        

  .       , 
     ,  .  

      .    
  – ,   . 

    ,    
        

       .  
      ,    
   , ё      

    , ,     
  . 

         
; ,        ; 

,      ,   . 
        

,       
 . 
     (    ) 

  [5]. 
     
,        

.         , 
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.        
,       .  

         
      .    

         
 ( ,       , 
    )     

   [5]. 
         
   60 ,          
  10 .        

 15       ,   
 (    )  (  140  140  450  450 ), 
 .  

 –      
   ,  ,   .   

       , 
       ,  

    .  
       

  .    , 
 ,      

      
   .      
  (   ), 
      ,   
 ,    ,   
. 

   -   .   
  ,    , 

   .      
   .     

 - ,   .   
    .     

     .    
      – - ,  

  .       
:     - ,       

.    ,       
  .     

   -     ,  
    . 
       

 ,      .   
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   .   -   
        ,  

.      ,   
  .      

     . 
    : 

–     ( ,  
  ,       

     ); 
–       ; 
–    ; 
–   ; 
–   (  – , ). 

          
 .      

   :     
    ,    
 .      

 ,      
  .     .4  
      31   

.4 [7]. 
 

 4 –      31   20 °C  
 

 σB,  σ ,  δ, % 
,  18482–79 130 60 12 
,  21488–79 90 60 15 

,  8617–81 127 69 13 
 

  4 ,      
   ,    

   ,      
  .    

   (     
),       

 .     
   ,   
   ,    , 

   . 
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1.4    1013( )   
  
 

   1013   .5.   
1013( )     –100–2.4–
0.6x2    .     

 .  
 

 6 –     1421 ( . %) 
 

 Al Fe Si Mn Ti Cu Mg Zn 

 99,3 0,3 0,3 0,025 0,15 0,05 0,05 0,1 
 

       
.     730 °C,    

 ,     700 °C.  ,  
    .    

     ( )   8.585–
2001.       

  –29 1.     
      ё  

,      
       10–20 °C 

,       . , 
  680–690 °C,       
  .      

  700 °C     
   .  
        

       
.        15  

  30 .     . 
        

    2. 
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 2 –        

 :  –  ,  –   
 

     1497–84   
 25 ,  4,5 ,  80 .   

  .    AG–
250kNX.        

   4–5    1  ё   
    60   28 %,   – 130 
  5 %,   – 70   15 %.    

    :   87 , 
  41 ,   32 %,  

 59 % [9].        
 –  .    , 
       

.    - . 
      

       Al–Mg– 
Li, ё     ,  

         
,     .  
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1.5    1421,  
     

 
  1421     Al–Mg–

Li    .     
 . 6.        , 

      . 
     0,15–0,30 %   

       
    .  

        
  Al3Sc,    ,     

    
,   [8].  

 
 6 –     1421 ( . %) 

 
 Al Mg Li Zr Si Fe Ti Mn Na 
 91–95,5 0,5–6 1,9–2,3 0,09–0,15 0,1–0,3 0,3 0,1 0,3 0,005 

 
    ,   

,       1421. 
   300–500 °    

        .   
    1421     

     350 ° ,  
   2,35,      

     0,35    
.         

    ,   20 %.   
      ,   

 , ,    150 ,    
 175  [8].  

       . 3,  
   ,    

  .    
      2–4 .   

  .      
  ,      

        .    
   S–  (Al2MgLi),   ,  

     γ–  (Al12Mg17).  
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 ,    ,    

 ,   ,     
 ,     

  [8]. 
  

 
 

 3 –     1421   , x200  
 

   ,   
,     15  30 %  

 1 –1    20–450 ° .    
    450 °C   1,5   

 .   20–300 °    
 .     
    (450 ° ),      

400 ° ,       .  
      (20–450 

° )         
     ,     

 .    , 
       

 (150–170 ° ).  
    (450 ° )   

 . ,      
    ,   

   ,   .  
   400 °     

,        
       
 [7].  

