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I.       

. 

1    

    ∝- ,     

 ,     910 ,  

     .     ∝ - FО  .        ( - 

 - )    ,   -  

 .     .  

       (IMАF)  

 ,    .  

           

     .    . 

,         ∝-

       .   

         

  LAMMPS. 

   : 

1)     (∝- ). 

2)    (∝- ). 

      ,  

          

 ё  . 

1.1 LAMMPS  

    LAMMPS     ,  

    ,    .  

 , , ,   
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. LAMMPS -  /  -

 . 

  ,    LAMMPS (   MPI- 
Message Passing Interface),        . 

MPI   ё      

  ,       

 .     

   .    

   MPI     . 

        

  (  - , , , 

EAM, AI-REBO) [7],[8],[25],[26].      

        

 - ,    .  

 —    ,    

      

,   ( ).    

   ,     

  .     

   ,     

        

 - ,     .  

 —    ,   

      . 

  —    ,  

       

,   ( ).    

   ,     

  .     

   .     

 .   LAMMPS   М 
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OpОЧMPI .MPI-   ,  ,  

      . 

  ,     

 ,    –    (  

  MPI)      MPIИBМКsЭ, 

   « »  ,    MPIИSОЧНrОМv,  
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1.2 EAM (Embedded-atom method)     ( ) 

[11]   ,     

  ,  ,    

   «  ». 

         

 - .      

 «  » (� )    : 

 

� = � + �� � = ∑ ( ∑) + ∑ ∑ � ( ),   ∑ = ∑≠<  

 −   ,      

.           

  ∑,         =
,     ( ∑).  ,    

   :  ,     

.     ,  ,  ab initio    

 ,        . 

  ,   ,     

 ,     ,     

  . ,    

   ,  ,    ,   

: 

̅ = − ��� ̅ = − ∑ ̅ [ ′( ∑) ′( ) + ′ ∑ ′ ]≠  

    ,      

 .        

      ∑ (  ′( ∑))   
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.       ,    

 ,    . 

 

 1.      ,    

     .  1−5  

     Д8Ж. 

  ,    

[8][9],[10],[11],[12] ,      

.             

      , 

      . 

          

       

        

 . 

2      (∝- ). 

   (   )  

 X [   ] Y [̅   ] Z[̅  ̅  ],       

 (001).      .   

    [18].      
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  ( )      

      - .   

 ,         

    ,       -

 .    ,  

          

        . 

,  ,     ,     

 ,      

  (0 0 1) .  

 

 

                                                   .1.1.    . 

 : 

     X [   ] Y [̅  ] Z [̅  ̅  ] ( .1.1), 

   ( − ) : 

  X    241.959  

  Y    181.654  A 

  Z     24.1961 A 
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  Y   250 ,   X  ,  Z 

  .       – 

            

 .  

    LAMMPS: 

    4 : 

1.    . 

2.   (   ). 

3.     . 

4.   . 

   LAMMPS c   Gener Perfect,     

 .      .  

   .       

,       ,    

   ,      

,            

  .         

     ,      

    .  

   Gener Crack,        

 ,   .      

   ,   Min.     

   - .    Equil  

   .      

 Tensile,          

,   (  .1.1.    )  

 (- )  .  

 .2.        

    .    -1.50   1.70 
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. ,          

   ( .1.8.)[12] 

                

 

.1.2.        

         

,  -    (    24-26     

   100)      

  ,          

          

  -   . 

 

М а 

1.70 

-1.50. 
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.1.3.          

1     

      ,       

,          

   .       ∝-

    X [   ] Y [̅   ] Z [̅  ̅  ],      

   .   Y   125 ,   X 

 ,  Z   .   

        

.  

      

.1.4.        

к а 
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2   . 

         

     ,   

  .       

 . 

       ,  

        .    -  

 .         

         ё  

  ,  ё     

 :   (I),   (II)   (III) 

. 

 

.1.5.     . 

          

 ;   ,   

       ,  ё 

 (  г);          

   (  г). 
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.1.6.     

      � ,  

    .  НбНв , 

   r        

  �. 

