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   -  
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       -
     [102]: 

•  
• ; 
•

•  
•

 -   -    -
        ,  

          
   . 

. 
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 1. -   
                   
 
 
1.1.    
 

   Y (  ,   
,    )    
  ( - ,   ), 

   x = (x1, x2, …, xk),    Y(x), x ∈∈∈∈ Ω , 
   [6, 8, . 8; 19, 68, 70, 90, . 148; 96-99, 113, 114];  -

    Ω  –  . 
          

 [95]∗.     ,   
      [95],    

        [115-117].  
       ( , 

, )    ∗∗. -
,      ,      

   Y;        
,       xi  (i = 1, …, k,   , k > 3) –  -

  Ω .      [94],   
    ( )   –  

 (1.1),    (1.2) –  ,   
    Y(x). 

 

       Y(x)  =  onst            ∇Y(x) = (∂Y/∂x1, ∂Y/∂x2, …, ∂Y/∂xk)                 (1.1-1.2) 
 

    ,      

 ;     ,    − . 
       .  Y – 

 , . .,     x     -
 f(y),    Y(x)  [118];     -
    Y     

. 
                                                 

∗   –  ( ),    ( )   
      .     

  ,       . 
∗∗     –      [118]. 



1. Ðåöåïòóðíî-òåõíîëîãè÷åñêèå ïîëÿ è èõ îáîáùàþùèå ïîêàçàòåëè 27

  ,     Y, -
        x,   Y(x)   -

    Ω ,   Y    x.  
     ( )  

,     (  -
   ).    

  [8, 96]   – G.     
  ,  G ,   

GY{x}, GY.x, G{Y, x}  . . 
  x  -

   ( ),  Y(x) – 
 ( ) .  

   x –  , -
    ,  

Y(x) – -   ( ). 

 Ω     
   k   -

 ( . . 2).    
      
  . 

    Ω    -
  , Y = (Y1, Y2, ...) – 

  .  , -
   ,   

   (   ). 
-  Y(x1, x2, …, xk),     

k   ,   
  ,   

« »     -
 (    Y).     -

     . 
 
1.2.  ,      
        -   
       ( - ,  ) 
 

        -
   - .  ,   -

∈ Ω

Ω

−  

Ω
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   -
 [122-126];    

    
. 

 -     

 ∗ (   - , -
     

)   -
  –    

   .    
 ,    

(  66-72 % SiC  14-18 % Si 2,    
Al2O3, Fe2O3  .).   

    
    ,   

   -
 SiC [130]        -

 [127].  ,       
     ,   ,  

   (      -
    [8, 109]).  

      -

  Xi (   xi ≤ 1): 
X1 –   -  ( / ,   

F,  filling,  2  2.5)    ,   -
 , , ,  ,  -

  ; 
X2 –       ,   -

 320±10 2/  (SC,   0 –  ,   60 %  ); 
X3 –      (c   

70±5 2/ )     (CA = 40±20 %). 
   15  ( . 1.1),   B3 [9, 90],  -

        
 (     ). 

                                                 
∗ . . 1440889 .   /  . .,  . . ( ). − 
1988. − . 12. – 3 . 
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   -

 η ( a⋅ )    

γ′ = 1 -1,   R 
( ),    -

 E ( a,   
),  A 

( , /  –   , 
  ), -

  KW, 
   . 
   -

   
 -  

[124, 126],  ,  

(1.3)∗ –   
(   

 A,   -
 se = 0.41 /   -

  0.1). 
 
 

 
 

 

 
 
 
1.3.     
 

      [8, 9, 89, 90]  -
  Y      x.   

   Y(x) –    ,  -

   ;    Ωx  
     -  .  . 1.1a  -

    (1.3). 
! -       – 

« »  ,         
  ,     

                                                 
∗    ± 0   -    (    α) , 

      . 

  =  6.69 + 0.22x1 – 0.47x1
2 – 0.52x1x2 + 0.85x1x3  

                 + 1.45x2 ±  0    x2
2 ±  0    x2x3 

         ±   0   x3 – 1.12x3
2   (1.3) 

 1.1.    
    

 

 

 

x1 x2 x3 F SC CA 
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,   -

   . .  
   

    . 
- ,    

     

 ,  Ωx. 
    

 ,   [103] 

(gradient, xgr ∈ Ωgr) – 
 Y   -

,    -
   -

.     -
 . 

 . 1.1, b-c   -
   -

    -
  -

     
   -

 , A(x1, x2 / x3 = +1)*  

A(x1, x2 / x3 = −1).  , -
 CA    

A(x1, x2),  ,  -
    

   
. 

,     Y(xgr) ,  

 (changing, xch ∈ Ωch)
∗∗.   Y(xgr/xch),  -

 xch,    Y(x)   xch  Ωch. 

   x3 = +1  x3 = −1   (1.3)    -
    (1.4-5),    . 1.1, b-c.   

                                                 
*    « / »  «  ». 
∗∗           

, Ωx = Ωgr ⊗ Ωch. 

. 1.1.    (a) 
    

  (b)   (c) -
   

2

1 

2

1 

1 

2

3 
(a) 

(b) 

(c) 
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,         

      −1 ≤ 3 ≤ +1.   , 
       3,    ,   

    xch,  ,   -
     ,   § 1.4.  

    Ωgr −  1-, 2-, …, (k-1)-   -

   Ωx      (k-1), ..., 
     .      

     x    -
.          (  xgr 

  xch),        -
 .       

   .  
  x  xgr  xch     -

 ,     -
  [103, 131].     , -

       -
   2.

  ,     -
  ,        -

     .   Y(x/Cr(x))   
   « »     -

 ΩCr ⊂ Ωx,   ,    -
  (    1-  )   -

 Cr (       2-  .  
     (  1.1 )  A(x) 

= 6,  ,  2       -

, A(x /(A ≤ 6))   A(x /(A ≥ 6)), R(x /(A ≤ 6))   R(x /(A ≥ 6))  .   -
   «  » (  ,  – 

),      Cr,   

  Ωx.       ,   
  .   ,     -

A(x1, x2 / x3 = +1) = 5.57 + 1.07x1 – 0.47x1
2 – 0.52x1x2 

                                       + 1.45x2 ±  0    x2
2  (1.4) 

A(x1, x2 / x3 = −1) = 5.57 − 0.63x1 – 0.47x1
2 – 0.52x1x2 

                                       + 1.45x2 ±  0    x2
2  (1.5) 
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   ,       
.     A(x),   . 1.1 ,   

  A(x /(-1 ≤ 2 ≤ -0.5)), A(x /(-0.5 ≤ 2 ≤ 0))  . . (   -
 ).       -

     6. 
 

1.4.    

-  ,    -
 Y   - ,     , 

  (« »)  -  -
  ,       

 .     ,   
 G (   GY, G{Y}, ...). 
          -

    (  ,  ), 
   (   «  – » 

     ).   
      ( ) -

 . 
  G     -

         
xch         . 

        -
    - ,    -

,       *, , -
   ,     , -

    .  
« »    ,    

 « »  (     
 ).        -

   G  (    ) -
     . 

   G   ,   
   A(x1, x2, x3),   . 1.2.  

:   . 1.1a     -
                                                 

*          
  ( ). 



1. Ðåöåïòóðíî-òåõíîëîãè÷åñêèå ïîëÿ è èõ îáîáùàþùèå ïîêàçàòåëè 33

   (« » ,   ,  -
 )   (   SiC   -
      );   – 

 ,       -

;  ,    ≥ 6 /  – -
   . 

 1.2.      
 -   

 

GY  GA   (1.3) 

  

  Ymax max  8.21 /  

  xmax.i (Xmax.i ) 
xmax.1 (Fmax) 
xmax.2 (SCmax) 
xmax.3 (CAmax) 

−0.47  (2.13) 
+1 (60) 

−0.22 (35.6) 

   Ymin min 2.05 /  

   xmin.i (Xmin.i) 
xmin.1 (Fmin) 
xmin.2 (SCmin) 
xmin.3 (CAmin) 

−1 (2) 
−1 (0) 

+1   (60) 
  YM = 0.5(Ymax + Ymin) AM 5.13 /  

    
 xm.i = (xmax.i + xmin.i) / 2 

m.1 (Fm) 
xm.2 (SCm) 
xm.3 (CAm) 

−0.74 (2.07) 
0 (30) 

0.39 (47.8) 

 Ym –   xm  Am 5.86 /  

  ,   
  , Lext

Lext.  2.40  

  ( )  ΔY = Ymax – Ymin Δ  6.16 /  

   ∇Y = ΔY / Lext.Y ∇  2.56 /  

   δY =  Ymax / Ymin δA 4.0 

  dY = ΔY / Ymin dA 3.0 

   Y A 6.18 /  

    x, 
Ω{Yspec}% Ω{  ≥ 6} 56.6 

  

  ⎯Y (  Yav – average) ⎯A 6.15 /  

   sY  sA 0.97 /  

   vY vA 0.158 
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       –  « ». 
 ( , )   -

        
  ( ,  ,      

   ).  ( ) G  
         

-  (  ,   ). 
    ,  -

      ,   -
     -  [19, 99]. 

        − 
, Ymin ,  , Ymax ,     min  max, 

   :       -
 ( . . 1.2,   [19, 99])     -

  . 
            

       .∗   
    .    -

    -     « »  (  -
,       -
      Y )   -   

 ,       
  (  ,  -

  . .).        -
        

 . 

    −   

( , ).      ⎯Y   MeY 
(    ,     § 1.5).  -

  ,   ,     
   Y0 (      

 (1.3))    . 1.2   –   
YM    Ym      xm.  

      (  Y   x,   . 

                                                 
∗  ,  « »  « »    -

   Ymax > Yspec  Ymin < Yspec,  Yspec –  
(spec –  specified)   . 
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1.1a,      A,  ,  xm    
 ,    ). 

        

(ΔY)   (δY, dY)  ( . . 1.2).  -
:   -       -

    (   , -

  . .),  δ  d  .    [97]  

   « »   −  
  IY (1.6),       , 

     0  1. 
 

                   IY = 0.5(Ymax – Ymin) / (0.5(Ymax + Ymin)) = 0.5(Ymax – Ymin)/YM             (1.6) 
 

  ( )    

  (γmax)   (γmin)    
 ,    YM  Y0.     « -

 » (1.7-1.8)     « »  « -
»          . 

 

                                        γmax = Ymax / Y0       γmin = Ymin / Y0                              (1.7-1.8)  
 

       (  
 Y   )       

  (1.2). ,  ,  ,   -

   .  « » − 

  (∇, . 1.2),     

  (ΔY)       ,   -

   (   Lext   ∗). -
        -

,        -
 - . 

        
   (xi.spec)   (Yspec) [8, 19, 99].  

  xi{Yspec},   Y(x) –Yspec = 0,  
   :   
, xi.min{Yspec},     ; -

                                                 
∗             

   xmax   xmin [8],   ,     Lext = −
2

min.max. )( ii xx . 
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, xi.max{Yspec} –     ( , , 
  . .). 
      « » ,  

 Ω{Yspec} –   ,   (%)  
       ,   

     (Y ≥ Yspec  Y ≤ Yspec)
∗,  -

    Y   . 
       -

      .    : 
  ,       - ,  
 ,    ;   –   

     - ,  ,  -
  .     -

  Ω{Yspec}     ,  
    [19, 99]     

     [18]. 