      
      1421  

   120–170 ° .    
  (80 HRB)   16–24   

 150 °    12–16    170 ° .  , 
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    (450 ° ),  
 (82 HRB)   170 °   10–12 .   
    (85 HRB),   
 30 %  150 ° ,     

10–16   150 °   8–12   170 ° .    
     4. 

 

 
 

 4 –   1421   , x200  
 

  1421      
 150  170 °C    24  12  . 

       
   1421  150 °    

   24  .    150 °  
 16–24–  .      

,      , 
       

  [8].    
 1421      7[8].  

 
 7 –     1421   

 
 σB,  δ, % 

450 °C 

1,5 ,  + .15 %  20 °C  150 °C– 
8  

573 7,1 

+ .30 %  20 °C  170 °C – 8  600 5,6 

 
   1421:    

    ,     Al3Sc 
 250 ,   .  

       
 ,        

 ,        
  .     

 ,      
,       . 
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1.6       
  

 
     

,            
   ,     

 . 
-     ,   

      –  
( ) ,    . 

   -    
,        

     , . .   
          
      [10]. 
       

  ,       
 ,  -    , 

, ,    ,   
         [11]. 

 .      
: 

1    TiB2   ; 
2  in–situ.  

   TiB2   
.       

 ,   ,  ,   
.        ,   

      
   ,  :    

,   .     
        

,  .  ,  
         

 .      
       

  ,  : -
   SiC,     

     
,       
 [12]. 

   ,   
     ,      

 50       
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  .     
:  

 
4Alliq + TiB2 = Al3Ti + AlB2,                                          (1) 

 
    TiB2     

    .  AlB2, /    (Al, 
Ti) B2,      ,  

  TiB2 ,   – ,  
 . 

   ,   TiB2 
 ,     

   .    ,   
      

            
  ,       

  .   
         Al– 

TiB2      
    ,   

    .    
  ,     

    TiB2,    
 GB–A-2259308.      ,  

 TiB2,     [12]. 
      TiB2 

        
,   ,   ,   

  / ,     
        

.      ex situ 
  TiB2   .    
         

        .   
         
    ,    

.   ex situ      Al–TiB2 
    , 

     .   
  (TiB2)    TiB2  

   .     
     (  30%)  

    .  
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       , 

    ,      
   ,      

      .   
    [12]. 

.    ,    
  1xxx, Al–Li (0–5% .), Al–Cu (0–5% .), Al–Mg (0–8% 

.)  Al–Si (0–10% .),        
  – 4% H2.       

700 oC  1000 oC         
      . 

       ,  
     ,  ,  

(3MF, AlF3, M: Li, Na  K). ,    , 
        ex situ. 

       
    .    

     . 
       

,       700  1000 oC   
    ,      

       ,     
    . 
       

,       700  1000 o   
     ,     

       ,   
      . 

,        
      .  

,  ,      
 ,    ,  

     .   
       ,  
     (s)  

       . 
        

 .      -   
   ,    ,  

       
 .      

   .    
   ,     CO2,  
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     , 
         .  
     ,     

,  ,      
 ,    

         
    [12]. 

     ,  
   , ,   

 .    : ,  
       ,  , 

    ,      
   –  ;   ,  

     ,   
      .  

       ,  Li, 
Mg, Zr,         

  ;   ,    
    ,   

      . 
 ,       

        .   
,        

        
   .    

          
0,1  .       

  -      . 
,        

    5 %       
 5 %  .    ,  

 ,   ,    1 %   
[12].  ex situ      

 1 ,           
 ё  .       

    in–situ,     
 ,       

 
 in–situ.      

        
        

       
  in–situ [13].    
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, ,         315 , 
,   ,     

 TiAl3  Al3Ni.   ,   
,  18–20 .    

 SiC  Al2O3;      6–
8  [14].  

 ,     TiAl3   
       

 SiC  TiAl3,      
   , ,   . 

  TiC,     
 SiC  Ti, ,     , 

 ,    SiC  Al2O3. 
    

   in–situ,    
 –       Ti, 

Ni, Cu,       
  .     –

        
  ,     : 

, ,   .      
   ,     . 

