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   , ,  
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        , 
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  ,     ,  
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  .  

           

,   ,   
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     .   

     .  

       ,  

  ,     

 -  .  

    ,     . 
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 .     
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.  

        

     (    100 

) [5].     (   

 )       

       

[19]. 

        

      

 .         

  2004       [4].  

      ,    

      [20-22]. , 

        , 

     ,   .  

   ,  ,  

    [23-25].       

       

,    .    

    ,    

     (  ), 

 ,    , 

   ,     

 [26].    ,    

  ,  ,     

   . 

      1991   

        

  [3].     ,  
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    ,  
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.   ,      

     .  

 , ,     

,         

 ,     

    ,     

 ,       

[27,28].  ,       

       

     [8].   

     ,     

   ,       

  [27, 29]. 

,       

,    -   ,  

   1985    . [1].  ,  

 C60  C70     [30],   

        

   .    

   [31],  ,  

,        

,      ,  

  ,    

      

      [32]. 

      ( ) 
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 [33],        

10 .           

 2004    .       

    [34].    , 

     ,     

 ,        .  

       :   

 .      , 

 ,  ,    

 ,      

,     ,    , 

    ,    

 ,    ,   

     [35].      

 sp2,       

        

.       , CQD  

         

  [33]. 

    ,      

, - .      

,      ,  

   [37].      98%   

 ,      sp3-  

,       .  

  ,       

 ,       

[7]. 

  ,       

 -       
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  15 .%,  ,     

     .  

       

.    .      

.         

   ,      

   . 

  . ,     

   ,     

 .       

     .  

,   - ,   

   .   .    

   ( )  ,   

     (    

),       (2–2,5 .%). 

        

 . 

       - 

    - .  -     

  ,     -   

.         

 (  - - ),     

    . 

     ,  

   .  ,     

     . 

      -  

( )   0,5 . % MWCNT,    

.     16% -   
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  .        

   ,    

    . 

  .     

 (    )    

  .  ,   

  ,    . OH-

       

  9  16 % .    

      (OH-  7 %, 

  36 %). 

      

,    ,   , 

 .      ,    

  : ,   .  

          

 -    .    

   ,       ,  

    .       

 ,       

 .        

     ,     

. 

       

 ,        

.      ,   

 ( )      

         

  . 
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   ,  

       ,  

, -   ( ),  , 

 , ,     . .  

       

    .  ,  

        , 

   ,  ,   , 

  . -     

      ,  , 

   ,     

  .      

 ,      

,       ,  

      -

.       

     -   

    ,     

 .     

         

 ;       

     . 

  .      

      

   .     

         

     .    

 ,         
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15-18   5 % -       16  20   7 % -  

.       

       

 .  ,  

 , ,    

    ;  

         

 .      

;  45    ,   

   85  -     

, ,    . 

  ,   

  (ZnO),   (ZnO), 

   .,   ,  

   ZnO   

   .     

 ,        (83,8 

),    ,   ZnO (91,5 

),      , 

    ZnO (  106,7 

)  .  Tg ,      

  (118 °C) Tg  ,  

   ZnO,    

  (127-132 °C). 

 ,     (TrGO) 

    (CuO)   -1-

      

   .      

    ,    
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       3-4    

  ;   TrGO     

      ,  ,  

         10 

. %.         

    (  60 %)   

 2 . %. 

 

1.3    

 

       

      

  ,   ,  

   .      

    ,     

     [1,2].   

,    ( , 

   ),    

  ,      ( ,  

     )     

  .      

      

        [3-7]. 

       

,   / ,   

- ,    ,   / 

        

 [5,7-12]. 

  ( , ,   

,   )      
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 [13-16],      

      , 

    ,   , 

     [17-19].   

        

 ,         

 ;      

       

.        

 ,     , 

          

   .    

       

   (     

   )   ,   

 in-situ      [17-

22].    ,  , 

   ,    

 (CBT),      0,017 

·  (   )      

  . [17,18,22]. 

       

       , 

        

 [23,24].       

      -  

       

    .  

       CBT 
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       CBT, 

    .    

    . 

     (3D)  

  ( )      

 .  3D CNT   

      ,  

,  ,    

 [1-6].   3D- -   

       

,     [3,5].   

-         

   :    

        

  [7,8].     

        

    [2,8].     , 

        

  [8,9].    ,  

       

      

       [10]. 

 1D  2D        1 

 [16],        -

  ,     

 [17,19].        

      

 ,        

  [20].  ,  ,  



23 
 

  ,      

  ,     

 [18].   ,     

    -    

  [19].       