 Ω{Yspec}  [11, 132]    ( . § 1.5). -

 Ω{A ≥ 6}  . 1.2 ,     6 /  -
  57 %    . 

       -
     (       

   ).    (1.4-1.5) -
   . 1.3     

        

,    ( 3 = +1)   ( 3 = − 1) -
   ( . 1.1, b-c). 

  ( )     20 %  
          

 max{x1, x2}   (  7 %),   
           (60 % 

   ). ,   « »   ( . 

1.1c)   max {x1, x2 / x3= −1} = 7.7 /     

  ( 2 = −1, F = 2),     ( . 1.1b)  

max{x1, x2 / x3= +1} = 7.2 /     ( 2 = +1, F = 2.5).  

                                                 
∗  Ω     ,    . 
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     (  1= 2= −1)    -
  ,  min = 2.05 / .    

     F  CA (d {x1, x2 / x3= +1} -

  2.5,   δ {x1, x2 / x3= +1} 3.5 ). 
         

    - . 
 
1.5.        
 

 -          
 Y  (  ,    ) 

 1.3.        
   (x3 = −1, CA = 20 %) 

   (x3 = +1, CA = 60 %)    
 

GA   (1.5) 
  A{x1, x2 / x3= −1} 

  (1.4) 
  A{x1, x2 / x3 = +1} }1/,{

}1/,{

321

321

−=

+=

xxxG

xxxG

A

A

max  7.70 /  7.17 /  0.93 

xmax.1 (Fmax) 
xmax.2 (SCmax) 

−1  (2) 
+1 (60) 

0.56 (2.39) 
+1 (60)  

min 3.54 /  2.05 /  0.58 

xmin.1 (Fmin) 
xmin.2 (SCmin) 

+1 (2.5) 
−1 (0) 

−1 (2) 
−1 (0) 

 

AM 5.62 /  4.61 /  0.82 

m.1 (Fm) 
xm.2 (SCm) 

0 (2.25) 
0 (30) 

-0.22 (2.30) 
0 (30) 

 

Am 5.57 /  5.31 /  0.95 

Lext.  2.83  2.54 0.90 

Δ  4.16 /  5.11 /  1.23 

∇  1.47 /  2.02 /  1.37 

δA 2.17 3.49 1.61 

dA 1.17 2.49 2.12 

A 5.28 /  5.56 /  1.05 

Ω{  ≥ 6} 29.8 34.3 1.15 

⎯A 5.41 /  5.44 /  1.01 

sA 0.94 /  1.01 /  1.08 

vA 0.17 0.19 1.07 
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     (  ,   –1 ≤ i ≤ +1).   
          

-    n –   n   
      xi,    -

  Y.       

n -   Y ∗ (    N = ∞). 
,    ,      , 

  ,       n      
  . 

 . 1.4       
,       . 

   (  1-8)  1, 2  3    
(   A)    8   
(±1,       nv = 2k).    , 

       -
    ,     xi = ±1  -

  ,  ,   -
 - . 

      (    n)   
      ,  n  

  i     . 
 –1 < i < +1   9-10000 –  , 

    ,  ;    A 
        (1.3). 

    . 1.4 (  )  -
       (  8.21  2.05 / .) 

     ( , 

 10000×4).  ,    (⎯A, sA  .), 
   ,      

( . . 1.2).   ,      
(Me  = 6.18 / ,     «5000»  «5001»),   -

      spec = 6 / ;  

    «5666», ,  Ω{ spec} = 5666/10000 = 
0.567,  56.7 %. 

                                                 
∗     -  (3.13, 4.7),   § 3.2, 4.3,  

 G,      -   Y. 
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          1.4

10000 10000

1.
00

1.
00

1.
00

8.
21

1.
00

1.
00

1.
00

8.
21

0.
01

0.
00

0.
00

6.
15

0.
01

0.
00

0.
00

6.
15

-1
.0

0

-1
.0

0

-1
.0

0

2.
05

-1
.0

0

-1
.0

0

-1
.0

0

2.
05

x 1 x 2 x 3 A x 1 x 2 x 3 A
b0 6.69 1 1 1 1 7.09 297 -0.47 1 -0.22 8.21
b1 0.22 2 1 1 -1 5.39 3919 -0.52 0.99 -0.17 8.19
b2 1.45 3 1 -1 1 5.24 492 -0.27 1.00 0.06 8.17
b3 0 4 1 -1 -1 3.54 1353 -0.85 1.00 -0.27 8.17

b11 -0.47 5 -1 1 1 6.00 5436 -0.30 0.98 -0.02 8.16
b22 0 6 -1 1 -1 7.70 8320 -0.65 0.98 -0.27 8.16
b33 -1.12 7 -1 -1 1 2.05 5536 -0.43 0.99 -0.33 8.16
b12 -0.53 8 -1 -1 -1 3.75 7077 -0.08 0.99 -0.02 8.15
b13 0.85 9 -0.08 0.62 0.29 7.48 9417 -0.44 0.96 -0.14 8.15
b23 0 10 -0.24 -0.80 0.19 5.27 3387 -0.34 0.98 -0.28 8.15

11 0.80 0.77 0.92 7.04 7956 -0.05 1.00 -0.07 8.14
12 -0.97 -0.19 0.73 4.48 9709 -0.90 0.99 -0.35 8.14
… … … … … … … … … …

5000 -0.28 -0.24 0.94 4.99 1819 0.69 -0.47 0.30 6.18
5001 0.07 -0.10 0.13 6.54 2412 0.25 -0.32 0.43 6.18

… … … … … … … … … …
5665 -0.43 -0.46 -0.72 5.41 8516 -0.34 -0.21 0.34 6.00
5666 -0.73 0.15 0.49 5.98 9163 -0.85 0.64 0.83 6.00
5667 0.88 -0.69 0.68 5.83 160 -0.75 0.79 0.99 5.99
5668 -0.28 0.20 0.35 6.69 3525 0.51 -0.48 0.57 5.99

… … … … … … … … … …
9996 -0.39 -0.73 -0.68 5.03 9740 -0.93 -0.87 0.90 2.79
9997 0.96 -0.99 -0.14 5.39 5720 -0.86 -0.98 0.93 2.64
9998 -0.28 -0.30 -0.32 6.07 5060 -0.95 -0.98 0.87 2.59
9999 -0.87 0.14 -0.47 6.50 334 -0.96 -0.94 0.91 2.56

10000 -0.36 0.64 0.04 7.59 7 -1 -1 1 2.05

  

    
 

 (
 

)

 

 Excel-     9992  
     10000 
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   Y   -  (  -
    - )    -

 Y       -
,         

.  . 1.2     F(A)   f(A) 
 ,   10000   -

   .     -

 (    6 /    )   1 −  Ω{ spec} = 0.433 (  -
   F       f  ). 

⋅

⋅

⋅

⋅

⋅

 

                                                                  n = (2⋅k0.5/Ln)k                                                    (1.9) 

. 1.2.        

0.0

0.2

0.4

0.6

0.8

1.0

2 3 4 5 6 7 8 9

F

A, /  
0

0.1

0.2

0.3

0.4

2 3 4 5 6 7 8 9

f

A, /  

L n k

lg n
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1.6.    
 

    G     
 ,       -

 .      -
      h. 
   G      ,  -

     h     
  .  ,   

GA,   . 1.3    . 1.1, b-c,   
 (1.4-5),       -

 ( h= 3 = ±1,   « » 2     3),  
  A(x1, x2)      

 3   (−1, +1)     , -
     3     (1.3).  

          
       -

   G,    -
.  . 1.4       ( 1, 2)  11 

   3,    (      
n = 1000).       (  CA = 
40%, 3 = 0),      Aav{ 1, 2},   

      ;   
        v { 1, 2} 

  19  13 %. 
  GY{xgr}     xch   -
  -  (    -    – 

),      
      xch.  

  (1.9-10)  (     -
)  Aav{ 1, 2}(x3)  v{ 1, 2}(x3),   . 1.4. 

                                       

  av( 3) = 6.549 + 0.017 3 − 1.121x3
2                                 (1.10) 

 

                               v(x3) = 0.128 + 0.006x3 + 0.043x3
2 +  0.008x3

4                        (1.11) 
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   -
,  ,  -

   -
 ,   -

 (     
 ). 

   
, GY{xgr}(xch), -

   -

 ( )  − 
 GY{xgr},  

  Y(xgr)   xch -
  -

   Ωch, -
   .  

     «   
» se [11, 19, 133]   se    -

   –     1.5,   , -
      -

 ( .   . 3). 
         Y  N1   -

  ( )  ,   N2   -
 , ,    

 Y  -  x,     .  

 

 «   –  »  -
    (   )   

      .   
 « »     (  

  ) –      ( - ) –  
,      (  

 ),      –   
   (   ). 

x 3

A av

v A

v A

A av

. 1.4.  CA    
     

  F  SC 

                :  Y (xj),  xj = (xgr.j, xch.j) ∈ Ωx, j = 1, 2, …, N1 → 

                                               Y(x) → 

                       :  GY{xgr}(xch.j), xch.j ∈ Ωch, j = 1, 2, …, N2 → 

                                       GY{xgr}(xch) 

(1.12) 
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       Y   -
-  ,    - , -

 -    –      
,   .  GY{xgr}(xch)  -

     Y(xgr)   xch,  
     ,       

  GY{xgr}. 
 . 1.5 ( )    (1.13-14)  
     ,  -

     F  SC (x1  x2),    CA (x3). 
 

                         Amax = 8.184 − 0.280x3 − 0.704x3
2 + 0.014x3

3 − 0.036x3
4 

 

                           δA = 2.048 + 0.335x3 + 0.270x3
2 + 0.338x3

3 + 0.505x3
4 

 

   . 1.5      
   (x1, x2, x3,    -

)   ,    ( ( 2, 3), ( 1, 3), ( 1, 2) 

,   Ω{A ≥ Aspec= 6} –    , 

   ,   A ≥ 6 / . 
  x1  x3   3-  . 

  xch = x2       

Ω{A ≥ 6}    0  100%    

(1.13) 

(1.14) 

. 1.5.    ,  
   ,        

δδδδΑΑΑΑA max

x 3

ΩΩΩΩ{A ≥≥≥≥6}

(x 3)

(x 1)

(x 2)

x i

δδδδA 
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æΩ = ln(Ω/(100-Ω)) [11, 132].      -
       (1.15). 
 

                            Ω{A ≥ Aspec= 6} = 100.8 ⋅ exp (exp (−1.14 − 3.43x2))                  (1.15) 
 

,        , -
       -

         
 - .      

   (  Y   k   -
 Y   kgr <  k   GY   k h <  k ), 

    (   . 2)     
      . 

 
1. 7.         

 
         -

    k -    
  Y   « »  -  –  -

     , Ymax (  xmax.1, xmax.2, …, xmax.k)  
Ymin (  xmin.1, xmin.2, …, xmin.k).       -

   ,    -
       - ,  -

      
     . 
      –   

     ,   (k – 1)  -

    ∗. 
 (1.3)       

    3   .  (1.16), -
  x1 (   F),     (1.3) -

  xmax.2 = +1    xmax.3 = −0.22  max = 8.21 / ,   (1.16)  -

  xmin.2 = −1    xmin.3 = +1,  min = 2.05 /  ( . 1.2);   

 ,   (1.16)   xmax.1 = −0.47,  -

  (1.16) xmin.1 = −1. 
 

