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   ,       
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      .   

        

    .  SiC  

    (  
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 ,  , -    .). 

      :   

 ,  ,  , 

      . . 

  ,      
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    .    

     , 

      ,   

  ( )    -  

 .     

     

 ( )    [2]. 
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  . 

     : 
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   . 

2.      – 

    (  , 

   R0 = 8500 ,   

Si:C = 3,0:1),      

(    - ,  

  W = 30 ),      

 (  p = 1,5 .,  t = 75 ˚ ),   

      

        

   . 

3.        

 (  p = 60 ,  T = 1800 ˚ ,   ΔT/Δt 

= 100 K/ .,   Δt = 10 .,    

Al:B:C   4:2:2 %),   SiC-   

 -    . 

 ,    

1.     ,  

     ,  

        

       

      

        Si:C – 3:1. 

2.         
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1.  : , , , 

 

 

 

 

1.1.      

 

  (SiC)      

 Si-C.        

  ( ).     

 1912 .      Д3Ж,   

SiC       Д4Ж. 

     

      . 

     250  SiC [5].  

       : 1) α-  

(α-SiC),       

 (2H-SiC, 4H-SiC, 6H-SiC  .)    

(15R-SiC, 21R-SiC  .); 2) -  ( -SiC),    (  

-SiC) [6].       

         

      Z,   

 ,    . 

      –   

Si-C ,        ,  

,        (  

1.1.1, ) Д7Ж.          

 Si-C  (  1.1.1, ).     

: 1)        

     A ( ), B ( )  C ( )  
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   (  1.1.1, ); 2)    

         

     (  1.1.1, ).    

    1.1.1,  [8]. 

 

 1.1.1 –    :  SiC-

 ( ),       ( )  

 ( ) ,     ( )  

       

        

,         

    Д9, 10Ж.     

       

: , ,   ,   (  

   ) Д11Ж.  ,   

       

 .   Д12Ж     

     SiC:   

      6H→15R→4H. 

         

  6H→4H→15R,       

2270-3000 K      SiC Д13Ж.  

   SiC      
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   (  )    

1.1.2 [14].   Д15Ж       

         120   

       900  1510 ˚ .   Д16Ж 

      : 

,   SiC    

   . 

 

 1.1.2 –     SiC   

     : I –   

; II –    

 SiC        

,    ,   ,  

    1.1.1,      

    Д8Ж. ,   

 3C-SiC       

 (      з2100 ˚ ), 

 2H   [17].     

     

   SiC .    3C-SiC 

      ,  
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    Д18Ж.      

  ,      

  , 6H-  4H-SiC,      

       Д18, 19Ж. 

 1.1.1 –   SiC 

  3C-SiC 2H-SiC 4H-SiC 6H-SiC 

  F43m P63mc P63mc P63mc 

, % 0 100 50 33 

  (  1.1.1) ABC AB ABCB ABCACB 

 ,  

a 
0,43589 – 

0,43596 

0,30753 – 

0,30810 

0,3070 – 

0,3081 

0,3073 – 

0,3081 

c – 
0,5031 – 

0,5048 

1,0053 – 

1,0080 

1,51092 – 

1,51200 

 ,  
a 0,4359 0,3079 0,3073 0,3080 

c – 0,5053 1,053 1,5117 

, / 3
 3,215 3,219 3,215 3,212 

  ,  2,39 3,33 3,26 3,02 

   300 , 
2· -1· -1

 
≤1000 – ≤850 ≤450 

   300 , 
2· -1· -1

 
≤40 – ≤120 ≤100 

    , SiC   

  Д20Ж,       , 

      .    

       (   

   ).      

        

  Д3Ж.        

       ,    

  ,     

     ,   

   . 

 

1.2.      

 

          

      .  
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.  SiC      sp
3
 

( )  .     

      -  

    ,    . 

           

 .     

   1.2.1. 

 1.2.1 –     300  

 
 

 

   

3C-SiC 4H-SiC 6H-SiC 

 / 3
 3,210 [21] 3,211 [21] 3,210 [22] 

 
. , . 9,2-9,3 [23] 

 21-37 [16] 

  / 2
 2900-3100 [24, 25] 

   10
12

 / 2
 2,5 [23] 2,2 [23] 2,2 [23] 

   1200 [23] 1300 [23] 1200 [23] 

   3103±40 [27] 

  / ·  0,69 [23] 

 / ·  3,6 [23] 3,7 [23] 4,9 [23] 

 
2/  1,6 [23] 1,7 [23] 2,2 [23] 

   10
-6

 1/  3,8 [25] - 4,3 [25] 

        

 :    SiC   , 

     .     

     21-37       

    Д28Ж.   ,  

( ,  ;       SiC) 

         , 

   ,    , 

 , .   SiC   

    .       
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  ,   . 

      

Д29, 30Ж,    SiC    Д31, 32Ж, 

    Д33Ж. 

SiC ,        

 ,      

 :  ( ,  ,  

),     ( ,   ), 

 ( , , , ,   ,  

 ,   ).      

   ,      

        [11]. 

  1.2.2        

         

 Д34Ж.    SiC-     

.  Д35-37Ж      

 ,    ,   

         

     (  TRISO),  

   -   . 

   XX     , 

      [38]. SiC  

     ,  

     .  

 1.2.3     SiC  

      [39]. 
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 1.2.2 –    SiC      

 

 

 

  
 

 
  

 

   ● ● ● ●   

  ● ●  ● ●  

   ●  ●   

  ● ● ● ●   

   ● ● ●  

  ● ●  ●   

  ● ●     

  ● ●     

   ● ●   

    ● ●  ● 

    ● ●   

   ● ●   

  ●  ● ●  ● 

   ●     

    ● ●   

   ●  ●   

     [39, 40],   

      : 

1)   ,     

 (  1000 ˚ )      

; 

2)   ,    

    ; 

3)  ,    ; 

4)   ,   . 
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 1.2.3 –       

 

 

 

-

 , 

 

 

-

 , 

/  

-

 

, 
2/ ·  

 

 

, 

/  

-

, 

/ ·  

-

 

, 

 

Si 1,12 0,6 1,1 1,0·107
 150 640 

GaN 3,39 3,3 1,0 2,5·107
 130 550 

3C-SiC 2,20 2,0 750,0 2,5·107
 500 1200 

4H-SiC 3,26 3,0 800,0 2,0·107
 490 1300 

6H-SiC 3,00 3,0 370,0 2,0·107
 490 1200 

     

     Д20Ж: 

1)        

 (~6 )   (~5·103
 / 2

); 

2)        

   (  104
   10-11

 ); 

3)         

 :     400 ˚ ,  

 (  1016
 / 2

),    ,   

   ,     [41]; 

4)   (2–3 )  . 

 ,  SiC-   . 

      

       

        

        SiC. 

        

  Д40Ж,      Д42Ж.  

        

 Д39Ж,         
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    . ,    – 

   -    Д3Ж, 

       SiC. 

 

1.3.     

 

1.3.1        

      Si-C  

    1824 . Д4Ж.    

    ,     

   ,   ,   

 Д43Ж.         

1893 . [44].       SiC     

  ,      [45]. 

       SiC   

      

 . , SiC     

 ,     

    [46].     

        

 :  1907 . .     SiC 

     ,   1923 . .     

  [47-49].       

          

 XX .  1978 .       

 SiC,       

 [20].        

  SiC,      

         

 XX .       
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 SiC Д20Ж,      , 

    . 

 ,  SiC    .  

      (  

2000 ˚ ).  ,        

   .    

         

1.3.1 [27].        ,  

     . 

 

 1.3.1 –     Si-C 

 

1.3.2   

      

 SiC.     [50-54] 

         . , 

    «The Carborundum Company»,   

   . 

        

 [44, 34].       

 ,       

   ( )   ( , ): 



20 

01600-2500 C

2SiO +3C SiC+2CO.  

     ,  

    (  100 ).   

  2000 ˚C     , 

      .   

       

.      SiC   

   1.3.2 [54]. 

 

 1.3.2 –      

 SiC      ,  

  ,      

,    .     

       . 

      [20, 53]: 

       

    (    ); 

       

; 

       ; 

    ; 
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      (  ); 

    . 

       

 .   [54]    

    ;  ,  

    , ,   

    Д53Ж.  Д55-60Ж  

  -    ,  

    , ,  , 

   . 

 

1.3.3     

 1955 . .       

 ,     SiC   

   ,      SiC 

   Д61Ж.     

   6H-SiC   

   .      

        2500 ˚C  

 ,    .  

  SiC      

. 

  SiC      

      

  .      

       

  ( ),   1978 .   

    SiC  

     20  Д62Ж.     