3D CNT,   3D CNT    

   ,    

     CNT.  ,  

3D CNT  ,     17 %  

   CNT [10,18].  ,  3D 

CNT         

    [4,6,10].     / 

     [21,22],   

         

   .  ,    

      [23,24],   

    «  »  « » 

   .  ,  

        

        

   [10], ,    

        . 

,        

     ,  

        

  . 
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1.4   

 

   ,    

,   ,  

        

         

  [11,14].     

        

,         

 [15].  

    ( )  

, ,        

        

 . 

        

         

       . 

       

( )           

     .    30 

   .       

    ,    

 ,  ,    

. 

        

        

 . ,      

 ,       

  65 %   – 35 %,    

 ,      
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 ,     

:   65 % –  , 30 % –  

  5 % –  .  

 

1.5      

 

  –       

  .        

 .     , 

 , ,   .  

 –          

   .  

  –     .  

      , 

   , , ,   . . 

   98 %  α –   –     

    . 

     . 

       

,     . 

 α-, -  -  ,  α-  - l2O3 

    ,  - l2O3 -    

   . 

α-          

  ,  .    

     -    - .  

    ,     

  .  

-     .   -   

,        
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,  ( l2 3· 2 )   ( l2O3· 2O).   

- l2O3    α- .    

        

.  

-      . 

,    -Al2O3,       

 ,        

 ,     

 ,    : MeO·6Al2O3  

Me2O·11Al2O3,   -   , ,   . .,  2  - 

 , ,     .  

       

 8−10 %.    1600−1700 °  -    α- Al2O3 

      . 

 -       

        

  . -Al2O3   

  .  

     - , 

    l( )3   

 ,   . 

 

1.6    

 

     –   

 (NafenTM)        

 .         

, ,        

         . 

    (   / ).  
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   (      

 ).       

1.1.          

    5   20 .     

   .     

   ,   -Al2O3. 

 

 1.1 –    

 

       

     ,  

    1.2,    1200 ° .  

     : 

1.    87,2 °      

         

  –      . 

   3,47 %       76,8  

. 

2.    454,9 °      

2AlOOH → Al2O3 + H2O 

3.     1,61 . %      34,39  

.         

0,1146 ,  ,  5,18 %     AlOOH ( ).  
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4.            

 5,5-6 . %. 

5.    865,3 °        

-Al2O3→δ-Al2O3 

6.    1074,1 °       

δ-Al2O3→α-Al2O3 

 

 1.2 –   

 

,        

     ,    

   1.3. 
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 - ЭМ- ;  - -  

 1.3 –     1400  

 



30 
 

 

 1.4 –       

 

 ,     , 

     .    

  0,222 / ,    120 2/ .   

         1.4  20  80 

,     . 

 

 

 

  

 ,  

, 
/(

)  
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2   

 

        

    ,     

  ,   . 

 

2.1   LFM 20 kN 

 

  LFM 20 kN   2.1  2.2  

  DION pro,   

   (   ),   

 ,     

 [7,8].  

 

 
1 –  ; 2 –  ; 3 –  STE – 12H/700  C; 4 – 

 EXN 30.6; 5 –   MFL 300; 6 –  
 ; 7 – ; 8 – ; 9 –   EDS 120; 10 – 

 ; 11 –  ; 12 –  
 

 2.1 –    LFM 20 kN 
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 2.2 –    LFM 20 kN 

 

 
1 –   ;  2 –   ; 3 –  

 ; 4 –    ; 5 – ; 6 –  

  

 2.3 –    
 



33 
 

        , 

    .    

   :  –   (P – f). 

     ( –Δl; –δ)  

          

 ,         

   [8] 

 

2.2      

 

       ,  

    ,    2.4,   

  3,0    [5].  

     2.1    1497–84.  

   l  : o  l0 + 0,5d0  l0 + 2d0 –  

 ;  l0 + 1,5F0  l0 + 2,5F0 –   .  

   l0 = 5,65F0  l0 = 11,3F0,  

  . F0 –      

 .  

         l0 = 

2,82F0  l0 = 2,5d0, d0 –    .  

     :  l0 = 10 , b0 = 3  – 

  .  