 I     ( ),  

 I    I.   ,    

   .    

   .    

    .     

   √м.       

     .[19],[14],[15]  �� = �√�ℓ ∙ � ℓ/�                                               (1) 

,  Х -  , А  , �-     

   (2) I   в-     

    ( I  ). 

 

 � = ��√ �� cos � + sin � sin �
                                      (2) 
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 �� = �√�ℓ ∙ � ℓ�                                                     (3) 

 � = ��√ �� cos � + sin � sin �
                                       (4) 

       (3)(4) 

 

.1.7.      

  : 

� = ���√ �� cos � − sin � sin �
,       � = ����√ �� cos �

                          (5) 

 

 

           

    . 

 

 

 

 

 

 

 

 , а 
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.1.12.  , III 

  

.1.13.   

  

      ,  

      .   

        Wolfram 

Mathematika,     .   

   ,    

             

   от  ≈ �%  до ≈ ��%      ≈ �%. 

  

к а 

,  
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х 
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II.       . 

           

         

         

  .        

        

.        

    ( ) .     

          

      ( .2.1).    

(I)    ,      

        (  

  бв  бг).   (II)  ,  

       (   ,  

   бг –  ).   (III) 

    (  ),    

        

(     xy  xz – (  ) 

     LAMMPS    [8]  

  ,        

.       ,      

       ,      

. 

 :  б -  ,    в  , 

      0  SЦКб  

   5%.       

 ,     .   ,  

   ,       Y   

   . 

 : 
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      −    X [   ] 
Y [̅  ] Z[̅  ̅  ] 

  X    240.26223  

  Y    615.319962 A 

  Z     72.6843394 A 

 :  107 ; Y 3 ; Z 72.6 ;  

I  

 

.2.1.   1      

                    

.2.2.   1     
-1.2 

1.7 

к а 

М а 



 

23 

  

 

 

        u,v  , 

 ,        

[23]. 

= +� [ − � − � ]    ( = )                        (8) 

= + [ − � − � ] 
   

Φ (z) = − , Ψ(z)=  iz ′  +i                                               (9) 

 �х + � = � , �х − � = − � − � ′   τ =Re − yIm ′  (10) 

 

    ,    y=0 σ =0.  

  . 

= +� [ − � − � ]     ( = )                           (11) 

= + [− − � − � ] 
       ,    , 

         

,   : 

=  �√ − −                                                   (12) 

       g(z)   

  ,     К<б<Л, y=0,    

  � =  � = .  ,   

Im g(x)=0     (a<x<b).                                               (13)                           
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,      ,   

    p       –

l<x<l, y=0,    =  �√ −                                                       (14) 

    (12)   = − ,   =  − /  (15) 

    б=Л, . .    | |,  (12)  (13) 

,   ,  ,    | | →    

  || |→ = ��√ � .   

�� = lim| |→ √ �                                               (16) 

 (16)  (17)         =
 ( .2.2). ,         r, 

     ,     

,  r   ,    . 

� = ��√ � cos � ( − sin � sin �), 
� = ��√ �� cos � + sin � sin � ,                        

� = (� + � ),                                                      (17)   

� = ��√ � sin � cos � cos � ,   � = � =   
         (16)  (8) 

    : 

= �� √ � cos � − + �
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= �� √ �� sin � − + �
                                     (18) 

 (16),(17)  (18)      

          

,      

           

  .   ,   еξе->0    

    || |→ = ��√ �     

�� = lim| |→ √ �                                              (19) 

 

  (19)  (10)  (11),       

     : 

 � = − ���√ � sin � + cos � cos �
 

� = ���√ � cos � sin � cos �
 � = � + �  � = ���√ � cos � − sin � sin �

 � = � =  

 

 

 

 

                                           

(20) 

                             = ��� √ �� sin � − + �
                                   (21) 

                           = ��� √ �� cos � − + �
,        =  

     ,    

   : �� + ��� = lim→+ , = [√ � � + � ] 
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         , 

         .  

  w=w(x,y) –       (u=v=0), 

        : 

��� + ��� =                                                        (22) 