  з1800 ˚      1,6 – 2,0 / .   
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 -      Д63Ж   

«  ». 

        

   10  Д20Ж.     « » 

   SiC   75 .  

          

 ,      .  

        

    .  

       

  Cree ( ). 

 ,        ,  

         

,       

  .     

,    ,      

.        

      SiC (  2600 ˚ ). 

      SiC    

    ,    

 ,  ,   SiC  

. 

 

1.3.4   

      1970-  .  

 Д64Ж.     : 

   (   SHS – self-

propagating high-temperature synthesis)     (VCS – volume 

combustion synthesis).       

( )   (VCS),       
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     Д65Ж.    

 « »      

       2000 .  

VCS         

        

      [66]. 

       

  :  

Si + C = SiC + 73 / . 

      

       

Tad = 1860 .       ,  

      SiC,  

   .      

  : 

)   ; 

)    ; 

)    ; 

)    / ; 

)   . 

       

  , , ,    

  ,      . 

          Д67Ж, 

        

.       

     SiC.    

    .  

,  50%      

       [68, 69]. 
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 ,      

   .      

 Д68Ж      . ,  

    ,  з96 %  -SiC. 

       

      .    

    Д68Ж,       

 Д70, 71Ж   [72- 75Ж.        

      ,   

    ,     , 

  - .  SiC   

    , ,  

.         

 .      -SiC. 

    ~0,1 . 

       

   ,     Д76Ж, 

   ( ) (-CF2-CF2-)n   . 

  Д77Ж     KNO3, NaNO3, NH4NO3  

BaNO3. ,  KNO3-Si   ,   

   (з 1 ).   Д78Ж   

  ДMg+(-CF2-CF2-)n]. 

      

       Д79Ж   Д80Ж, 

       Si+C    

      Д81Ж.      

      SiC [82-87]. 

      

         

   .       
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    ,    

     Д88Ж.  ,  

  ,   , 

   ,     

 Д89-91]. 

        

        

      .   

 [SiO2+Me(Mg,Al)+C]      

    Si+C.        

        

 Д92-94Ж.         

    , . . Mg2SiO4  Si Д95, 96Ж,   

.          

    .      

 . 

    -  Д46, 94Ж: 

    (   ); 

   ; 

   ; 

     ; 

     . 

       

        

.        , 

         

  .  ,   (    

 )     . 

       

     Si-C.    
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 ,  ,     

       

 [46]. 

 

1.3.5   

      

     ,   

    ( , , ). 

     

:   ,   

    .   

         10  

200 .      

     . 

   ,    , 

        

 .        

.     ,  

        [97]. 

 Д98Ж     

  SiC    SiCl4    

C6H14    Ar  N2   . 

     ,   

   5,0–8,5 .   

     c  -SiC  80 %  

   150 .     

  ,      -SiC.  

       

  ,     -SiC. 
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    Д97Ж.   

      ,  

  ,      

 .      

  ,   -

,   .   

        

 Si, Si3N4  SiC     Д99Ж.    

SiC    SiH4+CH4  SiH4+C2H4.   

   – 18-26 ,   – 21 .  

       

[99].         

   (    )  . 

        

 (  1 ),     . 

       

       (  5   5 , 

   ),       

,        

   .   

     ,   

       

.       

 , ,     

 . 

 

1.3.6 CVD 

     (CVD)  

 (PVD)    .  CVD  
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     ,   

   CVD-     

.      

 ,      600-

900 .     CVD-   1200-

1400 ,   – 0,03-0,20 /  Д97Ж. 

  ,     CVD- , 

    , , , , 

  ,      . 

   ,      

      ,   

       . 

 ,     ( )   

      Д100Ж. 

CVD      ,   

 SiC     ,   

.   Д101Ж   SiC    

 SiH4-C2H2   N2.     : 

2 SiH4 ( ) + C2H2 ( ) = 2SiC ( ) + 5H2 ( ). 

        

(C2H2:SiH4 –1,2:1)   1100     SiC,   

      0,1-0,5 . 

  CVD-        

  CH3SiCl3  H2    Д102Ж. 

     -SiC     

   70 .    

 SiC     : 

1) CH3SiCl3 + H2 = CH4 + SiCl2 + HCl; 2) CH4 +SiCl2 = SiC + H2. 

     ,     

     .   
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      SiC  ,  

   . 

  CVD      

 ,       

 .   CVD    

 SiC  , , . 

 

1.3.7 -   

-       ,  

  ,      

 ( )      .  -  

  70-  . XX .      ,  

,   (SiO2, Al2O3, ZrO2, TiO2  .)    

 Д103Ж. 

 -      

     . 

   ,        

   ,    

  [104]. 

-         . 

  SiC        

 ,   .   

  (SiOH),     

  (Si-O-Si).   H4SiO4     

         , 

      .    

          

   Д105, 106Ж.     

   ,    

   .     
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  .   ,    

,       

,         

. 

    -      

   .   Д107Ж    

-SiC     9  53 .     

      . 

,  -  ,    

       . , 

 -     , ,  

    (3,21 / 3
).   Д107Ж 

,        

     1,86 / 3
. 

  -     

 ,       

 .       

         

 Д108Ж,   -SiC       

  1580 ˚    3      

       SiO2   

C12H22O11.   H3BO3      

  .     SiC    

  100   ,   (87 %   

)   . 

-        

       

  ,     

  ,     

    (~1600 ˚C). 
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1.4.       SiC 

 

        

   .    

    ,  , 

 ,  , -  

.    ,   

       ,  

   ,      , 

 ,  ,  

  ,  .      

 -       

-  .      

        

  -   . 
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2.     

  

 

 

 

2.1.        

 

      

      

( )         . 

       , 

        

        

,      .  

   ( )   

        

 ,       

 .     

     – . 

       ( ) 

–    ( ),    

 . 

         

 : 1)    (  , 

,  ,   ,  

), 2)    (   ,  

,  ,  ,  

), 3)     (  ,  

), 4)   (   ), 5) 

  (  ,  , 
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 ), 6)   (  ). 

      

   2.1.1. 

 

 2.1.1 –      

  

     , 

      - .  

     ,     

       

       

 .        

      .    

 ,     

,       

 ,        

   [109]. 

        

  : 1)   ; 2)  

; 3)  ; 4)  ; 5)   

   (<10-3
 )   (<10-9

 ); 
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6)    (10-4
 – 10

-8
 ); 7)    

   (1013
 / ) Д110, 111Ж.    

       . 

     , 

      24 ,   

   6    5-200  200 . 

 ,       

WC = 360     C = 28,8     

 Uз  = 5,0 .   2.1.2    

  .    C1, C2 

… Cn           

 .       

( )       ( )   

,        

  ( )    ( ). 

        

 R1, R2 … Rn,      . 

 

 2.1.2 –      

    , 

        

 ,         
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  ,         

.     : 

     100-300 ,    

  ,     (  100 ), 

      10 ,  ,  

  ,      , 

  [110]. 

         

   .     

     ,  

    ,   

   (  ) , 

 ,    .    

  :       

  (R1>>R2)  ,   R2 

     .    

   2 .   2.1.3    

     .  

  u1(t)    u2(t)    [112]: 

      2 2
2 1 1

1 2 1

.
R R

u t  = u t u t
R +R R

  (2.1.1) 

   ,      

   ,  , .  

     ,  

  ,      i(t), . . 

   .    

       N 

   ui(t)    i(t)   

: 

 i

d НТ
u (t) = N = M

dt dt
, (2.1.2) 
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 M –       , 

 –      S.  « »,    

     ,  ,  

    ,   

    ,     

.   2.1.4     

      [112, 113]. 

 

 2.1.3 –       

    : 1 –   

, 2 –     Z, 3 –  

 

 

 2.1.4 ––      
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    ui(t),  

    di(t)/dt   .   

  RC-     ,  

 um(t),   ,   

 C.   Rd    

 ,   .  

   ,      

      , ,   

    . 

     ,   

     ,  

     Tektronix 

TDS2012c. 

 

2.2.       

     

 

     .    

      ,   

          

  .      

 ,  ,  .  

     1957 .    

          [114]. 

     Z-  . « - »,  

« »,      ,   

      .    

        , 
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 ,     .    

      .  -  

   –     

  B      I: 

 dF=j×BdV=Idl×B,  (2.1.3) 

 dl  –   .        

.   Iz        

 z,         

     Bφ,    

 Z-  [115] (  2.2.1).      

     ,   

,      .  

       

 ,  ,   

,  .    ,    

 ,   ,   

,    ,     

.      – - . 