 



34 
 

 
l –   , l0 –   , b0 –   , 

0 –    

 2.4 –   

 

 2.5 –       

 

    ,   11262-2017, 

  ,    2.5. 
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 2.1 -    ,  1497–84 

 
 

0 b0 
l0=5,65 

√F0 
l0=11,3 

√F0 
l B h1 L 

  
1 25 30 155 310 

l0 + (1,5…2,5) √F0 

40 100 

l + 2(h1 + h2) 

2 24 30 155 310 40 100 
3 23 30 150 300 40 90 
4 22 30 145 290 40 90 
5 21 30 140 280 40 80 
6 20 30 140 270 40 80 
7 19 30 135 270 40 80 
8 18 30 130 260 40 80 
9 17 30 125 250 40 80 
10 16 30 125 250 40 80 
11 15 30 120 240 40 70 
12 14 30 115 230 40 70 
13 13 30 110 220 40 70 
14 12 30 105 210 40 60 
15 11 30 105 210 40 60 
16 10 30 100 200 40 60 
17 9 30 90 180 40 50 
18 8 30 85 170 40 50 
19 7 30 70 140 40 50 
20 6 20 65 130 40 50 
21 5 20 60 120 40 50 
22 4 20 50 100 40 50 
23 3 20 45 90 30 40 

 

       

   (    )  

  Δl [5]. 

 

2.3     

 

       

 Zeiss SIGMA    2.6.    

    1 000 000     1,3 . 

       

,  ,      

  .   : In-
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lens, SE2, VP-SE, EsB.   Oxford  

    (   –  Be 

 Pu,    –  B  U).  

    -25…+50 °     

      . 

 
1 – ; 2 – ; 3 –  ; 4 –   I; 5 –   

II; 6 –   ; 7 –  ; 8 –   
; 9 – ; 10 –  ; 11 – ; 12 – 

; 13 – ; 14 –  ; 15 –   
; 16 – ; 17 –  ; 18 –   

 
 2.6 –     

 
  — , , , 

, , .     

        

 (     , , 

 , , ,  

). 
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2.4  

 

      

 .       , 

,    ,    . 

        250 

.       120 / .  30 %   

       

. 

   :  

        2.7; 

 ; 

  ; 

   , . 

     –  

   .       

 .     , 

     ,      

 .      

 ,    . 

 

 2.7 –   
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2.5    

 

          

 ,       

    : 

1.  4      . 

2.       . 

  2       5   

 240 .    10   

20 50 2 .       . 

3.     1        

. 

4.    2      

    1 . 

5.         

 0,1 %.   4       

5    240 .    10  

 20 50 2 .       

   0,1 %. 

     ,    

   . 

 

2.6     

  

       

.  ,       

      , . .      

     .   
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  .     

    [10]. 

   ,   

         

  .      

,   , -   

,        

 ( ),   . . 

    ,     

       

 ( :   ,  

    ),       

,   ,  ( , , 

   , ,   . .).   

    (  , , , 

  . .)        

.  ,    ,     

     , 

, ,   ,   

  ,     [10]. 

  ,     

  ,     

,        

        ,   

. 

         

    ,    

. 



40 
 

       

  1, 2, 3    <x>  

: 

3
321 .                           (2.1) 

    <x> - i    

 ,   Δ    :   

3
Δ 321

.  (2.2) 

       : 

= < >  Δ ,  (2.3) 

  -  ,     < >  Δ . 
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3   

 

      

   .    

( )       

,      

.  -      

        

   .    

        

 ,       

.  

 

 
 

 
 

 –   0,1%;  –   1%  

 3.1 –      
   

 

  3.1      

   .    

 ,       

   .    

         – .  
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 .      

  ( - - ).     

    .  –  

  ,     : 

       .  

 

3.1     

 

       

  ,        

  .     

 . 

         

       

,     ,   .  

        

   . 

     

      ,   11262-2017 

  4648-2014 [4-5],   3.2    . 
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3.1.1    

 

    –    

      .  

    ,   

        

 ,       

  .  

     ( –Δl; –δ)  

          

 ,      3.1  3.2  

 3.3  3.4. 

 

 3.1 –       

  
 × ,  4,92 × 3,75 

 , 2 18,45 
- ,  0,49 

   0,20%,  5,49 
 ,  6,56 

 

 

  

 –    ;  –     

 3.2 –     
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  , % 0,11 
 ,  0,12 

 

 3.2 –       

  
 × ,  4,91 × 3,71 

 , 2 18,22 
- ,  1,00 

   0,20%,  2,30 
 ,  2,87 

  , % 0,36 
 ,  0,05 

 

 

 

 3.3 –        

   

,  

, 
 



45 
 

 

 3.4 –        

   

 

 3.5 –       

   

 

3

3,5

4

4,5

5

5,5

6

6,5

7

7,5

8

0 0,1 0,2 0,3 0,4 0,5 0,6

 
 , 

 , %

,  

, 
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  .     

    ,  

   ,    

   .     

    ,      

   . 

      

   ,     

    2 . 

 

 

 

3.1.2     

 

         , 

    ,       

-  . 

       (P ), 

     3.1:  

22bh

3PLσ , (3.1) 

  –  , ;  L -   , ; b - 

 , ; h -  , . 

