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 XXⅠ       -
.    50      -

,         
  .    ,   

      -
 ,      

   –  .        , 
,  -   –   
,   (      ), –    

        -
.   ,      , -
  – . 

    ,    -
       ,    
      .  -

  ,      . 
 ,     .    

  .  ,    -
   . 

        -
,    -   
        -

  .     
–   Fe, Co  Ni,   -

  ,  -
 ,       [1]. 

       -
    .   

        
        -

   -     -
  .     -
,    .    -

        
       . 

   (  )    
     [2]. 

      -
         -
,         -

   ( ),    -

https://pandia.ru/text/category/informatcionnie_tehnologii/
https://pandia.ru/text/category/novie_tehnologii/
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  «Spark Plasma Sintering» (SPS).    -
        

-      
    .    -

      -
 . 

  -     
          

      ,  -
   ( , MgO, CaO, ZrO2, SiC, TiC  . .).  -
,         -

,      
  ,    ,    -

       -
  [3]. 
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1     
 

1.1    
 

        
  ,  , , ,  -

, , ,   ,     
, ,     , 

     . 
      «keramos»,   

   .    -
 ,      

  ,     [4]. 
        -

 .       ,  
  17 .   . .      

.           
12–5 .   . .,     2 .    .   

   ( .1). 
 

 
 

 1 –        
   

 
         X–

XIII .  ,     , -
     .  XVIII .    -

       .  1756 . 
    .  1798 .   -

      [5].    -
   ,   ,   

   -   .  
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         (  
      ).   

     , -
   ,    , -

   . 
     ( )   

      ,  -
       -
,    .   -
           
   ,   -

    ,    -
,    ,    

       -
 ( ,     , -

      
  ).      

       
     [6]. 

 
1.2    Al2O3 
 

 –  ,    
     .   -

 (1200–2500 ° )  ,   , 
    -  . 

      : 
12O3 ( ), ZrO2, Mg0, ,  . . .    -

 .       
    ( )   ,  

       . -
     2000 ° ,     

  [7]. 
    l2O3,  -

      ,  
      ( )  

  ( ).      -
  , , AlCl3      

    .     -
    .     -
,     l2O3    10–100 . 

     Al(NO3)3    .  
      , 
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       l2O3.  
      0,1–1  [8]. 

  –  –    -
  -     .   

  .  α-, -  - -
 ,  α-  - l2O3     -
,  -  –       -

 .  -   -Al2O3  
 ,     1500 °  -

  α-Al2O3.     , -
  95 % α- 12 3.      α-Al2O3 

    ( .2), , ,    
  [9].  

 

 
 

 2 –   
 

   12O3      
       -

  ,      s2  sp' 
   .       l2 3 -

    ,   -
 ,         -

 .   ,     -
 l2 3,         

   . ,    
     .   3 -

   . 
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 3 –    
 

       -
 . . ,      -

        [10]. 
 
1.3    MgO 
 

      ,  -
    .     -

,        ,   
  .       

      (  4). 
 

 
 

 4 –   MgO 
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MgO     , -
  .       -

   .  MgO     
        
 600–800 ° ,     Mg  -

        1200 ° .  -
   (   0,5 )     
  g( )2.  

    g   1700–1750 ° .  -
         

,    Mg   .    
 MgO     – 2800 ° ,   

         
   .     MgO 

   .   -
 MgO       2000–2200 ° ,   

    –  1700 ° .    
  -      -
  .     -

.    .    
 MgO    : σ    100  

 20 °  [11].  
       Al2O3–

MgO ( . 5). 

 
 

 5 –   Al2O3–MgO 
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  12O3–MgO    –  MgAl2O4. 
    MgAl2O4  -

     6.   (  ) -
  - , . .      -

   .    
    (  ),  1/8  – 

  (  ).     -
  .  

 

 
 

 6 –  3D  MgAl204 
 

      -
 ,  ,   , -

     ,   
       -
 .        

        , 
       , -

     [12]. 
 
1.4      

 
1.4.1   
 

       
  ,    ( ).  