                                        (x1 / xmax.2, xmax.3) = 8.08 – 0.49x1 – 0.47x1
2                        (1.16) 

                                                 
∗       «  » [8, 9, 19, 90, 108], 

      . 
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                                   (x1 / xmin.2, xmin.3) = 4.12 + 1.60x1 – 0.47x1
2                        (1.17) 

 

    (1.18-21).    2 
(     SC )      

 x1 = xmax.1 = −0.47  x3 = xmax.3 = −0.22,     x1= xmin.1 

= −1  xmin.3 = +1.    3 (      -

, CA)     (1.3)   x1 = −0.47  x2 = +1,    
 x1 = x2 = –1. 

 

                                       (x2 / xmax.1, xmax.3) = 6.51 + 1.71x2 ±  0   x2
2                         (1.18) 

                                 (x2 / xmin.1, xmin.3)  = 4.03 + 1.98x2
  
±  0   x2

2                         (1.19) 
                                 (x3 / xmax.1, xmax.2) = 8.18 – 0.42x3 – 1.12x3

2                         (1.20) 
                                 (x3 / xmin.1, xmin.2)  = 4.02 – 0.85x3 – 1.12x3

2                         (1.21) 
 

       . 1.6 (  -
)        -

 ,       - . 

 

. 1.6.     A ( / ) 
       ; 

   D ( / ) –  
  A          

A

x 1 x 2 x 3

Amin = 2.05 

Amax = 8.21 

D
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 ,      Y(xi / xmin.ch) 

 Y(xi / xmax.ch).           ,  
       -

  ,     (k−1)-  ,      
Y(xi / xch = (0, 0, ...)).     (1.21-23)   

 . 1.6 (  ). 
 

                                   (x1 / x2 = x3 = 0) = 6.69 + 0.22x1 – 0.47x1
2                        (1.22) 

                                   (x2 / x1 = x3 = 0) = 6.69 + 1.45x2 ±  0    x2
2                        (1.23) 

                                   (x3 / x1 = x2 = 0) = 6.69 ±  0    x3 – 1.12 x3
2                       (1.24) 
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 2.   . 
                  - 
                   
 
 

  « »   - , 

   Y(x)    Ωx,   -
  (  ) ,   -

 –          -
 [8, 85, 99, 103, 131, 134].     -

   ( )   .  
   (  ) -  -

  ,  ,        
     .   :  , 

   ( -  ,  -
  . .); ,       

 ( )  ;   ;  
 (     ,     .); 

 ,   ;  
    ,    (   

)       Y,  . . 
 ,  -   , 

      -   ;  -
     - . 

C     Y(x = (xgr, xch)) ,  
  . 1,     Y(xgr),   

        (xgr ∈ Ωgr, -

  Y   Ωgr),         

    (xch ∈ Ωch).     
    x    .  

       
        

   : 
♦ p-   ( , , …)  -

  xi,  −1 ≤ xi ≤ +1, x = (x1, x2, …, xi, …, xp) ∈ Ωx; 
♦ (q-1)-   ( , , …) q  

   vi,  0 ≤ vi ≤ 1, Σvi = 1, v = (v1, v2, …, vi, …, vq) ∈ Ωv; 
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       (w –  ); 
♦       x, v, w   -

  ,         -
    [8, 9, 85]. 

 ,     –  -
 Q (  quality), : 

T (  technology) – « », Tp –  p  x∗; 
 Tp      « » (  , 

Tp1  Tp2, p1 + p2 = p); 
M (  mixture)  –  « »,       v  
(  w);  Mq –  q . 

        -
     « ,  – » 

(MMTTQ).                  

z = (v, w, (x1, x2)) ∈ Ωz
∗∗.   « , » (MMTT) -

       -
    ,   - .  

 . 2.1     « , »   -
     (   « » -
,  , «   »    « -

  »);         -
   [98, 135-139]     T [98, 135, 136]. 

     -
 -  [85, 103, 131, 134];      

     [8]. 
  TT    P(x),  , -

      –    

 (2.1)   η1 ( ⋅ )    

  γ′ = 1 -1,      -
  (V – x1),   (MMC – x2)   (MC – x3) 

,    (F – x4) [23, 24, 140].  

                                      
∗         ( ,      

),      .  
∗∗    Ωz (  )      

    Ωz = Ωv⊗Ωw⊗(Ωx1⊗Ωx2).  -
,  z = (v1, v2, v3, x1, x2)  Ωz       

     (  ).  
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 2
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        (Pr, re-

duced polynomial): Pr(v, x)   MT [141-144],  Pr(v, w)  Pr(v, w, x) –  
 MM [144]   MMT [145] .   [8] ,   
   ,    . 

      (2.2)  M3T2, -
      (w1, w2, w3 – 
 « », « »  « » ),  -

    (   x1  x2)  -
 R ( )   [86, 103, 131],  (a-c)  

 . 

 
  ( )  Sheffe [8, 9, 146, 147]     

   x4 = x5 = 0 (     
);   wi     « » 

,      ,  -
.  (b)        -

     .  ( )  -
 ( )        

   ,    . 
         -

 Y    z,    Pr(z), ,  -
   wiwjxk,   (2.2).    -   -

 [8]       -

(2.1) 

 + 0.70x1 – 0.41x1
2  

 – 0.09x2 – 0.20x2
2  ±  0  x2x3  

 + 0.13x3 ±   0   x3
2               

 + 0.25x1x2  
 – 0.05x1x3 

 + 0.11x1x4 
 ±     0 2 4 
 – 0.16x3x4  

ln η1  =  4.06 

 + 0.17x4 ±   0   x4
2 

     8.93w1 + 6.88w1w2 + 3.38w1w3 
 + 8.82w2                    + 5.51w2w3 
 + 9.84w3                                  (a) 

   R =  + 0.96w1x1 – 1.61 w1x2 
 + 1.93w2x1 – 2.76 w2x2 
 + 1.44w3x1 – 2.33 w3x2  ( )  

 + 0.58x1
2 ±   0  x1x2 

 ±   0   x2
2               (b)  (2.2) 
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  (      , 
        , 
     ). 

 -         
       .  -

, Y(v, x)       
      (2.3),  i  j –  , -
   f ,  - . 

 

                          Y(v, x) = Pr(v) × P(x) = Σ{Aj = [Σbij ⋅ fi(x)] ⋅ fj(v)} 
 

 ,     (   -
)   M3T1      (2.4)  (2.5). 

 

Y(v1, v2, v3, x)  =  (b0.1 + b1.1x + b11.1x
2) ⋅ v1 

                        +  (b0.2 + b1.2x + b11.2x
2) ⋅ v2 

                        +  (b0.3 + b1.3x + b11.3x
2) ⋅ v3 

                        +   … 

                        +  (b0.23 + b1.23x + b11.23x
2) ⋅ v2v3 

 

Y(v1, v2, v3, x)  =  (A1.0v1 + A2.0v2 + A3.0v3 + A12.0v1v2 + A13.0v1v3 + A23.0v2v3) 

                        +  (A1.1v1 + A2.1v2 + A3.1v3 + A12.1v1v2 + A13.1v1v3 + A23.1v2v3) ⋅ x 

                +  (A1.11v1 + A2.11v2 + A3.11v3 + A12.11v1v2 + A13.11v1v3 + A23.11v2v3) ⋅ x
2 

 

   ,    18   (2.4-5)   
  18 ,   10- ,     M3T1 -
     (2.6). ,   -

,  ,   vivjx –   -
     « » . 

 

 -     -  « -
»  ( ,   . .) [11, 20, 21  .]. 

,  K  m  -  (2.7)     

   (  K –  η1,   , m –  -
;   |m|,    )    

(2.3) 

(2.4) 

(2.5) 

 = A1v1 + A12v1v2 + A13v1v3 
 + A2v2                 + A23v2v3

 + A3v3                             

Y(v1, v2, v3, x)  + D1v1x 
 + D2v2x  
 + D3v3x 

 + b11x
2   (2.6) 
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[23, 24, 140]   (2.8),     (2.1)  -
 . 

            

                           'γ

γ
=η

mK ,    ln ηγ ( x )  =  ln K ( x ) + m ( x ) ⋅ ln γ′ 
 

L
x

GY{L}

Q,

M3T2

M3M3 M3M3T1

M4T2 M3T3 
−

⏐x⏐≤

    –   -
 –       Y(xgr)  

« »  xch,       -
  [18].       -

   « » -  [98],   (  -
 )       1-3-

, .  -
      

« » ( , )    
    (  -

   . 2.1).     
 «   », «   -

»  . .,      
     -

  ,    
     . 

(2.7-8) 

ΩΩΩΩch
xch.j 

xch.i

Y 

ΩΩΩΩgr 

. 2.1.  
  Y(xgr) 
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 3. -  : 
                - , 
                  , 
                 
 
 

 -   Y -    
   (  ) , -

  N   –  N      
(    ). 

 xj  j = 1,…, N  Yj –  n 
 Yj.min, …, Yj.max. 

xj 
Y j sYj  

 b 
sYj 

 se{Yj}

  x  
Yj Y j ± se

γ γ

± ⋅se

Y j ± ⋅se −

t ⋅se 
Y t

,     ,  -
       [18, .1, §3]. ,  

 ,   (    – )   
    ( ) ,     

      - ,    
    . 

 - ,  -   ,  
    x       -

 Y (    se)   Y   (   
N     ).   ,   -

 ( )     Y,   x  

 [9, 89, 90]  Y ± ΔY,      -
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  (  )      (   
 ,       ). 

 
3.1. -  .    
 

 -  ( .1),       (1.3)  -
      ( . . 1),   se  

 α   « »  (     , 
    b). 

     Y   

     x ∈ Ωx.  -  Y(x)  -
  [105].       -

,   ,       -
  -     Y -

  -   x. 
    -

        ,  
      . 

  ,    (3.1), : 
Y(x) –  -    Y  x ( -  

     Y ); 

 tα  –    [9, 166, 167]   α (  
  Y    );  

se –     (   -
  ,    ); 

d(x) –   x    [8, 9, 89, 90], -
      ( ,   ). 

 

                                      Y(x) ± ΔY(x) = Y(x)  ±  tα⋅se⋅ [d(x)]0.5                                 (3.1) 
 

    ΔY,     -
, d- ,     ,  -

,   (3.2)  ,   k-    -
         . 

 

                                                   d(x) =  f T(x)⋅ D⋅ f (x),                                            (3.2) 
 

   f T(x) = (f1(x), …, fL(x)) –      
-  ( .1);     ( .2)  L = 0.5(k+1)(k+2);  
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–  ( )   b, 
    . 

−−−−

β =
2= 22= 23 =

=

−
=

N

j 1

1
j

T
j )]()([ xfxfD

c00 c01 c02 c03 c011 c022 c033 c012 c013 c023 

c10 c11 c12 c13 c111 c122 c133 c112 c113 c123 

c20 c21 c22 c23 c211 c222 c233 c212 c213 c223 

… … … … … … … … … … 

c230 c231 c232 c233 c2311 c2322 c2333 c2312 c2313 c2323 

= (3.3) 
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      (1.3), -
   D-    . 3.1,    
   (3.4). 