 

 2.2.1 –  Z-  

 ,       Z-  

,     :  ,  

IzIz

Iz

Bφ

z

r
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 -  ,  ,  

  .        

 ,  ,   

,        .  

         

   /  ,    

      .   

    . 

      , -

     ,    . 

      «   –  

»,      ,    

  ,      . 

  -      

  ,   .  ,   

  ,     -

 ,       

  ,     

   ,        

 . 

    Z-  ,   

   (  ),  

      ,   

   ,    

.       

    106
       

  10
10

 .      

    . 

        

 : 1)      
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 ,       

  (        

       ); 

2)        

     ; 3)  

      

     pT- ; 4)  

         

 ,      . 

     (  ) 

   τ0 = l0/υ,  l0 –   , υ – 

  .   ,   τ0, 

  ;    τ>>τ0,  

         

 [115]. 

        

,    .     

          ,   

     .   

   ,      

    .  

 ( )      ,    

  ,    ,   

pT- ,       -  

 ,     . 

      

   ( ),   

   Д2Ж.   

  ,     

 ,    ,   ,  
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     Ti-N, B-C-N, W-C, 

C-N,  .,    .      

       

    ,    

 .   Д116Ж     

    C-N   .  

       

     ,     

   .     

   (W2C),      

 (  2-3%   ),    

  ,  ,   

  Д117Ж.   

      

   .     

     , 

    ,   

 , . .   . 

      Si-C  

     

,    2.2.2.    

      

( )   -  ( ) ,  ,   

 .      

   –  Si  C  ,   

, XRD-      2.2.3. 

      

   2.2.4.     , 

  ,     

 [118]. 
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 2.2.2 –    : 1 –  

 - ; 2 –    

; 3 –  ; 4 –    

; 5 – -  

 

 2.2.3 – XRD-  :  (Si)   (gC) 

 

 2.2.4 –     : 1)  

 , 2)  , 3)  , 

4)  , 5)  , 6)  , 

7)     Si+C, 8)  , 

9)  , 10)    , 11) : 

11.1)  , 11.2) , 11.3)  , 11.4)  

, 11.5)  , 12)  , 13)  

 

1 43 52

20 30 40 50 60 70 2Θ, 

■ 
1

1
1

● 002

■ 
2
2

0

■ 
3

1
1

● 
1

0
1

■ 
4
0

0

gC

Si
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  :   l К = 169 ,  

  d К = 9,5 ,     

 ( ) lК  = 10 ,  dК  = 8 .    

       lК  = 620 , 

dК  = 210 .       2.2.5. 

 

 2.1.5 –      

       

 ,       

    Si-C.   

       

     

  .      

   ,    , 

  ( ),     , 

   ,      . 

Д115Ж.        

         

       

(  , )      

. 
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2.3.      

 

 

,   ,   

       

(X-Ray diffraction – XRD)   Shimadzu XRD-7000 (CuKa-

, λ = 1,5406 й)      2θ = 20˚ – 

80˚ (   – 2˚/ )   - .  

   :   ,  

 ,   ,   

    . 

 XRD       

   .  

       PDF4+. 

   ( )   

(XRD- )    Powder Cell 2.4  Windows 

(PCW 2.4),      .     

        

        

  .     

       Д119]. 

        

 : 1)    (scanning 

electron microscopy – SEM)   : Hitachi TM 3000; 

Quanta 200 3D  JEOL JSM 7500FA    

 (energy-dispersive spectroscopy – EDS); 2)  

  (transmission electron microscopy – TEM)  

  Phillips CM 12; 3)   

   (high resolution TEM – HRTEM)  

  JEOL JEM 2100F   EDS. 
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2.4.        

   

 

       

:   Д120Ж;   Д121Ж;  

   Д122Ж;    Д123Ж;   

  Д124Ж;    Д125Ж; -

 (  ) Д126].     

     (    

   spark plasma sintering – SPS).   

      . 

      SPS   

     2.4.1.     

 (         ).  

      ,  

    ,   

  ,      ,    

    ,     

  .     

       :   

           

    .      

  ,       

         

 ,       .   

         

        

        ,   

,  . 
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 SPS.       :   

 ,     ,    

   .     

   ,      

  .      

 ,   .     

    ,      

- .    (  )   

   (  ).     

       [127]. 

 

 2.4.1 –      SPS 

        

  SPS.      GT 

Advances Technologies SPS10-4.     

     .  

   (     

 54, 18, 6, 3 ),     (    

 6, 3, 1, 0,25       )  

 -   FШЫМТЩШХ 1V.    

 ,        
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 ,      

       

.        

    .     

  KOH-KNO3 (   50:50)  480 ˚   

 1    .     

   ,     . 

    ,     

. 

        

 ,        

   (  Hitachi TM3000),  

-  :    (  

Galileo IЬШЬМКЧ HV2 OD),    . 

  



48 

3.     

      

  

 

 

 

3.1       

   

 

     

      -

       

 ,       

.       

    Д128, 129Ж.    Д130], 

         100  

  104
 ,      

        

.        

:    C = 6,0 ,   

Uз  = 3,5 . 

     ( )   

  .     (Si:  

= 2:1)  з1,0    .     

     .   

       

  - ,     

 Z-        . 

       

    ,     
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   .     

~300    :   Im = 101 ,  

    Um = 1,16 ,   Pm = 115 , 

  W = 18 .    

   3.1.1. 

 

 3.1.1 –     i(t)   u(t)  

 ,   p(t)    w(t) 

      

    .    ,   

 з1 .       

 XRD.   3.1.2,    XRD-  

 .    , 

       ,  

      -SiC.  

      2θ ≈ 36˚, 41˚, 

60˚, 71˚       111, 200, 220  

311  -SiC (JCPDS № 00-029-1129,   F-43m 216). 

       2θ ≈ 29˚, 26˚, 44˚, 47˚, 

        

  Si (JCPDS № 00-027-1402,   F43/d-

32/m 227)   C    (JCPDS 00-041-1487,  

 P6-3mc 186).  ,      , 

 ,    – C (Onions)    
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(JCPDS 00-075-0444,   R-3m 166),   (002) 

         

2θ ≈ 29˚. ,   - ,    

     .     

       

   .     

     (  3.1.2, )  

  ,          

,           

  . 

 

 3.1.2 – XRD-    ( )    ( )  

    SiC ( ) 

        

 34˚     -SiC (111),  

   3.1.2, .     XRD-    

    SiC. ,    

          

2D-  (       – 



51 

stacking faults SF) [131, 132Ж.      , 

     2θ ≈ 33,5˚      

   α-SiC  ,      

  ,    

    -SiC (111) (2θ = 33˚ – 37˚) -

     .   

   ,    

  α-SiC        SF. 

      

,       3.1.1.    

        

 ( )    ,   ,  

     s = Rwp/Rexp,  

     .   

    -   ,    

        

      ,  

 .      

  ,        

     ,    . 

      Δd/d   

  ,       з60  

    ,  

    . 

 3.1.1 –    

 
, 

% . 
 , й , 

 

Δd/d 
10

-3
 

s = 

Rwp/Rexp . PDF4+ 

-SiC 73,0  = 4,3487  = 4,3480 61,0 0,3 
Rwp = 25,0 

Rexp =10,0 

s = 2,5 

gC 19,3 
 = 2,4295 

 = 6,7954 

 = 2,4700 

 = 6,7900 
15,0 0,7 

cSi 7,7  = 5,4054  = 5,4190 26,0 3,4 
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  3.1.3,    SEM-  (Quanta 200 3D) 

  ,   

      500      

 .     SEM-   

 .   3.1.3,     

 .      

 (   ),    

 ,         

     БRD- ,     

 .    Ag  Al  

       

. 

 

 3.1.3. SEM-    ( )   

  ( ) 

  3.1.4,   SEM-  (JEOL JSM 7500FA) 

  .    

           

  .      

500 ,        з100 .   

   ;       

       .   3.1.4,   

STEM- ,      . 
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       ,  

   3.1.4,   3.1.4, ,    EDX-

.         

 ,   , - ,    

  . 

 

 3.1.4. SEM-    ( )   EDS-

: STEM-  ( ); C-  ( ); Si-  ( ) 

       

  ,    HRTEM.   3.1.5  

TEM-   .   -  (  

3.1.5, )     ,  

       

 1,        

 .    1   

      [133].  

   з500 ,    – з200 .  1 

       2, 
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      .  

      3   

 з25-50 .   2  3      – 

  .     

   (SAED) (  3.1.5, ),   

      ,  

       .  

   (  3.1.5,   )  

     1    

 SiC (111)  (222).       

      . 