      
       , 

       
, ,  TiC,    in–situ, 

        [13]. 
      

 ,     
  ,      

     . 
  ,    SiC    

       [14, 15] 
,   ,       

. ,      
     ,  

       
         

    8 %. 
       

    ,    
 (Mg, Ni, Cu)       

       
. 
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  ,      , 
  ,     

   . 
       

     
,    in–situ,    

       . 
        

 ,    .   
,      ( , , 

 ,   .)      
.    ,   

.       
  .     

.  ,   -  
 ,      . 

 ,   [16]     
   Al–TiC     

      
 Ti  C,   ,    
      . , 

 800 °     Al2O3   (2): 
 

2Al( ) + Ti( ) → Al3Ti( ).                                           (2) 
 

 900 °        TiC 
     Al3Ti  ,   

      Al3Ti  
.      1050 °C  Al3Ti  

        (3): 
 

Al3Ti( ) + C( ) → TiC + 3Al( ).                                    (3) 
 

      Al–
TiC   [17].  Al, Ti  C    10 ,   

,       900 °C. ,  
        Ti  

C. ,  Ti:C =1:1  Al  TiC   Al3Ti,  Ti:C=1:2 – Al, 
TiC, Al4C3  C. ,  Al3Ti  Al4C3   . 

   Ti:C=1:1‚3    Al  
TiC.  ,          

  Al, , ,     
 . 
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      Al–TiC   
    ,   

 ,     CH4,   Al–Ti [18‚ 
19].    1200–1300 °C  20   2     

 ,       TiC. 
    ,    
 ,      
        

    [20]   
  Al–Ti–C  800 °C    5.  

 

 
 

 5 –     Al–Ti–C  800 °C 
 

        : 
 –     Na3AlF6   

  TiB;   3:1     
   750–800 °C.  ,   

      [22];  – 
  KBF4, K2ZrF6  K2TiF5    7:12:8 

        800–860 °C.  
 10-15       

 TiB2  ZrB2 [23,31]. 
 ,       

       
        

      ,  
       . 
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   ,  ,  
         

 .        
   [24–26]. 
  [27]   ,    

,         
        

    ,      
   .      

   ,   « » 
        Al3Ti 

     Ti– –Al: 1–    
 TiC     Al3Ti   1340 °C ‚ 

2–     TiC     Al3Ti‚  
   . ,   

        
  .     

  2 .    ,    
      ,  

     . 
       

        
  [27–31].   

      
        (  ) 

  .       
      

 ( )       
  (  1,0  0,01%)‚    

 ,      
     ,   
  Ti  Si,  ,     , 

,      .  
   «   »  
  ,  «   
» [29–31].   -  
   . 8 [31].  -

    . 6  
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 6 –  -    6, 

  C2Al3B48  :  –0,15 %,  – 0,3 % 
 

 8 –    –     
 

 . ., .% σB,  δ, % 
 6 – 69,0 39,6 

Al–Ti–C 
(    

TiC) 

0,05 77,0 16,4 

0,30 83,0 15,6 

Al–Zr–C 
(   

ZrC) 

0,05 73,4 31,2 

0,30 78,6 29,4 

Al–B–C 
(   

C2Al3B48) 

0,15 88,0 20,4 

0,30 90,0 20,0 

 
     

    ,    
     

     . 
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1.7    
 
1         

  .     
   ,  :   

    ; 
   . 

2       
       

  .       
,      

,        
 ;     
 ,    
,      .   

       
. 

3       
    –    
  .   

         
        (  

in–situ) 
4        

,       
      ,  

      
.      

       
–       
,         

. 
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2    
 

     31,   
   9 [32]. 

 
 9 –   31   4784–97 

 
 Al Si Ti Cu Mg Zn Fe 

31 97,25–99,3 0,3–0,7 0,15 0,1 0,4–0,9 0,2 0,5 

 
    .   

         
   .     

– – .     
–        

        
. 