     70–80 %.    
 ,        

 . 
    –   -

      ,   – 



15 
 

    [13].   
         : 

   .       -
 .  

       ( ) 
   ,     , -

   ,       -
     .    -

  ,   ,    
        ( ),   
        ( . 7).  

 

 

 
1 – ; 
2 – ; 
3 – ; 
4 –  -

 

1 2 3 4  
 

 7 –    
 

        -
   .      

  ,       ,   -
  .     ,   

          
 ( . 8). 

 

 

 
1 – ; 
2 –  -

; 
3 – ; 
4 –  -

 

1 2 3 4  
 

 8 –    
 

       -
,       3–5 ,   –  -

 ,     .    
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         -
     .   ,      

        -
   .      

  ( ),      .  
          

      .   
  ,     -
 ,      , -
     [14]. 

 
1.4.2      -  
 

     -  -
    ,     

     ,   
      . 

     .   
  -       ,  

   ( .9). ,  ,   -
   ,      
,     ,    

 .      
    .    

   ,    -
    .    -

          
ё  55–60 HRC,          

 3 . 
 

 

 
 
 
 
 

1 – ; 
2 – ; 
3 –  

 
 9 –    
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       -
     .     

 -      -
     , -     

-      . 
       ,     

  .     -
    ,    -

 .      -
    ,   -

     [15].  
 
1.4.3   
 

       
   -  .    -

  ,     -
  .   -

       . -
   .     , -

        .  -
  ,       

    ( . 10). 
 

 

 
 
 

1 –   ;  
2 –   ;  
3 –  ;  
4 –  ;  
5 –  ;  
6 –  ;  
7 –  ;  
8 –   ;  
9 –    

 

 
 10 –       

 
  ё     ,  

         -
.         , 

       .   
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   ,      
       ( -

      ).   
       

       -
 - .  

     -
 ,    ,  ,  -

    [15].  
 

1.4.4    
 

        
   ,  -

        .  
,      ,   -

       ,    -
      .  

       -
   ,    ,  
,  ,    . 

       - . 
-     ,    
      – .   
 -       ,  -
   .      

        - .   11 
   . 

 

 

 
 
 
1 – ; 
2 –  ; 
3 – ; 
4 – ; 
5 –   

 
 11 –     -  
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   –    -
       (  -

     ).     
      .   

, , ,     
  .         

  [15].  
 
1.4.5   
 

       
.        -

 12. 
 

 

 
1 –  ;  
2 –   -

 ;  
3 –  -

;  
4 –   -

 ;  
5 –  -

  
 

 
 12 –      

 
       -

   ,       , 
   ,   .  -

        
 ,  ,      

   ,     . 
   :    -

   ,      ,    
     ,  -

    .     
  ,   [16]. 

 
1.5   
 

       -
         , 
, .     ,  
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     .   -
     , ,    -

.  ,     ё     
   ё .   ,   

 (  99 %),   , -
    ё .    

      ,  -
    ,    ё . -

      ё .  
     , 

        -
.   ,     

       -
.          -

ё        -
,   ,  ,     -

      ,    -
  .  ё   ,  , -
   ,   

        -
 ,      

    ,   
   (   ) [17]. 
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2    
 

 ,   , -
   ,  :  , -

     .  -
        -

     .  
 
2.1  SPS 
 

  (Spark Plasma Sintering, SPS) –  
    «     » 

(FAST, Field Assisted Sintering Technology) –  ,  -
 ,         -

, , ,    . 
  13   Spark Plasma Sintering System LABOX . 

 

 
 

 13 –  Labox Sinter Land    
 

          
         (  

) .        
Labox Sinter Land     SPS,    

     .   SPS 
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   (     ) -
       -

,         -
       -
.        -
 1400 °  (     1200  1600 ° )   

40 .    100 °C/ ,    -
  .    10 ,   2,6–3,0 . 

  3,7–3,95 / 3 [18].  
   ,      

(    ),     
     (  -

 ),      -
 . -      -
         -
 .  ,      

,         
  ,   .  

   :    -
        SPS ( .14). 