 

                  d(x) = 0.2571 − 0.1858 1
2 + 0.1000 2

2 −0.1429x3
2  

                                         + 0.3571( 1
4

 + 3
4) + 0.1250 1

2
2
2 + 0.1608 1

2
3

2            (3.4) 
 

   (1.3),    -
 se= 0.41 / ,   -   Amin = 2.05 

/   min.1 = min.2 = −1  min.3 = +1 ( . 1.2);    d(xmin) = 0.564,  
    = 0.05 (  t0.05=1.645) ,    

(3.2),    Δ Amin = 1.645⋅0.41⋅ 0.5640.5= 0.51; 
      90% -

  (1.54, 2.56) / . 

     (Amax= 8.21 / , max.1= −0.47, max.2= −1 

 max.3 = 0.22)  d(xmax) = 0.251,  Δ Amax = 1.645⋅0.41⋅0.501= 0.34  
       7.87  8.55 

/ .      ,      -
  ,      

    ,   –   . 
 ,    ,    « »  -

,            
(3.4),  « »  d(x) = const.    -

        -
 (3.2)  n   x (   § 1.5). ,   

 (1.3)  n = 10000   ⎯d = 0.272,   
  0.20  0.59. 

        
-      .     

d-  (  (3.5-3.10)  . 3.2, . 3.1)  « » -
   (1.15-1.20, . 1.6),    -
   (1.3)  . 

       -

  (xi = ±1);       . 
      -

  ( xi < 1),     ,     
  ,   .    

         -
,       . 
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   -       -

 ,    d-  −  (3.7, 
3.8)       ( . 3.1).   

 . 3.2.  d-     -
: d(x1, x3 / x2=+1) –       , 

d(x2, x3 / x1=+1) –     .  
          

.     d- .  
    ,      

 ( )   ,    
 (0.707);   8  (  , . 1.3)    B3, 

     .                                          

-1 0 1

x 2
0.0

0.5

1.0

1.5

2.0

-1 0 1

d

x 1 0

5

0

5

0

-1 0 1

x 3

. 3.1.    d(xi)  A(xi)     
,       

 3.2.       
         

 

xgr  d(xgr) dmax dmin ⎯⎯⎯⎯d 
 

 

x1 x2= xmax.2= +1, x3= xmax.3= −0.22 0.35 −0.07x1
2 +0.36x1

4 0.64 0.35 0.41 3.5 

x1 x2= xmin.2= −1, x3= xmin.3= +1 0.57 −0.22x1
2 +0.36x1

4 0.71 0.54 0.58 3.6 

x2 x1= xmax.1= −0.47, x3= xmax.3= −0.22 0.23 +0.13x2
2 + 0.0 x2

4 0.35 0.23 0.27 3.7 

x2 x1= xmin.1= −1, x3= xmin.3= +1 0.48 +0.23x2
2 + 0.0 x2

4 0.71 0.48 0.56 3.8 

x3 x1= xmax.1= −0.47, x2= xmax.2= +1 0.36 −0.18x3
2 +0.36x3

4 0.54 0.34 0.38 3.9 

x3 x1= xmin.1= −1, x2= xmin.2= −1 0.65 −0.30x3
2 +0.36x3

4 0.71 0.59 0.63 3.10 
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3.2.       
 

  (3.1)   Y,   -   
  - ,      -

    - ,    
  [11, 168-170].  

Y
Y  = Y – t ⋅se

t Y Y
γ =  – 

 = 
t0.05 =

    ,     -

    (  ,    tα).   -
   (3.1),    (3.11),   

   ,     k  - . 
  

                               Y  (x) = Y(x1, …, xk)  ±  tα⋅se⋅ [d(x1, …, xk)]
0.5                         (3.11) 

 

 ,    – -
 ,       t    se,  

. 3.2.      : 
 –     F     CA (x1  x3) 

     SC (x2 = 1); 
 –    SC   CA (x2  x3)    F (x1 = 1) 

-1

0

1

1

0

-1

0.3

0.4

0.5

0.6

0.7

0.8

x 1
x 3

d

-1

0

1

1

0

-1

0.3

0.4

0.5

0.6

0.7

0.8

x 2
x 3

d
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[11, 135, 171],     ,  -
    (  ,   . .),  -

 [11, 135]–      Y ( , -
, ,  …). 

  (3.12)   (c  α/2 = 0.05) -
       (CA = 20%, 

x3 = −1)      . 1.3c - -
  (1.5)   ,   . 3.3. 

 

     A0.05(x1, x2 /x3= −1) = (1.5) − [t0.05 = 1.645]×[se= 0.41]×[d(x1, x2  / x3= −1)]0.5  (3.12) 
 

   (3.12)  7.21 / ,   , -

  ≥ 6,  19%, . .,      ( . 
1.2) -   (1.5). 

       ΔY(x)  
(3.1)    (« »).   Y   u-   xu -

   (3.13) ,     -
      t,    -

  (  t⋅se –   ).    
  (    –   )  

  (    s ). 
 

 

. 3.3.    (a), 
-   (b) 

      (c, d)  
  F  SC (x1  x2) 

   CA (x3 = −1) 
 

d

x 1

x 2

x 2
x 1

A

x 2
x 1

A

(d)

x 2

x 1

(a) (b) ( )
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                                            Yu = Y(xu) ± tu· se · [d (xu)]
0.5                                      (3.13) 

 

   Y        N 

  (   , -
  ) x     -

 -     .   -
   (    
,    t,  x)   

  Yu,  N  - .  

 ⎯Yu    -
      -

-    N  . 
 . 3.4    -

  ,   -
      

     , 
     -
 (   A  N = 441 ). 

 3.5   -
     -

   (F  2  2.5,  x1)    , 

. 3.4.  
  A 

   F  SC  
(x1  x2)  x3 = −1 

 

x 2
x 1

A

. 3.5.      F −   
 ,    -  , 
   ,      A 

A

x 1

A

x 1 x 1

A

A

x 1
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      A: 
 

x2 = xmax.2 = +1 (SC = 60), x3 = xmax.3 = −0.22 (CA = 35.6); 

x2 = xmin.2 = −1 (SC = 0), x3 = xmin.3 = +1 (CA = 60). 
 

     (    0.05), -
   , -   

(1.15-16),    . 1.6,      -
  (     A  N = 41 , -

  « »  -  ). 
         

      -  (  
 ,   ,   . 3.3d, « »   

),      (  7)  
,     - . 

     -
    -      

      -
 ,     –    -

  ,    -
  (  4-6). 

 
 

′  
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 4.     
 
 

       -
       -

   ,      -
-  . 

Y

r  
ρ Y1 Y2

 n −  1Y   2Y  − , s1  s2 − 
 

r n
ρ r 

Y1 Y2 n ≥

z
r 

                                                       z  = 0.5⋅ln [(1-r) / (1+r)] = arcth r                                                                  

,
)1()1(

)()(
}{

21

21
1

21

21

1
2211

21
−

−

=
−

−⋅−

= ==

nss

YYnyy
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YyYy
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n

i
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n
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r z r

α f = n − 2
Y1 Y2 r{Y1Y2} > r

− Y1(Y2) Y2(Y1)
a1

 

                                                                      Yi =  a0 + a1Yj  

R2  
Yi) Yj

Yi(Yj)

−

Y1 Y2 x

x  

f =

Y

       -
     . ,   -

    5%     
   r = 0.6 ,        n 

≥ 10 .        r    -
,       3 ,  n     

 x

x

r

Y
 Y 1 = 445x 0.64e -2.41x

 Y 2 = 445x 1.00e -1.80x

x
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 30.         -
 ,  ,   r   -
  - ,      -

  ,   .   
  ,    -   

        -
   - .      

   ,    
    ,      

          
.  Y      

   ,    
         . 

 ,    ,     
  Y    ,   -

  .    -
       .  

     « »   
   - .     -

    « »  –  
  (§ 1.2).     -

      . 
 
4.1.        
 

  15-   ( . 1.1)    
R ( )   -  (4.4).   (  se = 1.3 

   0.1)   . 4.2    R(x) -

       (F ∼ x1), -

       (SC ∼ x2)    

   (CA ∼ x3).    Rmax = 84.1 

(  x1= −0.931, x2= 0.625, x3= −1),   Rmin = 35.6 (  x1= 

x2= −1, x3= +1),  Δ R = 48.5 ,  δR = 2.4 .  , 

    70 , Ω{R ≥ 70}  63%. 

R  =  75.3 ±   0  x1 – 1.7x1
2 – 1.1x1x2 + 2.4x1x3   

                 +  9.4x2 − 4.7x2
2 + 4.6x2x3 

        – 11.0x3 – 4.8x3
2   (4.4) 
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         R(x1, x2),   x3 = ±1 (  
  . 1.1 –  ).    

 ,      (x1)    
     (x2),    -

  ,       -
  .  CA = 60 % (x3 = +1, . 4.2, b)   -

 F  SC,   R ≥ 70 . 
  . 4.3     

,     ( ),   
  R = 70    ,  -

       (    

      −  Ω%). -
  GR{xgr}    ;   

R(xgr)   5     . 
   . 1.1  4.2,   A (  ) 

 R (  )   ;   

 ∇   ∇R  (      -

 

. 4.2.    (a) 
       (b) 

  (c)    

x 2 (SC )

x 1 

(F )

(c)

x 2 (SC )

x 1 

(F )

(b)(a) 

1 

2 

3 
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,   ),   .      
         ( . 

4.4)   ( . 1.6).    SiC (x2= −1)  -
     ;    , 

   (1.3)  (4.4) –  A(x1, x2, x3)  R(x1, x2, x3).  
      A  R    .  
       ?    

    ?      
 (     )? 

. 4.4.     R ( ) 
      

R

x 1 x 2 x 3

Rmax = 84.1

Rmin = 35.6

. 4.3.    ,   
  ,        

ΩΩΩΩ{R ≥≥≥≥70}

(x 3)

(x 1)

(x 2)

x i

δδδδRR max

x 3
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4.2.    
 

  15-   (    ) 
15    R ( )   A ( / )   . 
4.5;       

   3-    0.50  0.61 . 
  ,   

  r{AR} = 0.71 ( -
  15-    A  R 

     
  ) -

  (    
1%)    

    -
,     

.     
A  R     

-   . 
    -

    
    -

  ,  ,  
 , -

 (1.3)  (4.4);    
   R(x1, x2, x3)      A(x1, x2, x3),     

,    ,    . 
 
4.3.       

       
   [189]. 

0.      . -
 (  ,     )   

  (< k),      ,  
   .  « »  (xch).    

     Y,   , -
  « »  (xgr).   -

 xch         . 

. 4.5.   
    

    

R

A

RA 0845.01090.0 +=

2046.0806.290.50 RRA −+−=
34102 R−

⋅+
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 ,  (4.5-4.6),   x1 = +1  (4.4) 
 (1.3) ,       -

         
( . 4.6 a, c). 

     , 
  § 3.1    (3.2)   -

          d-   , 
  (3.4).  . 4.6 b, d   d-   (4.5-4.6). 