 

 3.1.5 –  TEM  :   ( ), SAED 

( ),   ( , ) 

     3.1.6,   

 -       1  SAED, 

         д111ж  

   d111 = 0,251032   -SiC.   

          

    3.1.6, .  ,    

3.1.5  3.1.6   ,   1  

    -SiC.  



55 

 

 3.1.6 – -   SiC    (Si:C – 2,5:1): 

      SAED ( ),    

  ( ) 

      , 

   43m    -SiC [134].    

      (  F  

  ),    

  216,     

      ZnS (  ),  

  .      

    a, ,  ,   

     ,    

 .      

    – , , , 

, , .   3.1.7 

       ( ) 

      ( ).   

       .  

        

        

     (  3.1.7, ) [135].  

   SiC   

        ,    

     TEM- ,   



56 

,       HRTEM- .   

       , 

     3.1.8. 

 

 3.1.7 –     SiC:    

  ( ),    ( ),  

  ( ) 

 

 3.1.8 – TEM-   SiC   

 ,  SiC      

        

,      . 

     , - , 

       

 –   ,    

       ,  

- ,       

.         

 ,        SiC, 

   Д72, 107, 136, 137Ж. 

  TEM-  ,     

        D.   
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      D  

  h   D.   D  100    

  1,   D  1    5  .    

       (  ). 

  3.1.9,       

  SiC (111) (d = 2,51 й).   TEM-   

3.1.9,   3.1.9, ,  SiC      SF,  

    XRD.     

      Д138]. 

 

 3.1.9 –  TEM : )  TEM-   

SAED, )  TEM-       

SiC (111), )      SiC 

  3.1.10  HRTEM-    

(  500 ) ( )    ( )  ( ) (  з50   з20  

) ,       

  ,      

.      (    1  

 )    , 

    – d = ~0,251 .   

       d111 = 

0,251032       [139].  

       

  HRTEM- ,     XRD,  
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   SAED.     

  -SiC    ,  

       1÷3  

 . 

 

 3.1.10 – HRTEM-    :  

  (  500 ) ( ),    50  

( ),    20  ( ) 

  3.1.11,   HRTEM-    

(15÷20 )  3      .  

      0,312 ,  

     d111 = 0,312866    

    Д139Ж.     

 3       

,      .  3    

 ,   . 

  HRTEM-  (  3.1.11, )    

  10÷30       

 .     

 0,34     d002 = 0,3395   . 

      0,36-0,38 , . . 

       

  Д140Ж. ,     

   ,    

 ,   .      
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    HRTEM     

  ,        3.1.11, .  

       

    -SiC,     

   .      SAED, 

      ,  

   д002ж    

( ,  , d = 0,34÷0,36 ). 

 

 3.1.11 – HRTEM-    2  3   : 

  ( );      ( ); 

   ( ) 

   ,    

,         

    Si-C  ,   

. -SiC       з10  500   

 ,   .   

         

    .      

       

        Si-C  

       . 
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3.2.        

     

 

     (  3.1.1),   

 Д115Ж –        

    , ,  ,   

 . - ,     

     ,      

        

   , . .     

  ,    « »   

.      ,  

      . 

       

           

      

   ,    3.2.1:   

  ( ),        

  –    - ,   

     ( ) –    

     ,    

   Si-C . 

 

 3.2.1 –      : 

) ; ) ; 1 –  , 2 –  

 , 3 –  , 4 – , 5 –   
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 :    C = 6 , Uз  = 

3,0 .       , 

    .    

,         

         

     .  , 

   , , ,  

        . 

  3.2.2     u(t)   

i(t) (   ),   p(t)   i(t) (   )   ,  

    , 

   3.2.1. 

 

 3.2.2 –    u(t)   i(t) (   ), 

  p(t)   i(t) (   )    (1)  

 (2) 
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 3.2.1 –       

   :    (1) 

  (2) 

№ R0,  Δt,  Um,  Im,  Pm,  W,  

1 1 10 1,55 87,0 165,9 19 

2 10000 68 1,48 93,4 135,0 17 

  Δt    .     

 ,     

 ,    - ,   

    i(t).   3.2.1 ,   

     (    

      

),       

.       

          

   . 

  (1)      

 R0   1,0 ,       

t = 0  ,     3.3.2 (  1).  

     –  .  

   ,    3.3.2, , , 

       Si+ ,  

         -

      -SiC. 

      

   3.2.3, .    

   80    10 .    

       .    

        

         

 . 



63 

 

 3.2.3 –       

      ( )  

 ( ).      : 

1 –   (   –  ), 2 –  

 , 3 –       

  (     –   , 

   –   ).    

 : 1 –   (   –  

 ), 2 –   (     

  –   ), 3 –  «  

» (Θmax)    

  ( )       

R0  10000        

      Δt2,    

  3.2.2 (  2).        Δt2 

     ,  

 ,        

 .       
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     Д141Ж.   

  ,     

  ,   ,  .  

       

,       

  .         ,  

     ( ) 

.    ,   

:     « »  

.         , 

  ,        

 ,   ,   

     Д142Ж.     

,  ,    Д143Ж   

    . 

       

 3.2.3, .          

 .        

     .     

 ,    «  » («hot 

spots») Д144Ж.          

 .          

 ,        

.         

     ,     

       

[145, 146]. 

       (3.2.1): 

 
2

0

.
cρ

t =
0,25αγ E  (3.2.1) 
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      E = 3∙105
 /   

   (    = 833,3 -1∙ -1
, 

  α = 1,7∙10-3
 

-1,   c = 

714 / ∙ ,  ρ = 2328 / 3)     

 t  = 54,6∙10-6
 ,     Δt2 = 68 , 

    .    

          

        

  Si+C.        , 

        

      .   

    ,     

 ,         

,      ,   , 

      Д147Ж. 

        

    XRD.   3.2.4 

   XRD- .    

      ,   

  ,    3.1.1.  

   (  3.2.2),      

    -SiC    

 .       

: ,       

,       

       

   ;     

          

       .     
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       .  

,      ,   

,          

  ,      

   . 

 

 3.2.4 – XRD-  ,    

   

 3.2.2 –     

№   
  ;  

s = Rwp/Rexp 
 SiC Si C 

1  
ω, % 50,5 31,7 17,8 Rwp=26,6 

Rexp=17,5 

s = 1,52 ,  105 98 15 

2  
ω, % 91,7 5,4 2,9 Rwp=28,7 

Rexp=15,1 

s = 1,90 ,  63 20 22 

       

3.2.5 SEM  TEM-  ,     

.  SEM,   TEM    

 ,        500   

  .    

   ,  ,    

,   (> 1 )    (1). 

  (1)    SAED  
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  (  3.2.5, )   . - , 

      

  ,      

    .    

       -SiC (2). 

 

 3.2.5 –  SEM ( , ) TEM ( , , , )  , 

       ( - )  

 ( - ) 

  TEM-    3.2.4, , , ,   

 ,         

     (2),    

  250 ,  –  80 .    

  SAED,       

         , 

    ,    . 

  (2)      
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   -SiC.      

 .  ,     

    « »    

    ,    

  , - ,      

 . 

 ,      

,  ,     Δt.    

  ,      

        

 ,         

  -SiC        

.       Δt  

      ,  

       -SiC. 

 ,       

   ,    

    . 
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3.3.      

       

 

       

       

. - ,      

     R0   

.         

       . R0   

  80  16000      , 

       .  

      Z-   

    .     

       3.3.1.  

     Uз  = 3,0 ,  

  – C = 6,0 .    

       

. 

 3.3.1 –       

  R0 

№ 1 2 3 4 5 6 7 8 9 

R0,  80 100 150 3000 8500 10000 12000 14000 16000 

Δt,  49,4 58,0 60,0 60,4 65,2 68,0 68,8 72,4 77,2 

Um,  1,23 0,97 0,93 1,04 1,44 1,48 1,03 1,12 1,02 

Im,  126,5 104,6 108,1 97,5 104 97,4 96,9 97,9 108 

Pm,  165,9 108,8 120,9 143,6 127,2 164,7 101,9 122,4 114 

P(5),  32 20 13 8 7 8 9 10 12 

W,  17,5 17,0 17,5 18,1 16,8 19,0 16,0 18,9 17,3 

  3.3.1  3.3.2    u(t), i(t)  

  p(t),      

 R0.  ,  R0      

 ,     Im,  Pm  

     W.   
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   Δt  з50  з80    R0.   

        Uз   

       -

  . 