 

 
 

 14 –    
 

     -
    /  ,    -

      ,   -
 .        . 
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 SPS       -
 ,   SPS    -   -

.       ,  -
, /        -

 .       
  ,     -

     ,     
    ( - )   .  

        -
 .  

     -   -
 ,  ,  .   ,   -

      ,   
 , ,     ,  

   ,    
 SPS-  [19].  

 
2.2    
 

       -
.       . -

       ,  -
       

,      .  -
       , -

     ,    -
      

 . 
:       -

     . 
         

    ,   . 
         

       -
.      

 ,       -
   ,    

      .  
     -

 D8 ADVANCE ( . 15)  «Bruker» ( )   
      ,   

         
 .  
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 15 –      «Bruker» 
 

  «Bruker» D8 ADVANCE   
  .      -

,  ,     -
,     -  

.       
.       -

      . -
   .  

        ( -
)  -  ( . 16).  

 

 

 
 
 
1 –    
2 –  ;   
3 – ;   
4 –    
 

 
 16 –    -  

 
  (2)    .   -

  .     
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( )  -  (3)    
 α.    (4)       

          2θ. 
     θ.   

    (4).     -
    – ,    –  -
     [20].  

 ,   ,   
   ,   - . 

,     , ,   θ,  
     (2.1) 

 
r = 𝜆𝐿𝑑 , (2.1) 

 
  r –       ; 

L –      , ; 
 –   . 

       -
,     ,  

  ,   ,    -
   (2.2) 

 

d = 
𝜆𝑛𝑠𝑖𝑛𝜃, (2.2) 

 
 d –  ; 

 n –   ; 
 –  ; 

θ –  . 
        

-       . 
 -      

         -
 (2.3) 
 
2dsinθ = n , (2.3) 

 
 d –  ; 

 θ –   (  ); 
 n –   ; 
  –  . 

  ,    Al203+MgO 
   . 
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2.3   
 

        
,      .   -

    XII       
  ,     -

       
,     . 

     -
      -

,   ,  ,   -
    .   -

       -
        

Carl Zeiss Axio Observer Z1m     50  1000 .  
       -

 AxioCam MRc5.   17    
  Carl Zeiss Axio Observer Z1m.  

 

 
 

 17 –   Carl Zeiss Axio Observer Z1m 
 

        -
,     .     -

 .          -
.       .  ,   -

  ,   .    
  ,         . 

 ,    ,   ,  
    .     -
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     .     -
 , ,     -

 .       1,  
2,   4,      -

 3 ( . 18).      ,   -
  5,     6 ( ). 

   7       . 
        -
 ,    ,    8 

 .      9 ё    -
  10  11     , 

     .  ё    
    . 

 

 

 
 
 
 
1 –  ; 
2 – ; 
3 – ; 
4 –  ; 
5 – ; 
6 – ; 
7 – ; 
8 – ; 
9 –  ; 
10 – ; 
11 –  

 
 18 –      

 
     -

  ,      . 
       60  [21].  

     Al2O3  MgO  
  50  1000     .  
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2.4     
 

 -    -
       
,          [22]. 

   .   
     ,   -

     ( . 19).  
 

 

 
 
 
1 –  ;  
2,11 – ; 
3 – ;  
4 –  ; 
5 –  ;  
6 –  ;  
7, 10 – ; 
 8 – ; 
 9 – ;  
12 –   

 

 
 19 –     

 
 :      -

   16 .      
 2.    α     
   ,   11.   

   3 .   –  .  
  –  . 

    ,   ,   -
      H     

   ψ       ( . 
20).        -

    .  -
       θ    H. 
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 20 –       
 

 ,        
  (2.4) 

 
L  = L  = Cα, (2.4) 

 
  L  –   , ; 

 С –  ; 
 α –   ,  

     ,     
  L , θ, ψ.       

 (2.4)     (2.5) 
 𝜓𝐻кр  = 𝑠𝑉 + 

𝐻𝑉, (2.5) 

 
 H –   ; 

L  –   , ; 
M –  ; 
V –  ; 
ψ –  ; 
K –  . 