A(x2, x3 / x1 = +1) = 6.44 + 0.92x2 ±   0  x2
2 ±  0  x2x3 

                                        + 0.85x3 − 1.12x3
2  (4.6) 

R(x2, x3 / x1 = +1) = 73.6 +  8.3x2  −  4.7x2
2 + 4.6x2x3 

                                        −  8.6x3  −  4.8x3
2  (4.5) 

. 4.6.        (a, b) 
  (c, d)    , SC  CA (x2  x3) 

   , F = 2.5 (x1 = 1) 

A

x 2

x 3

(c) 

x 2

x 3

d
(d) 

R

x 2

x 3

(a) 

x 2

x 3

d

(b) 
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1.     xch   N  xgr 
( - ),       

(   xgr.i = ±1,     ). 
2.     xgr     

-   Y(xgr),    

- .    ΔY(xgr) (4.7)    

 Y(xgr) + ΔY(xgr); se  (4.7) –   Y   -
, t –   ,    -

 .        R  A -
  . 4.7 a-b, d-e.   

     Y   -
      xgr   -

ΔY(xgr) = t ⋅ se⋅ [d(xgr)]
0.5                                        (4.7) 

. 4.7.        (a-b) 
  (d-e)    (x1 = +1, F = 2.5) 

      (x2, x3);    
   (c)   (f) 

ΔΔΔΔR

x 2
x 3

R

x 2x 3

(a) (b) (c) 

R

x 2x 3

(d) (e) (f) 

ΔΔΔΔA

x 2
x 3

A

x 2x 3

A

x 2x 3



70 Ìåòîäîëîãèÿ ðåöåïòóðíî-òåõíîëîãè÷åñêèõ ïîëåé â êîìïüþòåðíîì ñòðîèòåëüíîì ìàòåðèàëîâåäåíèè

    «  »    
      -

.      -  –   -
 (   )         

   2 .  . 4.7 c, f      
   R(x2, x3  / x1= +1)   A(x2, x3 / x1= +1). 

3.  N       (Yi, Yj) -
      r{YiYj},  -

     ,  ,  a1 -
  Yi(Yj) –   G{YiYj},    

 ,   . 
   . 4.8    

 R  A         
  (N = 500).      A  R  F = 2 

  F = 2.5. ,      -
    ,   

   . 
4.    (1-3)   -

  .    . 4.8   500 
 r23{RA}.         -

     N = 15  (x2, x3); . .,   
         

      (    ). 

r {RA}

  f

F = 2 

F = 2.5 

at F = 2.5
r {RA} = -0.07 

  R , MPa

r {RA} = +0.82

  R , MPa

A , h/g          at F  = 2

. 4.8.      SC  CA 
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 1-4     . 4.9. 
 

. 4.9.  -        – 
 -      (     ) 

 

 -   Yi(x = xgr, xch),  Yj(x)… 

xch 

-   
Yi(xgr / xch), Yj(xgr / xch)… 

g = 1,  Ng 

u = 1,  N 

 

     xgr.u , 
     Ωgr 

   
   ΔYi(xgr.u / xch), 

 ΔYj(xgr.u / xch)…    xgr.u 

    
  xgr.u 

Yi.u = Yi(xgr.u / xch) + ΔYi(xgr.u / xch), 
Yj.u  = Yj(xgr.u / xch) + ΔYj(xgr.u / xch)… 

  
{Yi.1, Yi.2, …, Yi.N}, 
{Yj.1, Yj2, …, YjN}… 

  xch  Ωch 

    GYi, GYj, GYiYj… 

 GYi, GYj, GYiYj… 
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5.   -
,     xch, 

   -  

(      
 –   )   

  .  
    
 (4.8) –    

  -
   (    

)    -
 «  / ». 

 . 4.10    -
     

q05  q95,  (   0.05) 
    r23{AR}(x1). 

 

 

       A  R -
    A(x1, x3)  R(x1, x3),    x2, 

   A(x1, x2)  R(x1, x2),  x3    . -
   -

 -
 ; -

 , 5-   
95-   -

  . 4.11. 
  -

    
 (    

)  
   

  
  -

 r13,  , -
,   A   R  

. 4.10.  
  

   
     

    
   

(2)             (2.25)          (2.5) 

r 23{AR } 

x 1 (F )

(4.8) r23{AR}(x1) = 0.614 − 0.372x1 − 0.142x1
2 

. 4.11.    
    F  CA   

    ( ) 
   F  SC     

  ( ) 

r 13{AR } 

x 2 (SC )

(0)            (30)          (60) 

r 12{AR } 

x 3 (CA )

(20)           (40)          (60)  
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   . ,      

  (CA ∼ x3)    (F ∼ x1)  -

   (SC ∼ x2)     
     (r12    -

 ).   . 4.11      -
  [167]. 

 
4.4.        ? 

 
  [126]       -

  ,     A ( / )  -
   E ( ).    -

 -   (     
 )   E (      -

      ). 
       E  15  -

 (    – . 1.1,    A, R   . ). 
  ,     r{A, E} = 0.55  
  (    3 %)      

(4.9). ,   s{A(E)} = 1.40 /     20 %  
  A     .    (4.9)  -
      . 

 

                                A(E)  =  a0 + a1 ⋅ E = 1.15 + 0.631⋅ E                              (4.9) 
 

 E  15    -  (4.10) -
  E(x1, x2, x3),   . 4.12    A(x1, x2, x3). 

 E   9.68 (  x1= 0.68, x2= 1, x3= −1)   4.41  

(  x1= x3= 1, x2= −1).   A,  E −   
,     - ,     -

   A(E). 
 

   ,    . 4.12,    A(x) 
 E (x)     (x2, x3). ,     
        -

E  =  7.97 + 0.36x1 – 0.91x1
2 + 0.89x1x2 ±   0  x1x3  

                 + 1.06x2 – 0.41x2
2 ±   0   x2x3 

         – 0.64x3 ±   0   x3
2   (4.10) 
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   .  -
,   A  E    

    (   
A  R, § 4.3). 

    
  A  E   

    -
    

       
(   ,  -

   ). 
 ,   

  (F = 2.25, x1 = 0) -
    

     
(a1)    A  E: r05 = 0.32,  r50 
= 0.64,  r95 = 0.83 (    -

); a1.05 = 0.40, a1.50  = 0.75, a1.95 = 1.15 ( -
  ,    
-  ). 

  A = 0.40 + 0.75 ⋅ E,  -
    (4.9) -

 (r50 = 0.64 > 0.55),   
    -

-      ,   -
  F = 2.25. 

       
  E(x2, x3), A(x2, x3)    (GE, GA, GEA)    -

 x1           
  . ,    

    /   (    0.04)   
 (4.11). 

 

                               a1{A(E)} = 0.78 – 0.62x1 – 0.15x1
2 + 0.27x1

3                        (4.11) 
 

  A  E    ,   

   2.1 ≤ F ≤ 2.4  ( . . −0.6 ≤ x1 ≤ +0.6);   –  
  . 

 

. 4.12.   
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      -
     A  E  

: 1)    
   ,    

    
SiC (x2 –   ); -

   
    

 ,     
  : 2)   
 A  E    -

  ,   -
 «  / ». 

   E  
     -

     
.    

. 4.13 (  [126])   
         -

       , 
   : xgr = x2, xch = (x1, x3). -

    rα   r{A, E}  α  
   0.05,  0.50    0.95. 

  [126]    A  E , 
        

      -

    ( /  ≥ 2.1)   -
  . 

 
4.5.        

 
4.5.1.  .  ,    

       
,  [187, 190]      -

    (Rt)     (Rc).  , -
 ,          

       ,  -
 (    ) ,    

 

. 4.13.    
  r{E, A}      
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 . ,  Rt  Rc     
 ,      -

       .  -
       

 r  ,       ; -
    Rt  Rc  . 

 

4.5.2.  .   [86, 103, 131]   -
         

       –    
« », « »  « »  (    -

),        
(    ).     

   ,   15  (   -

   M3T2Q),       300° , 
    (Ryt),       (v,  

        -
).       

,   -   (2.2)    
,  ,     . 

 r{v, Ryt},     (  
),          

.    (  )   
  a1  Ryt(v)   1.5 ,    

    .   -
   2.5 ,     9 %   .   
  v  Ryt,      

,     (  r     
  0.01 %,    a1   ),   -

     . 
 

4.5.3.   .     
[8, 97, 104, 169, 178]       -

   ,    , -
  ,  5  :  

•      –  (%  

 ,    -20)   (10 ± 10),  
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-   (10 ± 10),   (5 ± 5)∗, -
   x1, x2, x3; 

•     –   -

   (100 ± 50 → x4)     (250 ± 250% → x5). 
, ,      

   27   (   5 [90]).       
5-   -       

  ,  . .,    . 
      -

  δ ( -1),     , δmax = 0.579,  -

 δmin = 0.100;         -
    .    -

 E ( )     E(x1, x2, x3, x4, x5)     
 5 . 

   , ,   
.     -

 ,     -  -
   ,    
 [191].  ,     -

  (        -
  );       -

       [192]. 
        -

        -
   . ,    27  -

  E  δ,      -

 ,     (r{E, δ } = 

−0.24),  ,        -
   [8]. 

    E(x4, x5)   δ(x4, x5)      -
    x1,  x2    x3 ,    -

           . 
         

     ,     . 

                                                 
∗ ,          
    . 
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 r{E, δ}  
. 4.14 [169]  -
,    

  
    

 E   -
        

(10 %)   -
   -

   
 (20 %)    
  (5 %).  -
  -

   
   

-1
.0 -0
.8 -0
.6 -0
.4 -0
.2 0.

0 0.
2 0.
4 0.
6 0.
8 1.
0

(-1,-1,1)

(-1,-1,-1)

(-1,1,0)
0

0.1

0.2

0.3

0.4

0.5    f

   r

 

. 4.14.     r{E, δ}, 
       

    : 
(−1, 1, 0) −   , « » ,   ; 

⎯r = +0.79, sr = 0.06; 
(−1, −1, −1)   −   ;⎯r = 0.04, sr = 0.20; 

(−1, −1, 1)  −   ,  , « » ;⎯r = −0.87, sr = 0.04 

 

. 3.    - ,    
     δδδδ    ,  

       

x1 

x2 

x3

. 4.15.  -  (x1),  (x2) 
  (x3)    δ  E, 
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       (   -
 r   0). 

  r{E, δ}     ( , -
 , ,   .)    33 = 27 -

,       (x1,  x2, x3 = ±1, 0).  -
    -    -
        

   δ       . 
 . 4.15 [169]        

   r{E, δ} . 

     (r ≤ −0.6)    
         -

  .    r = 0.6  
     (   ),  -

       . 
 

4.5.4. -     .   
 -      -

 . . .      -
  ,     ,  -
       . 

1.      ,  -
  [6, 19, 193, 194].      

   41-    ,     

  800  1000°  (R800, R1000, ).   -
   [19],    -

 - ,   :    

(1.0-2.4, silicate modulus Ms ∼ x1),       (20-

60%, x2),      (100-750°, x3, -
     [8, 19]),  -

  (10-30%, x4). 
           

60 .  , ,    
   

 = R1000 / R800    . 
       