   : 
–    (1 ) – 1000 2; 
–       1300 °C – 40 ; 
–   44±4 ; 
–  5 ; 
–  ,       
 35 °C,   10 /     0,5–1,5 ; 
–   380/220 , 50 ; 
–       0,5   

     ; 
–    20 / ; 
–    2 / ; 
–      0,8. 

  .  31   
  500 °  ,       

(Na3AlF6)   950–1000 ° .     
(Ti, B, Zr).       

        
    – , 

     ,   
     .  
       (  in–situ). 

      750 °     
 .       

  , -    
 . 

 .     
    l–5B  
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     ,   
  .    

   .     
     1000–1100 °     

 ,       
  .       

       
  -    –

,    .      
      

 C2Al3B48,         
      .  

        
       ,      

  .     
 7. 

 

 
 

 7 –      Al–B–C 
 

  -    
     .    

  .       
   Al–Mg–Si –   

    31.     
  740–760 ° ,     Al–B–C 

    .     10  
  750 ° ,      . 

        20°   100 °C  
 60 %.     , 
         

. 
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3   
 
3.1      
 

  -   
      ,   

      ;   
   1–2 . 

     ,    
    .  

     .  
      
.  

   –   
 .       

         
          

 . 
     ,   

  .   ,   
 ,      
.       

 .      ,    
   .  

        
  .     –
      8 [10]. 

 

 
 

 8 –      -
   

  ,    ,   
  ,  .   
    .      

,  ,   « »  ,    
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.        
 .  

    ,   
        

       
.        

 .      
      –

. 
 –      

 .         
,  .  

     –  
  .       

  ,       
      .  

     ,   
  .    

    ,   
    [10]. 

 « »    –  
   .       

  ,    ,   
    ,      

      ,   
  .  ,    

-      
 ,      

 –     0,1 ,   1  
15 %  . 

     (  1 )      (  
25 %  )        , 

          
 .  ,   -

 ,    ,  
           

 ,   .    
     ,  ,  

     . [10]. 
       

  ;    
      .  
   ,   

  20 %  60 %.   20 %    , 
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 60 %   .     
         

  ,       
   . 

       
     . 

  ,      , 
         

        
 , . .    .  , 

,      ,  
  ,     .   

    (    
)  .    

        3–
3,5 ,        , 

       
,    . 

        
          

,  . ,   
        

   , . .   , 
     [10]. 

     
 . 
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3.2    
 

   ,   C2Al3B48, 
         

       
.       

       Al–
Mg–Si,   A 31    :    

 ;     .   
10       

   Al–Mg–Si,   
,         
     . 

 -   31   
 9. 

 

 
 

 9 –  -  31    
     

 
 10 –    31     

   C2Al3B48 
 

№ 
     

 , . % 
σB,  δ, % 

1 31 (    ) 167 20 
2  31 (    ) 230–235 10 
3 31 + 0,15C2Al3B48 (  ) 106,3 12 
4 31 + 0,15C2Al3B48 (   60 %) 218,6 9,5 
5 31 + 0,3C2Al3B48 (  ) 110,4 10 
6 31 + 0,3C2Al3B48 (   60 %) 257,8 9,0 

 
  10 ,   31   

        230 . 
  C2Al3B48,      

 ,      
 .     
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   Al–Mg–Si      
257,8 , . .  16 %,       

 .  9   
 (    30 %, : 170 °C –2 )   27 

     31 + 0,3C2Al3B48,    
 (2,5 %).     ,    
      ,   

.     
 -        

.  
      1013  ё  

       
28 %   60 ,   – 130   5 %,   
– 70   15 %.       

   :   87 , 
  41 ,   32 %,  

 59 %.     ;  
         
       . 

   1421   
   450 °C      

15 %  30 %        150 °C; 
         

    . 
       

   ,        
 ,      ;  

       
  .       

 ,       300 
      ,   

   ,  . 
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    ,    in–situ,  

       
      

    . 
       

    :   
 (Alα),   C2Al3B48,  

   , AlB2    
.  

      Al–Mg–Si 
        

.       Al–B–C  
  .  

-   ,   
  in–situ    

,       
:  ,    

,  -    
.       

        
 (      ,   

,   ) 
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