  𝜓  / L   = f (H) ( . 21),   -
 MS и K,    V.        

OУ   MS,     OX    
Hk = 2K /MS . 
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 21 –    𝜓  / L    
 

      (2.6):  
 
Lк = M sinθ, (2.6) 

 
  –   ; 

 –  ; 
θ –      ,  

  . 
      -

    .   22 -
  .        M 

– ,    –    [23]. 
 

 
 

 22 –   
 

  ,      
   . 
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3   
 

     : 
–      : 

 ,   , -
 ; 

–       -
 . 

 
3.1  c щ    
 

  ,   SPS, -
     Carl Zeiss Axio Observer Zlm.  

 1200    α-Al2O3   -
  .       

 .   23   -
    ×100. 

 

  
  

 
 23 –    (Al2O3  MgO), ×100: 

 –  t = 1200 °C,  –  t = 1400 °C 
 

  24        -
   1200 °C.     -

      .   
  ,      -

  ( . 1).  
 

 1 –   
 

 Al2O3 MgO MgAl2O4 MgCO3 
ρ, / 3 3,988 3,584 3,582 3,009 
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  [24]          
  . 

 

 
 

 24 –    (Al2O3  MgO), ×20  
 t = 1200 °C 

 
 t = 1400 °C    ,  -

    (  25, ).     100 °C 
     ( . 25, ).  

 

  
  

 
 25 - –    (Al2O3  MgO), ×20:  

 –  t = 1400 °C,  – t = 1500 °C 
 

  [25]   . .    -
    Al2O3  MgO  SPS   

  ( . 26) 
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 26 –    ,   -
 SPS     Al2O3  MgO  t = 1400 °C [25] 

 
  [26]         

    SPS. 
 

 
  

 
 27 –      :  

 – 500 ,  – 10  [26] 
 

        -
      α-Al2O3 (  -

 ),     –  MgAl2O4 (  
). 
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3.2    
 

    –   
 ,    .   

 ,       -
     (  )   -

.       
      . 

 ,    Al2O3  MgO  -
 1200 °C  1400 °C ,     -
   «Bruker».       -
,    28  29.     

     -  (2.3). 
 

 
 

 28 –   Al2O3  MgO  t = 1200 °C 
 

   ,    28,  -
   2θ.       θ  

sinθ,     d.    d, 
   d,   ,   , 

    2.  
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 2 –     ,    
 22 

 
№ d, Ǻ α-Al2O3 -Al2O3 MgAl2O3 Al2OC MgCO3 

1 4,560  −202 (–0,06)  001  
(–0,05) 

 

2 2,762  – 204  
(–0,042) 

010  
(–0,022) 

100  
(–0,012) 

104 (–0,02) 

3 2,518 104 (+0,034) 220 (+0,042)  002  
(+0,022) 

006 (0,015) 

4 2,483  221  
(–0,053) 

 002  
(+0,007) 

 

5 2,390 110 (–0,011)  302(+0,038) 101 (+0,02)  
6 2,346  114  

(–0,036) 
  110 (–0,028) 

7 2,063 113 (+0,022) –422  
(–0,053) 

204 (–0,005)  113 (+0,039) 

8 1,895  – 423  
(– 0,015) 

  202 (+0,044) 

9 1,854  – 132  
(–0,054) 

 102  
(–0,014) 

 

10 1,727 024 (+0,013) –316  
(+0,003) 

114 (+0,02)  116 (–0,027) 

11 1,604 116 (–0,003) – 333  
(+0,006) 

313 (+0,064) 110  
(–0,019) 

 

12 1,591 211 (–0,045)   110 (0,015)  
13 1,518 112 (– 0,004) – 117  

(+0,022) 
314 (–0,008) 111  

(–0,014) 
211 (–0,008) 

14 1,488  333 (+0,002) 413 (–0,007) 103  
(–0,047) 

122 (+0,000) 

15 1,397 214 (+0,007) 240  
(–0,007) 

601 (+0,005) 103  
(+ 0,022) 

214 (+0,009) 