 (    0.01)      -

 ,    800  1000° ;  r{R800, R1000} = 0.768. 
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  5    KT > 1 (   -
       ), -

    R1000 = 20.0 + 0.64⋅R800    R1000 < R800 
     (R > 60 ). 

    R1000   R800 (    
0.64    R800  1 )     -

.        
 . 4.16 (   -   ) -

,    ,    R800  -
    R1000 (  ,   1,   2,  -

   100  750° ).  ,  -

         100                                         550                                       750 
          (x3) 

-1
0

11
0

-1

20

40

60

80

100R800

x1

x2

-1
0

11
0

-1

20

40

60

80

100R800

x1

x2

-1
0

11
0

-1

20

40

60

80

100R800

x1
x2

-1
0

11
0

-1

20

40

60

80

100R1000

x1

x2

-1
0

11
0

-1

20

40

60

80

100R1000

x1

x2

-1
0

11
0

-1

20

40

60

80

100R1000

x1

x2

 
 

 

. 4.16.        s (x1)   
 (x2)       (x3) 

       (    20 . .); 
  R < 60  
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        R1000   R800    -
 . 

      .  -

,     10 %    ( 3 = 4 = −1)  
     « -  » ( 1, 2) 

  r{R800, R1000}    :  5-  -
 r05 = 0.01,   r50 = 0.24, r95 = 0.48 (      -

  . 4.17).   ,     0.05 

(    «  0» α = 0.031),     
R1000   R800        

    .  

 

. 4.17.      r{R800, R1000} 
      

   5-    r      

0

10

20

30

40

50

60

-0.4 0.0 0.4 0.8

r{R
800

,R
1000

}

f,%

 

0
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30

40

50

60

-0.4 0.0 0.4 0.8

r{R
800

,R
1000

}

f,%

0
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30

40

50

60

-0.4 0.0 0.4 0.8

r{R
800

,R
1000

}

f,%

150                  300                  450                600                  750 
  , °  

30 
 
 
 
 
 
 
 
 
20 
 
 
 
 
 
 
 
 
10 

 
 

r05 = 0.5 

 0.1 

 0.3 
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   « »     
,       s   , 

   (   z-    
(4.2)),       ( 3, 4).  

  R1000   R800      ,  
,    r05   . 4.17   (    

,   r = (e2z – 1)/(e2z + 1)). 
     «  , -  

»,      «  
» [194].       « » 

     Ms.    
     Ms   

 R800   R1000. 
2.   4.3       -

    ,   [195]      
. . . ,        -

         -
.    « - 2- gO.Cr2O3-   

» ,  ,       -

  Rn     800  1000°  (  R8  

R10),    8 = R8/Rn  10 = R10/Rn,  -
  [19].         

    [154]. 
   : 3    

 (  M3) –     « - 2- gO.Cr2O3» 

 (0 ≤ vi ≤ 1, Σvi =1, i = 1…3),   
,       

 ; 2     

(  T2) –   (Ms,  1  2 ∼  ⏐x4⏐≤ 

1)   (1.2 ≤ ρ ≤ 1.3 / 3 ∼ x5).   16  (  
    [19])   

  -   (2.2) –   2-  -
   M3T2Q. 

      -

     Rn.  (4.12-13)  
    0.52  0.60,    -

  K    . 
 

8  = 1.50 –  0.214 ⋅ ln Rn       10 = 1.68 – 0.279 ⋅ ln Rn               (4.12-13) 
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 ,     , -

   K (ln Rn)  -   -

      . 

,  x  Ms=1.5   

ρ=1.25 (x4 = x5 =0)  200  
 16    

   
 (v),     

-    Rn, 8  

   (  
    -

 sna),   -
,   . 4.18.  -

     
   ( -

      -
   [167]);    -
    ( -

 qα)    -
  -

 ( . 4.1 [154]). ,  
    -

  ,  
     

  ( - , 
  -

    Rn   K). 
   

     -
  -

    Ms  ρ (   

  x4, x5).  . 4.19a -
,    

 r{lnRn, K8},    ρ = 
1.3 / 3    -

.   Ms = 2.0 ( 4 = +1),   

 

. 4.18.   
  8 = 0 + 1⋅ln Rn 

 Ms = 1.5, ρ = 1.25 (x4 = x5 =0) 

-1.40 -0.92 -0.43 0.05 0.50

0
0.1

0.2

0.3{a}

a{K8)

0.04 0.06 0.08 0.10 0.12

0
0.1
0.2
0.3sna}

sna{K8

-0.95 -0.61 -0.27 0.08 0.42

0
0.1

0.2

0.3{r}

r{Rn,K8

  f 

   f 

   f 

 r{lnRn, K8} 

a1 

sna 

 

 

 

 4.1.  
   

 K8 (Rn) 
 

 r{ln Rn, K8} a1 sna 

Av -0.36 -0.36 0.074 
Max 0.31 0.37 0.114 
Min -0.84 -1.24 0.043 

A 0.59 0.43 0 
E 0 0.57 0 

q05 -0.67 -0.90 0.053 
q10 -0.63 -0.72 0.057 
Me -0.39 -0.35 0.073 
q90 -0.04 -0.03 0.091 

 

q95 0.06 0.05 0.096 
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,    Ms  1.0 ( 4 = –1)    -

  (    !),    -

      Rn. 

       [154]   

 -       α  ,  
    r{lnRn, K8}     

 q = 1− α   Ms  ρ ( . 4.19, b).  ,  

        
          

 Ms;  Ms < 1.7 (x4 < 0.5),        

     . 
 

4.5.5.  .      -   -
        

       -
       -   .   

,    : 

♦   ,    
   ,   ,  -

    [78, 196, 197]; 

 

. 4.19.    r{K8, ln Rn}   
  Ms (a)         

    (b) 

(a) 

 Ms 

 

  ( b) 

r{K8, ln Rn} 

 p 
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♦        
     ,   -

   (     
);          
   [198, 199]; 

♦       (  -
 )    [179-182, 188]; 

♦        -
    [200], -

  -   [201-203]; 
♦     ,    28-  ,  -

      
  ,       

[23, 140, 204, 205]; 
♦          -

,     [206, 207]. 
 

 ,   -    -
     -   

     -  
  –     ,   -

      , -
        ( )   . 

      
        -

       -   . 
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 5.             
 
 

       -
  -    -

     Y   -   , 
         

(    B,  , ).  
   [208-213]      -

,      « -
»,       . 

    ,    « »  
« »,  « »  . .  ( ) . 

     ,  
       ,  ,  
   ; ,   -
            

  . 
  ,   ,     

  ,   [90]  
 ( ),   - .     

    -  x (   v, w) -
 [8, 19]   (5.1) –     *. 

 

                                                      B(x) = const = Bis                                               (5.1) 
 

    -  Y(x),  B(x), -
         -

      [8, 214-216], -
    [18, 217].   -

    [8, 19]     . 
        -

   [6, 79, 168, 218];      – 
  Y        

 .     x -    

  (5.1).      (Ωx) –   

                                                 
*          
    Y     . 
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 ;    Y  (  - )  -

   Ωx. 
 -      -

 [219].   -     - , 
  -    -      

 [8, 19]       (   ,  
       « » ), 

        -
.        

      ( . 1.2), -
    .     

      . 
 
5.1.         
        1 -1.        
 

 15  ( . 1.1)      

  η ( ⋅ ),  ,    γ′ = 1 -1.  
   -  (5.2). 

  (   0.1    0.07,  3.15 

⋅ )   . 5.1  η(x) 
   -

  (F ∼ x1),   

   (SC ∼ x2)  

    (CA ∼ x3). 
   (  

 ,  20 % SiC  

44 %  ), ηmin = 18.5, -

 ηmax = 464 ⋅  (  -
 ,   -
     

 , x1= x2 = +1, x3= −1), -

 Δη = 445.5 ⋅ ,  δη = 25 . 
    -

ln η  =  3.27 + 0.61x1 + 0.33x1
2 + 0.09x1x2 – 0.16x1x3 

                    + 0.36x2 + 0.36x2
2

                             – 0.14x2x3 
            – 0.36x3 + 0.46x3

2   (5.2) 

 

. 5.1.    
   

1 

2 

3
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    , ,   -
    ,         

;         -
  [6]. 

      «  »,  
         -

    , Y(x2, x3 / x1= 0).  . 5.2    
η, R  A;    (5.2, 4.4, 1.3)  x1= 0.  « -

» , . .,   –  η.  

 ηis = 45 ⋅      [126] -

 30 ≤ η ≤ 60 ⋅ . 
 

5.2.      
       (   )  

 
        (  

)        

 (x = xgr = (xi, xj), Ωx = Ωgr),     
 (   xch,    ).  -

,        Ωch, -
      .   

   « »    B(x) = Bis (   
  ηis = 45 ⋅ ),     Ωis,   

Ωx.    . 
1.    (5.3),   -

 (   α,      ) « » 
     B.   

 

. 5.2.    (SC ∼ x2   CA ∼ x3)     η ( ⋅ ), 
  R ( )   A ( / )  

    (F = 2.25, x1 = 0) 

R A 

x3 

x2 

ηηηη 
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(    B)   se -
  B   t-     -

  x      d ( . . 3)∗. 
 

                               Bis.α(x)  =  Bis ± tα⋅se⋅[dB(x)]0.5  =  Bis ± ΔBis(x)                         (5.3) 
 

2.    Ωx (     –  
 {x2, x3})  n    (   

1600  , 1-   ).     
  nis  xis,   B  ,   

-   B(x),     Bis ± ΔBis(x).  ,   

  Bis.α(x)    (5.3)    -

 Ωx     Ωis, xis ∈ Ωis.    
 -   123  1600  . 

3.          
 Y  -    (5.4),   

 Y   u-    nis ,    -  Ωis.   
   -   Y   -

   (   ),  
(3.13);        t, -

     (  t⋅se –   ). 
 

                                            Yu = Y(xis.u) ± tu·  se ·  [d (xis.u)]
0.5

                                    (5.4) 
 

     Y    B, -
 -   Y(xis) –    
    xis. 

   ( . 1-3)  3  « »,  
    : "1" –  nis  -

 B    (5.3); "2" –     -

 Ωis,   B  "1"; "3" –  nis   Y, 
  (5.4)   (xi.is, xj.is)  "2",  -   

;       123   

(  η   45 ± Δη(xis)  ⋅ ). 
4.       -

.    -  (Ωis    , 
B  Y) « ». 

                                                 
∗    d(x)   Ωx  ⎯d,    .  

   ,    ,   
 ,  Δ   > 1 [220]. 
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   ( ) -
    B(x) = Bis,  -

   ϕ   -
,       -
.    ,   -
   « »  . 

  –   ,   
  ;  -

  ,   
  .    . 5.3  

–      -

 η(x2, x3 / x1= 0)   (–1, +1)  

{x2, x3};     , π / 2,    . 
  ,      –  -

      (      
 5.3),        –  

B,   Y.   Bis    (    Ωx –  ), 
        

,     

ó  ∗. 
  -

  -
  (xi.is, xj.is)   

   
  Y. 
 . 5.4 -

  « -
»   

    
(x1 = 0, F = 2.25) -

 (ηis = 45 ⋅ ) -
 , 

        
x2 = –1, x3 = +1;  -

                                                 
∗           ;  -

        (  )   
. 