 

 3.3.1 –    u(t)   i(t)   

   R0 = 80  (1), R0 = 100  (2), 

R0 = 8000  (3), R0 = 14000  (4) 

 

 3.3.2 –   p(t)    i(t)   

   R0 = 80  (1), R0 = 100  (2), 

R0 = 8000  (3), R0 = 14000  (4) 

      

XRD.   3.3.3  XRD-  ,   

    .  XRD-  



71 

      Si-C  

:     SiC,    Si, 

    gC.    R0   

   . ,   

        

     R0 = 8500 ,  –  

   R0 = 80 . 

 

 3.3.3 – XRD-  ,     

    

     3.3.2.     

 ,       

 3.3.1  3.3.2       3.3.4.    R0 

 8500      -SiC   
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 з99 %.         

       .    

   p(t) 1, 2  3   3.3.2,   

   Δt –   ,    

P(5)    t = 5 . - ,    R0 = 

8500         

   . 

 3.4.2 –   ,     

    R0 

№ R0,  
 ;  

Rwp/Rexp 
 SiC Si C 

1 80 
ω, % 53,4 17,8 28,8 Rwp = 23,9 

Rexp = 19,7 ,  40 94 10 

2 100 
ω, % 58,3 13,4 28,3 Rwp = 24,5 

Rexp = 19,6 ,  37 69 11 

3 150 
ω, % 79,7 4,9 15,4 Rwp = 29,6 

Rexp = 23,4 ,  33 35 9 

4 3000 
ω, % 97,0 2,0 1,0 Rwp = 22,2 

Rexp = 20,4 ,  40 20 18 

5 8500 
ω, % 98,7 0,8 0,5 Rwp = 24,2 

Rexp = 11,5 ,  43 21 21 

6 10000 
ω, % 92,1 4,0 3,9 Rwp = 23,5 

Rexp = 17,8 ,  66 25 17 

7 12000 
ω, % 89,4 2,1 8,5 Rwp = 28,7 

Rexp = 9,1 ,  83 20 16 

8 14000 
ω, % 88,8 1,2 10,0 Rwp = 25,1 

Rexp = 8,8 ,  93 25 22 

9 16000 
ω, % 77,8 8,5 13,7 Rwp = 26,0 

Rexp = 9,5 ,  116 15 12 

 R0    100      

    (  1, 2   3.3.2), 

   1,     

     -SiC  50,0-60,0 % 
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(  3.3.1).   ,  R0  10000÷16000   

   -SiC,   .   

     p(t) (  4,  3.3.2)  

  P(5).     ,  

 R0  10000        

,       ,  

« »       

 .        

    - . 

 

 3.3.4 –      

    P(5),    Δt   

  ω(SiC) 

 TEM       .  

 ,      

    (    R = 

80 ),        (  3.3.5).  

     ,   

 ,     

, ,   ,     

 .    ,  , 

   ,     SiC (111). 
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     ,  ,   

  (  100 ).       

   ,       

   (      1 ).   

        (  3.3.6, ),    

.  SAED      

  (   ) (    

3.3.6, ),     .     

    , ,  ,    

,    ,     

  (  3.3.6, ). 

 

 3.3.5 –  TEM ,    

 R0 = 80  

 

 3.3.6 –  TEM ,    

 R0 = 80  
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     ,   ,  

  ,   ,     , 

,     ,      

       .     

   ,      , 

        

     . ,    

      ,   

    .    

      :    

      . 

       

       

R0 = 16000 .   3.3.7   ,  

  .  TEM-  (  3.3.7, ) 

  ,     

     200 ,    

    (  3.3.7, ).      

   (  50 ),     

    .  SAED 

   ,   

 ,      

 ,   (    

   ).  ,   

        

 R0 = 16000        

  ,     R0 = 80 . 

   ,     

  R0       Δt  

    ,   ,  
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 .        

  ,    ,   

   ,       

 .    -     P(5), 

        , 

         

   - . 

 

 3.4.7 –  TEM ,    

 R0 = 16000  

 ,        

      .   

      .  

      SAED,    

    ,    

  .      

 ,       ,  

   ,      . 
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  ,     

  R0 = 8300 .   ,   

  98,7 %   ,   

 TEM.   3.3.8,    , 

     ,  

       (  3.3.8, ). 

 SAED        

.    ,   SAED     . 

 ,          

  ,      : 

          

.  

 

 3.3.8 –  TEM ,    

R0 = 8500  

        

3.3.9  3.3.10.   ,       

      , 

     .   

        

 (  3.3.11,   ).        

– 30      200 .    
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        – 

1:9-10.         

. 

 

 3.3.9 –  TEM ,    

R0 = 8500  

 

 3.3.10 –  TEM ,    

R0 = 8500  

    R0 = 8500   , 

   ́        

R0 = 80    ,    

    ,   ́    

     R0 = 16000    

 ,      

      . 



79 

 

 3.3.11 –  TEM ,    R0 = 

8300  

 ,       

       . 

 ,    ,  

   Δt      P(5). 

        

,      

.   R0 = 80 – 8500     

 ,   R0 = 8500 – 16000     

  .    ,    

       

   5000 – 8500 . 
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4.     

     

   

  

 

 

 

4.1.       

   

 

         

      

 ,       . 

      

    SiC    Si:C – 

2,3:1.           

     ,   

       

 .        

SiC.        -  

    .    

       

  0,02       

  .     

     (Uз  = 3,0 , C = 

6 ),       Si:C   

    1,5:1  9,0:1.   

 (Si:C) .    (Si:C)  (  4.1.1).   

   ,    

XRD.   4.1.1   XRD- .    
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 :      

    .   4.1.1  

 . 

 4.1.1 –       

№ . (Si:C)  (Si:C)  
-SТC SТ C 

.% .% .% 

1 1,5:1 0,40:0,60 74,7 4,3 20,9 

2 2,3:1 0,50:0,50 86,5 4,6 8,9 

3 3,0:1 0,56:0,44 92,8 2,3 4,9 

4 9,0:1 0,80:0,20 66,7 31,6 1,7 

 

 4.1.1 – XRD-   ,    

   (Si:C)m 

         

        , 

   4.1.2.     

(~93 %)       (Si:C)  = 0,56:0,44,  

,   , (Si:C)  = 0,50:0,50, . .    

.        

  -     . 

20 30 40 50 60 70 2Θ, 

● 
0

0
2

■ 
1

1
1

►
 1

1
1

►
 2

0
0

■ 
2

2
0

■ 
3
1
1

►
 2

2
0

■ 
4
0
0

►
 3

1
1

►
 2

2
2

►

►

■

■
► ►

►

►

► ■ ■
► ►

►

►

► ■ ■
►

►
►

■
■●

●

Si:C = 1,5:1

Si:C = 9,0:1

Si:C = 3,0:1

Si:C = 2,3:1

■

▲- SiC, ● - C, ■ - Si
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    TEM.   4.1.3 

 TEM-         

.    (  4.1.3, ) ,  

,   ,        

 4.1.4.   1 (  4.1.4, ) –   

 ,       

    SAED (  4.1.3, ).     

(  4.1.3, ),         

,       . 

 

 4.1.2 –        

  -SiC    2,   

    10-20  (  4.1.4, ).  ,   

  TEM-  (  4.1.3, ),  

  ,   ,     

         SAED 

(  4.1.3, ).   4.1.5,      

 :          

 .    (  4.1.5, )  

      . 

0

20

40

60

80

100

0,4 0,5 0,6 0,7 0,8 Si

Si, . . ( .)

ω(SiC),%

ω(Si),%

ω(C),%

 C   Si  

 SiC   

 Si:C=3:1   

C

1

2
3

4



83 

 

 4.1.3 –      

 

 4.1.4 –      

   (    )  

     . ,   

 3,      400 ,   

 (  4.1.4, ).      

   .        

  (  4.1.6, ).     
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   ,     

  ,       

     (  4.1.6, ).  , 

  ,      

      . 

 

 4.1.5 –      

 

 4.1.6 –      

          

  –   4 (  4.1.7).   

     . 

         

      (  4.1.7, ). -

,   4      

  3:      4    
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,  . SAED,    3   4, 

       

  ,       . 

 

 4.1.7 –      

    ,      

 .   4.1.8    .  

  (  4.1.8, )    

,       .   – 

  1 (    ),    

    ,      

,  .      

 250 .  SAED    -SiC. 

          

  –    (   )  

  –  120 .         

,       . SAED (  4.1.8, ) 

    ,     

 ,    .     

   .     ,  

   ,     ,  

   ,   ,     

.       
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  , , ,    

,      . 

 

 4.1.8 –      

      4.1.9.  , 

     ,    

:   50-100 ,      

.     ~100     4.1.10. 

  ,     ,     , 

      (     4.1.9, ),  

        

  . 

 ,      

,        

 . ,        

,     , , ,  
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 ,      

,   .      

       

 – 3,0:1. 