16 1,376 300 (–0,002)  504 (–0,002) 200  
(–0,003) 

208 (–0,005) 

17 1,367   306 (+0,005) 201  
(–0,041) 

 

18 1,363  713  
(–0,023) 

007 (–0,019) 112  
(–0,019) 

119 (–0,009) 

19 1,234 208 (+0,042) –823  
(+0,056) 

320  0012 (+0,018) 

20 1,185 220 (+0,005) –428  
(+ 0,045) 

613 (–0,016) 202 (0,012) 128 (–0,005) 

21 1,143 223 (+0,004)  710 (–0,032) 104  
(+0,012) 

220 (+0,015) 

22 1,121 312 (+0,004)  614 (–0,011)  223 (+0,009) 
23 1,096 021 (+0,003)  125 (+0,002) 203  

(–0,041) 
1112 (+0,005) 

24 1,040 226 (+0,003)  507 (+0,015) 203  
(+0,016) 

226 (+0,011) 
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     Al2O3  MgO 
 t = 1400 °C ( .29),      -
  ( . 3).  

 

 
 

 29 –   Al2O3  MgO  t = 1400 °C 
 

 3 –     ,    
 22 

 
№ d, Ǻ α-Al2O3 -Al2O3 MgAl2O3 Al4C3 MgCO3 

1 4,550  –202 (–0,05)    
2 3,431 012 (+0,048)     
3 3,166   202 (–0,011)   
4 2,683  –204 (–0,037) 010 (+0,057) 101 (–0,189) 104 (+0,059) 
5 2,524 104 (+0,028) 220 (+0,036)    
6 2,511  221 (–0,081)  015 (–0,008) 006 (–0,008) 
7 2,356 110 (+0,023) 114 (–0,046) 302 (+0,072)  110 (–0,038) 
8 2,137  510 (–0,027) 303 (–0,034) 018 (–0,015) 113 (–0,035) 
9 2,067 113 (+0,018) –422 (–0,057) 204 (–0,009) 0012 (+0,021) 202 (–0,128) 
10 1,766 024 (–0,026)  114 (–0,019)  1010 (+0,125) 024 (+0,003) 
11 1,712   313 (–0,044) 0015  

(–0,045) 
116 (–0,012) 

12 1,591 116 (+0,01) –117 (–0,051)  314 (–0,081) 1013 (+0,01)  
13 1,502 122 (+0,012)  413 (–0,021) 0114 (+0,017) 211 (+0,008) 
14 1,397 214 (+0,007) 240 (–0,007) 504 (–0,019) 205 (–0,008) 300 (–0,059) 
15 1,367 300 (+0,007)  306 (+0,005) 100 (+0,008) 119 (–0,013) 
16 1,323  713 (+0,017) 220 (–0,019) 1112 (–0,02)  
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     Al2O3  MgO  
t = 1400 °C ,       -

 .      -
        Al4C3:  = 0,3338, 

 = 2,4996, –     :  = 0,33618 ,  = 
2,3689 . ,        -

        -
 ,     ,  -

   [27]. 
        

       .   
 1200 °C   12   MgCO3,   t = 1400 °C  -

     – Al4C3. 
 
3.3     
 

       -
 ( . 30)        .  

 

 
 

 30 –   
 

    -   .  -
       .  

   1 –   ,  ,  
  – , . .    ,  

      . Al2O3  MgO – 
  .  ,  Ni, Co, Fe –   

.  
        

Al2O3  MgO  α-Fe [28].  
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 6 –    
 

 Al2O3 MgO MgAl2O4 MgCO3 α-Fe 
 

 
 
-

  

–0,14∙106 

–1,4∙106 
–0,85∙106 2,2∙106 68∙106 1500∙106 

 
    –   -

        .  -
      (3.1) 

 
= 1 + ꭓ, (3.1) 

 
  –  ; 

ꭓ -   . 
    6, ,      

 MgCO3    .    
,  ,    – Al4C3   -

 .  
  31       

  ,   Al4C3.  
 