 

. 5.3.  
  -  

  η = 45 ⋅  
    

x3 

x2 

ηηηη

 ϕ 

ϕϕϕϕ 

 

. 5.4. ,   (x2, x3), 
     

     
 (  ) 

 A R

A

R

ϕ° 

x

x 2

x 3

ϕ° 

η 

 π/6      π/3     π/2  rad  π/6       π/3      π/2 
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 –      (    . 5.3,  ). 
  . 5.5       . 
 Y  -      -

  ( . § 1.3),  ,   Y(x / B(x) = Bis ± ΔBis(x));    

 – Ωis.    : A(x2, x3 / x1= 0, η = 45 ± Δηis(x2, x3 / x1= 0)) 

                                    R(x2, x3 / x1= 0, η = 45 ± Δηis(x2, x3 / x1= 0)).  
« »   . 5.4-5.5 –   , -

 « »  Ωis       
A(x2, x3 / x1= 0)  R(x2, x3 / x1= 0). 

5.  -   (    - ),   
   ( . . 1) –   -

     (  -  Ωis),  
   .     

 GY{Ωis}     Y  - . 
 G (   )     , -

. 5.5. ,   (x2, x3),  
         

 (x2)     (x3) 

A R
A R

x 2

x

x 2

x 3

x 2

x

x 3

A R

A R

x 3
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  . 4.9.        « » , 

  Y   - ∗. 
        

 ( . 5.4)   (5.5),   -
 R2 = 0.999. 

                       A{ηis = 45} = 6.73 + 6.61ϕ – 10.30ϕ
2 + 3.12ϕ

3 + 0.10ϕ
4                (5.5)   

 

      (5.5) Amax{ηis = 45} = 8.0 

 Amin{ηis = 45} =  4.4 / ,       1.8 
.         

ϕ = 0.33-0.43 (x2   0.86-0.93,  57% SiC  , x3  -
 0.16-0.35,  46%  ).    

 ϕ = π/2 (   «–1, +1»  . 5.3), . ,   -
   20%  . 

Y
B Y 

t

Y Ωis 

R2.

                                  Ψ{Y}  =  1 −  R2{Y, xis},    Θ{Y} = R2{Y, xis} / Ψ{Y}                      

Y x ϕ

A  
Ψ A

se Y Δ

se Δ Ψ 

 6.    GY{Ωis}     -
      xch (  

-  ),          

Ω h.  - ,    ,  -
        –  

  ,      (1.12). 

                                                 
∗   ,          

  - ,        -
;       « » .  -

  –  2-  ,   –  4-   [8]. 
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                    Amax {η(x2, x3) = 45±2.5} = 0.1578⋅(51.734 – exp(3.3504x1))             (5.8) 
 

 (5.8)∗     (F ∼ x1) -

      , 
      

(SC ∼ x2, CA ∼ x3),     

 , η = 45±2.5 ⋅  ( . 5.6). 

    -
 -   x1 = –1, –0.5, 0, +0.5.   

x1= +1 (F = 2.5,   ) 
    (x2, x3), -

   (     
 . 5.1       

 η –  Ωis). 

   -
   . -   -

   -
     -

     , -
    . 
 

5.3.      
             
 

,   « »     
(    )      -

 [222].       ,  -
         

(  550- )       [8, 109, 216, 
223]  .    -

:        ,     
   ,        -

 ( ),    (γ′=1 -1).  

        -
   [224],    (   -

     550- ). -

                                                 
∗    CurveExpert. 

 

. 5.6.  
   

  
  

  
    

A max

x 1
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( -20, -16,   -41)    ( -1, -15),   -

  ( ),      -

  (   1.52 ⋅ ). 
    (w1 –    -

     S1= 350,   w2 –     S2= 

150    w3 – ,  S3= 50 2/ ; Σwi = 1)     « -
- » :  = 2.5 (  )     -

   [9, 225],   .     -

   η  γ′ = 1 -1,    -  
      [8, 9].    (5.9),  -

  (   0.05) ,    
. 5.7        -20 (    

    ). 
 

      ln η{ -20}  = 5.98w1 ± 0w1w2 – 5.29w1w3 + 1.37w1w2(w1-w2) ± 0w1w3(w1-w3)   
                   + 5.68w2                       – 4.28w2w3                                ± 0w2w3(w2-w3)   
                   + 5.19w3                                                  ± 0w1w2w3                      (5.9) 
 

   η(w1, w2, w3)   :  

 ηmax = e5.98 = 395 ⋅ ,    (w1=1, w2= w3=0, S = 350); 

ηmin = e4.06 = 58 ⋅ ,         -
  1:2 (w1=0.33, w2=0, w3=0.67, S = 148 2/ );   

 δη = exp(lnηmax – lnηmin) = 6.81;    Lext = 0.67 
   (    , -

   w3);      

∇δη= δη/ Lext = 10.2. 
  G       

 ( . 5.7,   [6])   . 5.1 (  550-   

 ).    ηmax   (  
     ),       

   .    ∇δη,  
    « »    

  (∇δη = 8-12,  -20, -16  -1,   
   550- )  « » ( -

 -1  -15    -41;     
,          -
 ).            
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        ( . 5.7). -
       . 

 

.  5.7.  «   , »  (a-d) 
  (e-f) ,     (g) 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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   -  : «    , 
      S = 150 2/ , -

     (w2 = 1),      -
    (w1:w3 = 1:2,    S1  S3)».   

   ,    w2 -

          100°. 
      S (w1, w2, w3) -

 5000   (  ,   10 % « » 
  ).       S  

1282 ,     S⋅(1± tα⋅δS)=150±10 2/  

(   δS = 5%  α = 0.1).  

 . 5.8     –  η  
        - .   

,    :  -20   -
  3-4 ,   -1      7-8 . 

 5.1        
            
     

 

 
 

  

 
 

 
 

 
. 5

.7
 

ηmax,  
⋅  

wi 
ηmin, 

⋅  
w1 w2 w3 

 
 

  δ
η
 

 
 

 L
ex

t  

  
  

- 
 

 
∇

δ
η
 =

 δ
η
 / 

L
ex

t 

 -20  395 58 0.33 0 0.67 6.8 0.67 10.2 

 -16  478 85 0.27 0 0.73 5.6 0.73 7.7 

 -1  437 52 0.31 0 0.69 8.4 0.69 12.2 

 -41  210 10 0.21 0.16 0.63 21.0 0.68 30.9 

 -1  464 18 0.22 0.24 0.54 25.8 0.67 38.5 

 -15  175 15 0.32 0.03 0.65 11.7 0.64 18.2 

   440 10 0.23 0 0.77 44.0 0.77 57.1 

 550-   247 

 w
1=

 1
, w

2 
=

 w
3 
=

 0
 

110 0.42 0.11 0.47 2.2 0.56 4.0 
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    . 5.9,  (   [6]). ,  -

   lnη(w2)    w1:w3 = 1:2    
(5.9).        -

         -

.      η(w2)  S = 150 2/  
      (    -

, w2=1).  , ϕ{S=150},       -

     (η     S).    

  ϕη(w2)  ( . 5.9 )  1  0.317    
-16 (   3 )   0.137  -1 (    7 ).  

 ,      , 

 (     α < 0.001)   (5.10). 
 

                                    ϕη  =  exp {(1-w2) ⋅ [1.979(1-w2) − 3.582]}                         (5.10) 
 

  (5.10),    ,   
. 5.9,  (  ).      -

. 5.8.           
     

       w2  (   S = 150 ± 10 2/ ) 

-20

0.00.51.0

0

50

100

150

200

250

300
-1

0.00.51.0

 

80

100

120

140

160

180

0.00.51.0

0

0

0

0

0

0

0
η 

 S 
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 0.763 –  3/4   . 5.9,   -

  ϕη      ,   1/4 
    .      

   [8].    -
        

      . 
 

      −−−−   
  .     -

         -
         

      [8, 109, 216, 223, 226].   -
       ,  

   ,    -

  ,       ⎯δδδδ   
        .  -
 , ,    . 

. 5.9.        (a)     
   (b)        

      

      w2 (S=150±10 2/ ) 

2

3

4

5

6

00.51

0

0.2

0.4

0.6

0.8

1

00.51

 -1

-20

-16

-41

-1

-15

ϕηlnη 
( ) ( ) (b) 
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   -
   -

   
  ( . 5.10), -

    -
   

  -
 –     

 .  -
   -

    -
.    -

  ⎯δδδδ   <⎯δδδδ,   
   ,     -

 .     « »      
     .  

 ⎯δδδδ   > δδδδ;     . 5.10  -
    ,      

        

  γ′  ,    -
   .

        
      -

    10-15 %,    
   [8, 156]. 

 

   ,   
  .      

    550-  [8, 109],     (Q), 
 (M)   (C)   ,   

     ,   
       , 

 ,  . 
        

   ( ,  , -
 «     » 

[8])    « » -

. 5.10.     
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    .   -

  [8]     η300 (  -

    : S = 300, :  = 2.5; γ′ = 1) −  
,     (  

 ,   [227, 228]).  -

       η300
C = 350  >  η300

M = 290  >  η300
Q = 180 ⋅  

(    ). 
   .

- ,    ,   -
    –   ,   -

  .       -

,   η300.     -
     ,   ( . 5.11),   -
    (S=const=150 2/ ).  

- ,        -
.           -

    ,     5-7%  
(     [8]),       

, -
  -

 , 
   (  1.5  

 η300). 
- , -

  -
  ,  -

   
  -   -

  
  -

    -
  , 

  -
   
  -
,  

  -

100

130

160

190

220

250

0 0.2 0.4 0.6 0.8 1
     

 

  η  η  η  η 1

00.20.40.60.81
    

  

  
 

 

 

. 5.11.        
  (S = 150,   – 

« » , w1 = w3 = 0, w2 = 1;   – 
  « » , w1 = 1/3, w2 = 0, w3 = 2/3) 
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,    .  ,   -
 « »    (   « -

»).           
      (        -

    [228])      
      ,   ,   -

  .        
       

 ,    . 

 
5.4.      
          R = 10  
 

 -  (   M3T2Q  , . . 2), 
          -

 (    . 4.5.2),   [6] -
          -
    R   10 . 

   [6]     
   (w1, w2, w3 –  « », « » 

 « » )  -     -
  ( , x4)    

 (x5).    (5.3)   R  -
 (2.2); d-   (3.2)       -

  Y  (5.4). 
       : 

  S (spread, ),     -

 α300  α  (K-1) –     300°   ,  
   ,    ,     

 300° – Ry  Ryt ( ),    Kt=Ryt/Ry,   

   δρy = 100⋅(1– ρy/ρ)%. 
 . 5.12   -   6  -

     "333" (w1= w2= w3 =1/3);   

R = 10 ± 0.35  319  2500  ,   -
 {x4, x5}.   ,   *   -

  /     R = 10 ± 0.35 . 

                                                 
*   4    R = 10       -

   +1 (3%). 
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    4   , -
,         -

    S ≥ 40  (  . 5.12     S  ), 
    . ,      

  ,    ,     κρy = 

100⋅(ρy/ρy.min –1) (     319  
     7 ). 