 

 4.1.9 –      

 

 4.1.10 –      

  



88 

4.2.       

      

 

     

 ,     WC,  

  Im,     Um (    ), 

  Pm,   W   

  tк  (     )  

        Uз   

 2,0  3,5     C = 6 .    

          

(     ,     

). 

       

       

         

.    ,  ,  V = 

0,0215 
3
.   4.2.1     

  i(t),     u(t),   

 p(t)       w(t)   

 .        

Uз ;   ,      

 Im    Um,     

Um,   W    4.2.1.    

,      , 

    .    

       ,   

 .        

  ,       

  . 
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 4.2.1 –     i(t),   

  u(t),    p(t)    

w(t)   : ) Uз  = 2,0 ; ) Uз  = 2,5 ; ) Uз  = 3,0 ; 

) Uз  = 3,5  

 4.2.1 –       

   

№ . Uз ,  Im,  Um,  Pm,  W,  tк ,  

1 3,5 129,0 1,54 186,0 28,0 202,4 

2 3,0 103,0 1,40 146,0 21,0 201,2 

3 2,5 86,0 1,26 110,0 16,0 182,0 

4 2,0 74,0 0,90 62,0 11,0 174,8 

     ,  

  XRD.  XRD-     

4.2.2.        4.2.2.  

    ,    
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   -SiC,   cSi,  gC. 

         

    .   ,    

       

   ,   

           

 ,          

    Si  C.  

    ,    

  ,   , 

      SiC,    

       ,  

   . 

 

 4.2.2 – XRD-    

 4.2.2 –     

         

W,  

SiC Si C 

% . ,  % . ,  % . ,  

1. 28  95,1 60 3,1 40 1,8 21 

2. 21  92,5 50 5,8 60 1,7 20 

3. 16  84,0 55 7,5 33 8,5 19 

4. 11  64,4 55 20,3 70 15,3 17 

    TEM.   4.2.3 

 TEM-  ,     
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 (W = 11 ).   TEM-  (  4.3.2, )  

    .   

   1,     

 .          

   (  4.2.3, ),        

 (  4.2.3, ).      ~ 150 ,   

 .       

 70 .        

SAED,     ,  

  -SiC.  ,  SAED  

     : ,    

   Si (111),  ,   

    C (002).     

       ,   

      

       

:   2     (  40-

50 )   ,   (  10-20 )  

 3     . 

    1-3    

  (  500 )    4,   

      4.2.4, . SAED  

(  4.2.4, )    ,   

     .  

      

.     4.2.4, ,    

      ,  

   ,    . 

 ,         . 

    2     
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  ,       .  

 4       , 

     .   

     ,  

     ,     

    (   )   

,          

   ,    . 

 

 4.2.3 –  TEM ,   W = 11  

 

 4.2.4 –  TEM ,   W = 11  
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  4.2.5    TEM-  

 ,   ,    

        (Uз  = 3,5 ).  

      

    ,    

.       

 4.2.5,    .  SAED (  4.2.5, )  

   ,     

 ,       

 .       , 

    ,   TEM-

 (  4.2.5, )     

 .   ,  , , 

    4.2.6   ( )   

 ( ).   ,     

 ,      ,  SAED 

   . 

 

 4.2.5 –  TEM ,   W = 28   
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 4.2.6 –  TEM ,   W = 28   

      

     (  4.2.7).    

  ,      

    ,   

   W  20 .      

          

    (     11  28 ). 

 

 4.2.7 –      

        

,         

,       

      .  
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4.3.       

         

  

 

       

         

      (   

),    l = 25        

  .       

     Д128, 148Ж.    

      

 ,        

 .       

   (V = 0,0023 3),  . 

         , 

   WC     

      

 Uз       C = 6 .  

 4.3.1       i(t), 

    u(t),    p(t)  

  w(t)    .    

     Uз ;   

,       Im    Um, 

    Um,   W, 

   4.3.1.  ,      

    tк .     

     ,   

    tк     

         

 . 
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 4.3.1 –       

   

№ . Uз ,  Im,  Um,  Pm,  W,  tк ,  

1 3,5 111,0 1,8 204,0 30,0 203,6 

2 3,0 98,0 1,3 123,0 19,0 202,4 

3 2,5 76,0 1,1 76,0 13,0 190,4 

4 2,0 65,0 1,0 65,0 10,0 149,2 

 

 4.3.1 –     i(t),   

  u(t),    p(t)    

w(t)   : ) Uз  = 2,0 ; ) Uз  = 2,5 ; ) Uз  = 3,0 ; ) 

Uз  = 3,5  

  4.3.2   ,   4.3.2 

  .       

  ,     
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    -SiC,   cSi   

gC.        

     . 

 

 4.3.2 – XRD-    

 4.3.2 –     

          

W,  

SiC Si C 

% . ,  % . ,  % . ,  

1. 30  90,0 90 3,5 40 6,5 20 

2. 19  80,0 75 13,0 65 7,0 35 

3. 13  73,0 70 19,0 80 8,0 20 

4. 10  60,0 35 24,0 20 16,0 10 

   (  4.3.2),     

  -SiC.    W   

   SiC     

 –   , . .    

     .  

          Д149Ж 

     pT-      

   . ,       

  ,   ,   

   -SiC     W  

    -SiC   W.  
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      SiC  

        

 . 

  4.3.2    ,    

  . ,      

     ,  

     ,    

  (  W).  ,  

     ,   

       . 

     , ,  

    -SiC       

  .     ,  

  W, ,  ,   

 Δd/d     -SiC. 

  4.3.3   TEM ,   

   W = 30  (  4.3.1,  1). 

  (  4.3.3, )  , 

       .   

         з20  

(  4.3.3, ).      з200 ,  

   4.3.3, ,     TEM- , 

  : ,   . 

   , ,       

  з1,0 ,      « » 

 ,   TEM-    

4.3.3, . SAED (  4.3.4, )  ,    4.3.3, ,  

-  ,      

 .    TEM-  (  

4.3.4, )         
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  SAED       

 , . .       (002) 

    (111)  ,  

(   XRD)        

   dC(002) = 0,3395   dSi(111) = 

0,312866 .        , 

        

.        200  

      . 

 

 4.3.3 –  TEM ,   W = 30  

 SAED   4.3.4,      

   .    

   -SiC,     

 .   4.3.4,   SAED,     

   .   4.3.4,    

 TEM-        

 SiC (111),        

,       

     . 
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 4.3.4 –  TEM,   W = 30  

        

        19    13 , 

  TEM- ,     4.3.5   

4.3.6.        

     ,  з200 ,  

  .     

  (  200 )  .    

    ,   SAED  

     . SAED 

    19  (  4.3.5)    

  ,    

  SiC.   ,    

      з200     

. 
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 4.3.5 –  TEM ,   W = 19  

 

 4.3.6 –  TEM ,   W = 13  

      4.3.6  , 

  W = 13 .       
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  ,  1 ,     

      ,    

 (W = 19 ).  TEM-    4.3.7   

  W = 10       

  . - ,     

      pT-    

.  ,       

    .   

  .   TEM-  (  4.3.7, ) 

        

  ,    , 

  з100 ,    ,    

    .    

,    SiC,      

.   SAED (  4.3.7)   

   SiC (111),   (200)  (220).  

 TEM-      (  4.3.7,   

 4.3.7, )     SiC    

       . 

   ,  ,    

, - ,     , 

     SAED. 

    TEM-    

         103
  

       

   SiC,     4.3.8.  

 ,       

        ,  

      з60   з140   

      з10  з30 .   
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       100    

  1 .  W  13      

    ,       

 4.3.8. 

 

 4.3.7 –  TEM ,   W = 10  

 

 4.3.8 –         

  (1 – W = 30 , 2 – W = 19 , 3 – W = 13 , 4 – W = 

10 ),          

 (   )  
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       ,  

       

 SiC   W    .   

  , - ,  pT-   

         

   ,       

      , 

       . 

   ,     

  (  4.3.9) ,     

    ,     :   

        

 .       

  :       

      W,   

      ,    

      .  

 

 4.3.9 –   ω  ,    

 ,          

 W:   –      ; 

  –       
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4.4.     -    

  

 

    ( )  ,  

         

,   ,  , , 

     .    

   ,      

   p0    0,1   5,0    

.      

 ,       

      . 

        120   

30  . 

       

  ,   

     .   4.4.1  

        

  .  ,    p0   

      υ(t)      . 

 ,   p0     

     :  

    ,    

      

    . 

       XRD. 

  4.4.2  XRD-  .     

    ,     ,  

  .    XRD-    
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     , 

       . 