 
 1.3 –     

    P ,     ,  
1 142,06 1,344 
2 124,32 1,238 
3 167,32 1,716 
4 104,98 1,185 
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5 124,34 1,266 
6 144,58 1,579 

 

 

 3.7 –   

 3.4 –       

   

 , % 0 0,05 0,1 0,5 

 ,  0,558 0,495 0,564 0,520 

 

          

, ,       

    ,    

  . 

 

3.2   

 

      

 . 

  ( ,     

 )   : 

0

20

40

60

80

100

120

140

160

180

0 0,2 0,4 0,6 0,8

, 

 , 

  1
  2
  3

  1
  2
  3
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(3.2) 

 

 C –        , 

   , δ –  , Ncl –  

    ,  Df –   

- . 

         – 

     .      

 , . .       . 

        3.8,   

    s,       - l  d 

.     . 

 

 3.8 –    

       , 

   3.9 –   . 

 

 3.9 –    

     

 : 

 

 (3.3) 

 

    : 

 

f

f
D

D3

cl
2N4δ

0,48

ρ

l
sP 22

12

P1

1δρ
3

2
C 2

Naf
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(3.4) 

 

 =0.5  δ = 100      2,13 / . 

,     0.22%  ,   

 .        

 ,   ,      

.  

       

      

  .     

    ,  

   ,    

   .     

    ,      

   .     

  ,         

 ,         

 .  

       

    ,     

-          . 

            . 

        

      , 

        

     . 

       ,   

        

  .  
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4      

 

   ,      

 ,      -    

        .  

      , 

 , , , ,   

  ,       

        . 

     -    , 

     ,  . 

  –       

  – , ,   

 ,  ,  

      .   

   ,  ,   

 ,     .  

 –       

,      

  –  ,    

          

  (   ).  

  ,  ,    

 ,         

 ,       

   .     

:    ,   , 

 ,       

 .  
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    -  .  

        

    –  . 

 :  

1.       12.3.030  

:  

       12.2.003  

 12.2.061;  

       

 12.2.062;  

 -         

12.1.005; 

        

    17.2.3.02;  

      (   

 ),       

  12.1.005.  

      12.1.004;  

      

,    12.4.011.  

2.       

 ,      .  

3.  ,    

 ,     240     

          

 .        

     .  
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4.    240     

,     :  

, ,  . -  

 ( )         

    3   2.2.5.1313. (  

, . № 1)  

 4.1 – -   

 ,    , / 3 
 

 
  20,0 4 

 5,0 3 
  0,1 1 

 

          

   12.1.005.  

5.      . 

  390 .      

    (  , ,  

).  

6.       30°   

 45° .         +5° , 

        

. 

М  

       

  . 

  «    »  

 : ,  ,   

. 

     

    12.1.005-01 «  -
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     ».     

        

.        

     : , 

 ,       

       ,  , 

        

.  

     

    ,  

       .  

         

.       ,  

     – 36,5 – 37 0 . ,   

 ,      

,  .     

   43 0      25 0 . 

       

 .     

      ,     

. ,    0 °    

  ,     .  

  30°         

   ,       

.       

        

 ,       

  .    

       

    30 – 70 %. 
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   ,    

     .    

   ,     ,   

 . 

     ,      ,  

      . 

        

   4.2. 

щ  

      

   ,    

. 

,    ,    37,26 
2.      .  

  3,2 2.   3,2 . 

        

 .        , 

      0,5-1,0 ,   

IV      23-05-95.    ,  . 

   II   ,    

   200 ,   

  = 1,5,    mn = 0,9.  

       

       

,       , 

 ,      . 

     : 

en =  · mn ,       (4.1) 

 n –     ; 

 –  ; 



56 
 

mn –   . 

en = 1,5 · 0,9 = 1,35. 

   ( )      

: 

 ,      (4.2) 

 S0 –  , 2; 

Sn –  , 2; 

0 –   , 0 =0,5; 

0 –   ; 

r1 – ,       

 (r1 = 1,5 - 3,0); 

 – ,      

(  = 1,4); 

3 –   ( 3 = 1,3). 

,     (4.3) 

 

 ,     

 , ,     

.      ,   

       

 100 . 

    : 

 ,       (4.4) 

 F –   , ;  

n –   ; 

N –   ; 

S –  , 2. 

 –     . 
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 = (100·6·18 /37,26·1,2) = 241,54. 

      

    .    

    4.2. 

      , 

  .     

    12.1.00.3-83     

2.2.4/2.1.8.562-96 ''    ,   , 

      ''. ,  

 ,   60 .    

 85 . 

     ,  

 ,      . 

В  

      

       

.      

,       

     .      

( , ),    ( , , 

,    ). 

 ,   ,   

 : 

        (4.5) 
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