 
 

 31 –   ,     6  
 

    ,       
:       . -

     ,     l4 3 -
     ,   -

.      .  
-     .  -
        -

    . 
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3.4       Al203 + 
MgO   SPS 

 
        
    :   – Al2OC, -

  – MgCO3    – Al4C3. 
  MgCO3.  –  ,   

.     -  : 
 , , , , -

        
  .   [29]  3d  -

 ( . 32, ). 
 

 

 
 
 

 

a  
 

 32 –  MgCO3:  –   MgCO3 [30],  – 3d  -
  MgCO3 [29] 

 
         -

,    ,    -
 . 
  [31]      -

      AL2OC – α"-Al2OC  α'-
Al2OC.      α'-Al2OC  α"-
Al2OC    α-Al2OC.    -

  ,  ,  α'-  α"-Al2OC  
 -   ,   -

    ,   
    Al2OC.  -
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        -
 .     

 Al2OC      - -
   .    -

   33 [31]. 
 

 
  

 
 33 –   α-Al2OC:  –  Al     -

  ;  –  Al       
 

     2  3 ,   -
      .   [32] 

      𝛥 𝑇     -
,    l– –      -

    1000–1800 °  ( . 34) 
 

 
 

 34 –   Al‒ ‒  
 

   ,    Al‒ ‒    
 1000–1700 °    : Al2O3‒ , Al2O3‒ , 

Al2O3‒Al4O4 , Al4O4 ‒Al4 3, Al3O4‒Al4O4 , Al‒Al4O4 , Al4O4 ‒ .  
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    Al2O3   -
     ,  

Al4O4C (58,6 % Al, 34,7 % O  6,52 % )  Al2OC (65,8 % Al, 19,51 % O  14,69 
% ).  Al4O4C   1890 ° .     -

   Al2OC  .  Al2OC  ~ 
2000 °       Al4C3  . -

  Al2O3  Al4O4C   ~1835 ° . 
 

 
 

 35 –      Al2O3–Al4C3 
 

      1400 °C   
   12   Al4C3.  

 Al4C3      -
  .       

 ,   2,36 / .    
      ,   -

 .  ,    ,   
. Al4C3        -

,    ,   . 
Al4C3  ,      36.   

   4     ,  
 . 
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 36 –   Al4C3 
 

 Al4C3 ,   ,  hR-21 3d  
    37.       

[33-34].       , 
     4     3  

  .    3-     3  . 
 

 
 

 37 –       hR21 
 

    –    
MgAl2O4,      Al4C3.     

   ,       
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    .    -
    ,  .  -

       Al4C3. 
 

  
  

 
 38 –     :  – 3D  -

  MgAl2O4   t = 1200 °C,  –      
      ,   . .  [35] 

 
  38,     , -

   MgAl2O4,      Al4C3  
,    38,  [35] [36].     

    MgCO3  CaCO3,   
   ( . 2  3).  ,    

     hR-21 Al4C3    -
.  ,  CO3 ( . 39, , ) ,  -

       ,  ,   
.       -

 . 
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 39 –    Al4C3  gCO3  CaCO3 
 

  [32]     Mg‒ ‒ ‒
Al     ,     
1000–1800 ºC ( . 40). 

 

 
 

 40 –   Mg‒ ‒ ‒Al 
 

,       
(1000–1800 ºC)      -

 – MgO,   : MgAl2 4, Al2OC, Al3O4, Al2O3,  -
    . 

      
    Al2O3  MgO. ,    
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 1200 ºC     .  -
    t = 1200 º : Al2O3   , MgAl2O4, 

Al2OC, MgCO3.       -
,      1400 º      

– Al4C3,    ,     
 .  

 
  



46 
 

 
 

1        
   ,     
  . 

2    1200 º     -
 :  – MgAl2O4,   – MgCO3   -
 – Al2OC. 

3      t = 1400 °C  ,   
     ,   -

         – 
  Al4 3. 

4     (1400 °C)   
 .    -    

  ,       
  ,     .  

5        
 Al2O3    Al2OC,     -

    Al4 3,       -
  MgCO3,      MgO. 
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