 

 4.4.1 –     v(t)    

   l 

 

 4.4.2 – XRD-   ,    

    

        .  

,      4.4.1,  

           

20 30 40 50 60 70 2Θ, 

● 
0
0
2

■ 
1
1
1

►
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1
1

►
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0
0
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2
2
0
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1
1
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0
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4
0
0

►
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1
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►
 2
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►

► ■ ■

► ►
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►

► ■ ■

► ►

►●

►

► ■ ■

► ►
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►

► ■ ■

► ►

►

►

► ■ ■

►

►

►
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■

■
■
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●

5,0 

0,1 

0,5 

1,0 

1,5 

3,0 

▲- SiC, ● - C, ■ - Si
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.   4.4.3       

 . ,      p = 

1,5 ,       – 98,6 %. 

         

    .     p0  

0,1         з90 % -  

      , ,  

   .     

          

 .   p0  1,5     

  -SiC.       

       -  

     ,    

   .     

     -SiC   

  .    , -

,    . 

 4.4.1 –     

p,  
 ;  

  SТC SТ  

0,1 
ω, % 88,4 3,8 7,8 

,  48 51 16 

0,5 
ω, % 90,4 8,7 0,9 

,  48 68 17 

1,0 
ω, % 91,2 3,8 5 

,  47 86 19 

1,5 
ω, % 98,6 0,8 0,6 

,  43 16 31 

3,0 
ω, % 91,4 3,8 4,8 

,  39 16 17 

5,0 
ω, % 68,1 19,5 12,4 

,  30 136 11 

     4.4.1     

         

 .       
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  , ,    .   

    ,    -  

     :     

       , 

  , ,   

 .  , ,     

     . 

 

 4.4.3 –         

         

 ,       

,   TEM.   4.4.4   

       p = 5 .  

       , 

 ,      .    

(  4.4.4, )   1   40-50 .   

  ,      

 ,       

      ,  

  . SAED  (  4.4.4, ) 

,         

 .   1 ,     

(  4.4.4, ),    .    

      , 
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       (60-70 ).  

  (  4.4.5, )       

 , ,        SiC 

(  4.4.5, ),       ,   

   ( - , ).  , 

  ,   SiC,     

  ,     . 

 

 4.4.4 –  TEM ,   p = 5  

 

 4.4.5 –  TEM ,   p = 5  

 , ,    1,     

 2,        

(    , ),   

 .    4.4.5  4.4.6,  ,  , 

   ,   200 .    

        

  (  4.4.6, ). 
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 4.4.6 –  TEM ,   p = 5  

    ,   SiC,  

  ,      

 .     

   4.4.7.     ,  

  SiC (  1  2),      ,    

   (  3, 4  5).  3      

,       1 –  20-30 .  

      . 

 

 4.4.7 –  TEM ,   p = 5  

         

 .    (  4.4.8, )  

   ;     

     .  

   3,     



111 

      Si(111).   

       SAED  

   ,  ,     (dSi(111) = 

0,312866   dC(002) = 0,339500 ),       

     .   4.4.8,  , 

  ,      4 –   10 , 

  .     SAED (  

4.4.8, )         

   . 

 

 4.4.8 –  TEM ,   p = 5  

           

        –  5  

  (  4.4.9, ).       

       ( .  4.1).  

,   5,    (  4.4.9, )  

,        .   

,  SAED (    4.4.9, )     

,     

  ,  ,   5,   

,   . 
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 4.4.9 –  TEM ,   p = 5  

    ,    

  .   4.4.10,    

 ,      (p = 

0,1 ),       150 .  

      

,    .    

          SiC 

(111),   SAED,    , 

   .     

      30-40 ,    

.           (  

),      .  

, ,      ,  

        ,   

  p = 5,0 . 

  4.4.10   TEM ,   

      .   

 (  4.4.10, )     – 1  2,   

     4.4.4  4.4.5.    

  ,     (  

4.4.11, ).     1    ,     
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    .       

       2.     

30-40      ,      

     . 

 

 4.4.10 –  TEM ,   p = 1  

 

 4.4.11 –  TEM ,   p = 1,5  

    ,    

 ,       

(  4.4.12),    1000 .  

        

 ,    . ,   

         

 .        

       .  ,   

    . 

)

200 

)

1

2

Si  (200)

Si  (111)

2
200 



114 

   ,    

       ,  

    ,      

.       p = 

1,5 ,      98 %-     

      60 .     

          

 .  

 

 4.4.12 –        
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4.5.     -   

      

  

 

       

  t0       

       ,  

    SiC,     

     .  

          

      ,  -

 SiC    .  t0   -25 

˚C  +75 ˚C         

 .       

    4.5.1.     

  (  Pmax   P   , 

   W).     

       

  tк    , ,  ,  

       ,  ,  

   ,      

   , . .  . 

 4.5.1 –    

№ t0, 
o
C tк ,  Imax,  Umax,  Pmax,  P ,  W,  

1 -25 183,6 111 0,9 101 59,2 15,5 

2 25 184,8 98 1,2 110 52,6 16,2 

3 75 182,8 96 0,9 105 53,6 15,8 

,   ,   XRD. 

XRD-   ,    

  ,    4.5.1.  

     

 -SiC   .     , 
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  Si  C.   4.5.2    

 :       

 ( ) -SiC, Si  C.   , 

       

  (111),    4.5.2.     

   XRD-  ,   

 .  ,       

« » –      FWHM (Full Width at Half 

Maximum),          

 ,    -  

 ,       .  

     ,    

-SiC   з30  з100      

.           

,         ,  

          , 

        

  ,     SiC. 

 

 4.5.1 – XRD-   
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   SiC,    

 t0 = -25 ˚C,       

,       

   SiC Δd/d ≈ 0,8∙10-3
      

  Δd/d ≈ 0,3∙10-3
  ,   

   .      

     a = 4,3566 й  

      ,   

 a = 4,3589 й       -SiC. 

 4.5.2 –    

№ 
t0, 
˚
C 

 ;  d , 

 

d (95), 

 

L(95), 

 

d к, 

 

ω к, 

 

dmax, 

  SiC Si  

1 -25 
ω, % 77,0 11,8 11,2 

65 64 
30-

130 
60 22,0 250 

,  33 44 15 

2 25 
ω, % 81,9 8,2 9,8 

90 87 
40-

180 
70 19,9 340 

,  71 68 17 

3 75 
ω, % 91,2 3,8 5,0 

98 90,5 
40-

220 
80 20,1 430 

,  96 86 19 

 

 4.5.2 –    (111) SiC XRD-  

,      

  4.5.3, , ,    TEM-  , 

     t = -25, 25  75 ˚C . 
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 ,      

-SiC.     250 ,   80 . 

 

 4.5.3 –  TEM-   ,   

: ) t0 = -25 ˚C, ) t0 = 25 ˚C, ) t0 = 75 ˚C 

  TEM-  ,    

 (  4.5.4, , , ),  ,     

 ,  ,   t0 = 75 ˚C,  

         , 

   SiC.   

   SiC,   t0 = -25 ˚C, 

     TEM-  (  

4.5.4),     (220)  (111).  

 

 4.5.4 – TEM-  ,     

: ,  –  t = -25 ˚C, ,  – t = 25 ˚C 

    t0 = -25 ˚C     

         

     ,    
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 .        

 ,     400-500 . 

   TEM     

    ,    

 (  4.5.5),     1000 .  

         

    ́   , . . 

         

  d к = 60 .  

 

 4.5.5 –       

         

    d к = 65    

     (d  = 90   t = 25 ˚C, d  = 98  

 t = 75 ˚C),        : 

     ,    

 ,      ,    

    ,      

,          

  , ,   

   . ,     

     :   

        

5

10

15

20

25

d, nm
0

60 100 140 180 220 260 300 34030

n
i/
∑

n
i, 

%

1 – t = –25 
o
C

2 – t = 25 
o
C

3 – t = 75 
o
C

2

1
3
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    ,     

  ,   d    dmax   

,    95 %  L(95).   

   (ω к)       

 .       

  (  4.5.6). 

 

 4.5.6 –      ω(SiC),  

ω(Si)   ω(C)   ,  SiC,  (d к)   

(d )       t0 

       

       

 .      ,  

      

.   ,     

,  ,        

      ,   

  ,        

       [150]. 

 ,           

       [151]. 

      

Cary 100 Scan.     R (%)   

 λ       200-800   
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   4.5.7,  R = I/I0 = R∞ /R∞  (I0 –  

   , I –     ; R∞ 

–     ,  , 

           

; R∞  –   ; R∞  –   

),    .  , 

   R(λ)     

   .    

  ,     -25 ˚C  75 

˚C,          

    .    