� = � = �� ,� = � = ��                                    (23) 

 ,    (23)  (22)   

 ∆ =                                                               (24) 

  w=w(x,y)   

= �                                                             (25) 

  (23)  � = � ′  ,    � = � ′                                              (26) 

    (y=0, x<0)     б=в=0  

    || |→ = ����√ � ,  

���� = lim| |→ √ �                                                 (27) 

 (27)  (25),(26),         

    : 

� = ����√ �� sin �
,       � = ����√ �� cos �

,       � = � = � = � =               (28) 

= ���� √ �� sin , = =                                                    (29) 

    ��, ���, ����,  
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.         

 . 

      K   

 ,     ,       ,  

     . 

      ,   

(30)[22] ,   �    . 

 

 

�� = σ√� √� �   � ⁄             (30) 

� = .75 + . + . 7 − ��  

 

   .2.2.1     I  (  ) 

   I  .    

  �    ,       ( .2.3.) 

          

 Wolfram Mathematika     (30). 
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.2.3.        

. 

          

.2.4.           

 y             

.2.5.        Y 

(1/2 ) 

К    .2.4  .2.5 ,    (30) 

    -  

,    ≈ �%.   

    ,   2e+06 .  

  ,         

    . 

      2  3 ,    

( .2.6., .2.7.) 

а 
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.2.6.   II   

            

.2.7.   III   

       .  

   ,      

  ,        

.         

  ( )     [26],[27]   

          

 .       

  (  )   .    

         

 ,    
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к а 

к а 
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(ABAQUS) 
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.2.9.   ABAQUS   

     ,     

Д8Ж C11  243.4, C12   145, C44  116.0   1.1. 

      ( .2.8.  2.9) 

  ,        

  ,      ,   

   1.5e+06     

КЭ   2e+06  ( .2.3.)      LAMMPS. 

           

 . 



 

33 

  

 

 

  T    Q    

( )   ё  -  

.    (T=Q)     

       

 («  »)   ,   

  .     

T=Q (         )  

      (  ё ),  

  .    

  T=Q       

      

  ё .       ( ё  

     )      

 ( )     .     

     . 

    II  [17] (   )  T=Q   

       « » (  

    ,    

     ё     . .).  

         

 ( , ё ,    .),  

  T=Q,         

 .  

      .     

  ё   .    

   ,   ,     

      Д5Ж 

         (300 , 

600 , 800 )  .  
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1   300  2 /  

 600  3 /  

 800  3.5 /  

2  300 К 2 /  

 600 К 3.4 /  

 800 К 4.5 /  

3  300 К 3.6 /  

 600 К 5 /  

 800 К 5.2 /  

       

.  ,        

       . 

  

 

  

 

 

.2.10     0   100%  , 

  800  
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.2.11    

 2     

.2.12   

  2   800 

 

 

  

.2.13        ,3  

  800  

         

 ,      ,  

  1,5 .  

     2 /   300 К  3.5 /   800 К. 

     2 /   300 К  4.5 /   800 К. 
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 ,        
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1.     

 ,       ,   

  .         

 ,    ;     

 , ,  ,     

.   ,   ,  ё   

     ,    

 .      ё    

  ,       .   

 ,      ,  

  ё .  ( .3.1.).  -   

          

 

.3.1.   

2.  ∝-    . 

        X [1 1 0] Y [   ] Z [   ̅̅   ]   

  120 ;  112.7  ;  102.9  

   LAMMPS: 
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     ,   Gener Gr.,  

      ,    

 0 0 1  .        

      ё  .  ё , 

   .        , 

         ,  

   Min2       -

.   Equil     .  

     Tensile     .  

   R=40 ;  .3.1.  .3.2.    

     . 

 

.3.1.    
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    .    

    .     

    .   

       ,     

       

         Gener Perfect 

   Gener Crack,        

  . 
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  -2.1  
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       ,  
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    3.7  
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•         

     ,     

,    ,   

   ≈30%  ≈60%,   ≈30%. 

•        ∝ − . 
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    ,   

 ≈ %.        

  2 . 

•   ,        
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