   MgO (5 %   + 95 % MgO). 

   ,      

    .     

   ,     , 

     . 

 

 4.5.7 –      

        

   .     
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     -

-  [152, 153] F(R),      

 α ( . .): 
2(1-R )

F(R) α
2R





  . 

       

    - -    

 E = Сν, . .  [F(R)· Сν]
1/2

 = f(Сν),   ,    

        

       

 (Сν−Eg+Eph)
2
,  Eph —  , Eg –  

  [154, 155].  [F(R)· Сν]
1/2

    

   4.5.8.       

    ,      

    .    Сν>Eg 

  ,     

    .     Сν<Eg  

 . 

 

 4.5.8 –        

    

        SiC, 

    -25 ˚C, Eg1 = 3,81    SiC,   
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  75 ˚C, Eg2 = 3,52 .    Eg    

   :      d β 

= 98      75 ˚C  d 1 = 65     

 -25 ˚C        Eg2 = 3,52   

Eg1 = 3,81 ,         

      [156, 157, 158].  , 

          

          

     ,    

 –  [159]. 

       

   ,     

     . 

        

       

     ,   

        

 : -  -  , 

, -   [160, 161]. 

   ,    

,         

     SiC  90 % ,    

   SiC      .  

  ,      

         

  ,      

 ,         

.  , ,     , 

     . 
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5.       

  Щ     

 

 

 

 

      

        

 .   , 

         1. 

  SiC       

         

 , ,    

     ,  

  .   ,    

  ,     

   ,     

      ,   

    . 

      SiC   

     . ,  

 SiC    -    , 

          

  ( ,   

) [162]. -    ,  

,  SiC .      

   ,   ,   

      .  

    ,  SiC    

 .         
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 « »  « »    ,  

      .   

        

       [163]. 

 SiC,  ,     

  Д164]. ,     99,5 %  

      2500 ˚C  50  Д165Ж.  

        

      Д163].    

 ,     ,  

, ,         

  (   10 ) -   -  [166 167].  

  (       80 %) 

      (  1800 ˚C)  

   .  ,     

       

    α→      

 T > 1800 ˚C [168].        

α-         

     Д164].     , 

         

  (SF),     α→      

 .  ,    

          

  .      

      

,        2.4. 

        

       

   Si-C.     
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      . -

,     (  1)   

      (SiC ).   

      F1200 (   

3 ).          6 

        .    

  α-    (>98 %).  α-  

   ,      

        

    з1800 ˚C [152]. 

   (  2)   

    .     

     SiC (>93 %)   

  з70 .   5.1    

    :   

 SiC ( )     ( ).  , 

        

     5 %  . 

,         

    ,  ,   

 . 

 

 5.1 –   :   

 SiC ( )     ( ) 
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     :  

 T = 1800 ˚C,   Δt = 10 ,   ΔT/Δt 

= 100 ˚C/ ,  p = 60 .   ,   

      .   5.1  

       . 

        

      SiC: ρ (α-

SiC) = 3,210 / 3
, ρ ( -SiC) = 3,166 / 3

.  ,   

      5.2 (    

 1).    ,     15-20 , 

           

 .    ,    

.      70 %  ρ . 

 5.1 –     

№  

  

ρ, / 3
 

ρ, 

% . H ,  T, 

˚C 

p, 

 

ΔT/Δt, 

K/  

t , 

 

1 SiC  

1800 60 100 10 

2,250 70,0 1,40±0,5 

2 
SiC :SiC = 

0,95:0,05 
2,330 73,1 2,20±0,6 

3 SiC  2,635 82,4 5,71±0,3 

 

 5.2 –  : T –  , p –  

  5.3    XRD-   

 ,   ,      

  .   ,   
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 5.1, ,    SiC     

   TSPS = 1800 ˚C    

      H  = 5,71±0,3 ,  

     SiC .  

  5.4     .  

 SEM-    5.4    ,    

  -SiC      

     .  TSPS   

  ,      

  ,    

 .   ,  

     (1,4 – 5,7 ). 

      

    ,    

SiC,     (  5 %)  

 ,       

        

 ( . 2,  5.1). 

 

 5.3 – XRD  ,    SiC , SiC , 

SiC +Al(4 %)+B(2 %)+C(2 %), SiC +Al(4 %)+B(2 %)+C(2 %); SiC  – -

  α-SiC, SiC  – -SiC  
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 5.4 –     , 

    ( )    ( ) 

     ,   

          

  ,    

.         

 .     

       . 

       .  

    ,  ,  Д169Ж,      

 B-C [170, 171], Al-B-C [172Ж  .      

0,5-1,0 . %       

      ,  , 

       Д170, 173Ж.  

     ,     

   ,    Д163Ж.   

  B  C        

  .       

     SiC [174Ж.   

      Д175]. 

       

  .      

     (   ),  
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     ,  ,  

  Д176Ж.     , 

    Al2O3  Y2O3,     Д177]. 

        

  ,     :  

,   ( ,   ,    

.)      ,  , ,   

 .       

   -     Д163]. 

        

 .       

       

:  Al(4 %)+B(2 %)+C(2 %)  Al2O3(5,7 %)+Y2O3(4,3 %).  

 5.2     .  

 4  5       

 .    SiC .   

  -   SiC-  

         

 Al(4 %)+B(2 %)+C(2 %) ( . . 4  5.2). ,   

   ,    

 ,      

  Al2O3(5,7 %)+Y2O3(4,3 %) ( . . 5  5.2). 

 5.2 –     

№  
 

, % 

  

ρ, / 3
 

ρ, 

% . H ,  
T, ˚C p,  

ΔT/Δt, 

K/  

t ы , 

 

4 SiC  
Al(4 %)+B(2 %)+

C(2 %) 

1800 60 100 10 

3,03 94,6 22,8±0,3 

5 SiC  
Al2O3 (5,7 %)+ 

+Y2O3(4,3 %) 
2,99 92,3 11,5±0,3 

6 
SiC :SiC

= 0,80:0,20 

Al(4 %)+B(2 %)+

C(2 %) 
3,06 95,0 23,4±0,3 

7 SiC ** 
Al(4 %)+B(2 %)+

C(2 %) 
3,12 98,5 25,9±0,3 



131 

   Al-B-C, ,   

    ,     

   SiC,      

  .  Al-B-C    

     (  7).   5.5    

    ,  

   Al-B-C     

.  ,      

     20 %   (  6). 

 

 5.5 – XRD  ,    

SiC +Al(4 %)+B(2 %)+C(2 %), SiC +Al(4 %)+B(2 %)+C(2 %); 

SiC  –   α-SiC, SiC  – -SiC  

 SEM-       5.6,     

         

    SiC,     

  SiC  .    

         

. 

  ,    , 

  . 7  5.2     

  .     

   ,  -   SiC 
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 ,   ,    

  .     

        

  (ρ = 95 %, H = 23,4 ).     

      ,  

    (  5.7).     

         

 .       

       . 

 

 5.6 –  ,    

 ( )    ( )     Al-B-C 

 

 5.7 –       

(      5.1  5.2) 

      

       DLF 1200 
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(TA Instruments).   5.8    

        

 800 ˚C.      ,   

     –  Al-B-C  

 Al2O3-Y2O3. 

 

 5.8 –     

       

  , ,    

      

     .  ,  

 27 ˚C   λ = 73 / ·      

Al-B-C  λ = 54 / ·      Al2O3-Y2O3.   

   . SiC    

   λ  = 490 / · ,  

    SiC-

  ,      (30-

270 / · ) [178, 179].     

     

       

[180].         

 ,      [181, 182].  
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 ,      

    . 

      

        

       

        

  [183]. 

       

          

       

 .     

      Al-B-C.  

      

   .     

   ,    , 

    ,   

 ,    . 
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    -   . 

      : 

1)       

-SiC         

      

 .      

        

 : -   , 

, -  . 

2)       

        .  

      

 . 

3)       

     .  

     R0 = 8500 . 

4)        

        

 .       

W = 30         

- . 

5)        

 .      

Si:C – 3,0:1 
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6)      

        

 (   ).    -SiC  

     p = 1,5 .  t = 75 ˚  . 

7)      

        

    .   

      ~3,5  ~3,8 .  

8)      

         (ρ 

= 98,5 %)    (H = 25,9 ). 

9)        

     -  : 

 p = 60 ,  T = 1800 ˚ ,   ΔT/Δt = 

100 K/ .,   Δt = 10 .,    

Al:B:C   4:2:2 %). 

10)       

    SiC.    

     70 / · ,  

       

 . 

 

 

 

       

    , . . ., . . .   

,      «  

 »      . .  

 . .        . 
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