  (     Ryt),    -
         

(    (5.6)  , Ψ{Ryt} = 0.52) 

R =10

ααααc

R yt

αααα300

κγκγκγκγy

K t

S

0

2

4

6

8

10

-1.0 -0.5 0.0 0.5 1.0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

  (    / )

S, Kt, κκκκρρρρy R, αααα

. 5.12.    
    

  (w1 = w2 = w3 =1/3) 
    , 

 R = 10±0.35  

. 5.13.     
  

     
     

"001", "055", "333"  R =10±0.35  

  (    / )

-2

-1

0

1

2

3

4

5

6

7

8

9

10

-1.0 -0.5 0.0 0.5 1.0

αααα

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

  K t

ααααc
001

ααααc
333

ααααc
055

αααα300
055

αααα300
333

αααα300
001

K t
001K t

055

K t
001

x4 x4 

κκκκρρρρy 
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     Ryt ≥ 8 .   
      (    

Ψ{Kt}  0.03)      t ≥ 0.7.  α    
  "333" (w1= w2= w3= 0.333)   4 (  5)  -

,  α300       [6]. 
  -    «333»     -

   , «055» (w1= 0, w2= w3= 0.5)  «001» (w1= w2= 

0, w3= 1),    . 5.13     − Kt,  a300    ac.   
 «001»   «055»     

α300 (  5 -1,      ).  

     «333» α    .   
    Kt,      

α      «001»       /  
   . 

 ,     -
,       -

        . 
 
5.5.      

   [220, 221, 229]   [221] -
        

  « »,     -
 .        -

       .  
    2    ( -
   100 . . ): «   » 

 «  » [230].  1-     -

  (5 ± 5 → 1 = 0 ± 1)    -

 (8 ± 8 → 2),   2-  −    (175 ± 125 → 3) 

   ( 70 ± 20 . . → 4);  i   1. 
   ,   18  ( -

  ), -      

Y( 1, 2, 3, 4),  ,    η ( ⋅ )    

γ′= 1 -1,       Rb  ( ), -  -

 – W  P.    η( ): ηmax = 1485 (   i =  +1), 

ηmin = 49 ⋅  (    i = −1),    30 .  
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   -     -
  Y( 1, 2),  ,      

(175 . . , 70  → 3 = 4 = 0);     -

   .   ηis = 280 ⋅ ,  -
      { 1, 2 / 3= 4=0} ( . 5.14)   -
    (150, 500).  504  -

  (500 -
    -
 { 1, 2}  4-     ) 124 -

     265.5 ≤ η 

≤ 294.5 ⋅  (  25% ).  

   . 5.15,  

   η = 280 (  -

 ϕ  )   -
    -
    -
    ( -

  10  0 . ., 1  +1  −1, 
  0   11 . .,  2 = +0.65). 

 Rb,   ϕ > 20-25   

 
. 5.15.    

(x1, x2),  η=280±14.5, 
    

   , -  
  « » 

     
(    x3= x4= –1) 

 

180

200

220

240

260

280

300   η   η   η   η

-1

-0.5

0

0.5

1

1.5

2

 xi

x1 

x2 

xi

η 

40

42

44

46

48

50

52

54

56

58

0.0 0.2 0.4 0.6 0.8 1.0ϕϕϕϕ
g

 Rb

0.1

0.15

0.2

0.25

0.3

0.35W,P

Rb 

W 

P 

  0       20      40      60      80 

Rb W 
P 

ϕ
g 

 

. 5.14.  
   ηis   

   
    

   
 -  

 

-1 0 1

1

0

-1
x1 (MO)

x 2
(M

M
)

ϕϕϕϕ  

280 

 

 
 
 
 

x2 

 x1 



5. Èçîïàðàìåòðè÷åñêèé àíàëèç 105

( 1 = +0.5, 2 ≈ −0.5),  . ,    -

 (5.7),        (  4-    ϕ 
[220]),    ,   Rb    .   

       0.03%,  -

 W     ϕ 
≈ 50,      1/3.  -

,      ϕ < 50g . 
      -

         
         [220, 229].  -

       
      ,  -

   ,      
. 

 

  ,   -
 -    -    -

  -  ,    -
       

  ,    , 
   . 
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 6.     
                   
                   
 
 

   ,   
  ,    

        
    ,    -
 ,     ,  

    . .      
        

 (  4),        -
   ,  . 

     [6]   -
 ,     -
    ,     -

,     - .        
        -

 «  » –  ,    
 (Cr),      x  [170, 233].  

     : )  -
  k  -     ( , ) 

  Cr ; )        Y. 
        -

 .     , 
      -

 (    « »)      -
  [8, 109]. 

      
  -       

 ,     -  (§ 1.5) 
        Cr,  -
  [6]        

   [11, 234, 235],   -
 .        ,    

  ,      [233], 
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     5-  , -
    [236],   9-   -

  [137, 170]. 
       -

          -
 (§ 1.2)      ,  
,   - ,   . 

 
6.1.     
 

    1 (§1.3),   Y(x)  Y,    

Ωx    k    x,   -
     –  « »  , 

      (     -
).       k  ,  

  Ωgr  Ωx,       -

 , Y(x/Cr(x)),   ΩCr   

  ,   Ωx (  Ωgr),      . 
 «  »,    (   

)       ,   -
 ,     ;   

      . 
        ,  

k-   Ωx (     Ωgr),   Y(x/Cr(x))   ΩCr, 
« »  Cr(x) = const –  -

 . C   ΩCr,    Cr, 

    ,     Ωx (  Ωgr); 
        – Y{Cr}(x). -
   Y{Cr}(x)     Cr   -
        (GY{Cr}). 

    N  x ( -
),     - ,  , 

 k-   (   2k ,    § 1.5).  
   -     Y,  

Cr,    (3.13)   .  
-  (     –  

[233])    Cr    Q ,   
 Y     ,    
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Ωq (q = 1…Q)   k   ,  -
  . 

 2       Q 

 –  : )    ΔCr   

; )     - , n ≅ (N + 2k) /Q 

(   ).   « »    
    (    ): « »  

    « »   ,     
. 6.1, a    A ( / )   (1.3)  

10008 -  (N = 104  23 = 8). 
   « » –  « »  ,  -

       .   

      Ωq –  (Crq-1, Crq), 

« » ΔCrq   (Crq-1)   (Crq)  q-  . 

  . 6.1, b    Δ A  10   

A{Aq-1≤ A ≤ Aq}(x1, x2, x3),      -

 n = 10008 /10 ≈ 1000 .      
     :  ,   

  (  1000   A,   -
 ). 

 

. 6.1.     10   
   Δ A    (a);  

,    A,    Δ A  
 10        (b) 

f % A ΔΔΔΔ A(a) (b) 

   A 
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    ,  ⎯Yq (  ⎯Crq – 
    ),    -

 s2{Yq} (  )      (  

   - ,   Ωq). 
     G{Cr}   

     ,     -
  ,       . 

         -
    ,     -

 -   (  - ,   -
,    ). 

 
6.2.       
       -   –      
 

     . 4.5.3    -
    -     30 

     .  :          
•   R ( ); •      -

,  03 (   0.3R)  E ( ); •   -

  δ    α (c-1) [237]; •  -
    ( / ),  ( )   ( , f)   

   0.3R. 
         

  ,        

     5 (  δ   E)   120  
(   03).  § 4.5    .  

       E  δ   -
  ,     -

,   r{E, δ}. 
        « » -

       , 
   .    -

     δ. 

 δ    -  (6.1)  10032 -
 (104  + 25  5-  ).  -
   (  xi    –1  +1)   
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 ,   . 6.2;    -
 (–0.61)   (+0.48). 
 5-    
  Y(x)  10 -

  ,   
  -

 δ.   ,  -
    , 
  Q = 10 .   n 

=1003-1005  .  
   Y,   

(6.1) ,  10 -
  Yq(x). 

  δ(δ)  . 6.2  

  ⎯δ   -

  δq(x);       
 « »   –  min = 0.15  max = 0.54.  -

 (⎯δ–sδ, δ+sδ)    2/3   q-    -
 .    « »  (n) 

  Q  ,  « »  Δqδ = max.q – min.q     
 (    1  10  Y ). 

Δδ δ δ

δ δ

  ,   -
      . 6.3 [233] 

 ⎯xi  10  Ωδ.q   ⎯xi ± sxi,  

   δ. 
   : 

•  - ,         -

 δ; « »   1,   0.579,   

δ  =  0.365 ±   0     1 ±   0     1
2 + 0.018 1 2 – 0.028 1 3 

– 0.055 2 – 0.085 2
2                      – 0.053 2 3  

+ 0.018 3 ±   0     3
2                    

– 0.016 4 + 0.020 4
2 – 0.016 2 3 

±   0     5 ±   0     5
2 

±   0     1 4 
+ 0.009 1 5 
+ 0.015 2 4 
+ 0.058 2 5 
– 0.008 3 4 
– 0.067 3 5 (6.1) 

 1   102-9

Me

δδδδ

δδδδ

 f

 

. 6.2.   δ 
  δ(x), ⎯δ   

⎯δ ± sδ  10   δ{δ}(x) 



6. Ëîêàëüíûå ïîëÿ ñ êðèòåðèàëüíûìè ãðàíèöàìè äëÿ àíàëèçà ìíîãîìåðíûõ ñâÿçåé ñâîéñòâ è ôàêòîðîâ 111

  (2/120.5=0.577 [238]),     
  -     ; 

•         

 δ;     2  ,   -

 ;  ⎯δ  0.38   2 ; 

•     (x3)⎯δ  ,    
      .  

  : 
•       (x4, x5)    -

    ;    δ  
      ,      

         .  

   . 6.3    δ   
    . - ,   

 (P,   1  ),    ,  
         , 

     ,    . 
         

         Cr,   δ, 
 [233]  (6.2)     xi  

  r      ( -
 t-        [9]).   

    (     Q=10) – -

  ⎯ i.max,    s2{⎯ i.max} = 

s2{xi.max}/n,   ⎯ i.min,   s2{⎯ i.min } = s2{ i.min}/n. 

 

. 6.3.   ,   
  δ  1-   10-     

    δδδδ    

 x1

-1.0

-0.5

0.0

0.5

1.0
0.

2

0.
3

0.
4

0.
5

 x2

0.
2

0.
3

0.
4

0.
5

 x3

0.
2

0.
3

0.
4

0.
5

 x4

0.
2

0.
3

0.
4

0.
5

 x5

0.
2

0.
3

0.
4

0.
5

 E

100

200

300

400

0.
2

0.
3

0.
4

0.
5 

. 2  

P 
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                          t{ i} = (⎯ i.max – ⎯ i.min) / (s
2{⎯ i.max }+ s2{⎯ i.min })0.5

                    (6.2) 
 

   ( . 6.4), 
  P   -

  (   « » 
     -

)    t.  
 t (     -

 )   -
 . 

    
,   -

    δ,    . 6.5 [237]. -

  ⎯Y  ⎯Y ± sY  10  Ωδ.q ,  -

,    10   Y{δ}(x)    -

  ≈ 1000 ,    Ωδ.   
           

    ( . 6.3),   ,  δ, 
         Y(x). -

 (6.2)  t{Y} –    Y  -

   δ. 
   . 6.5,      -

 ( )     ,  , -
 ,    .    

( )     ;    -

   E  δ  0.3…0.4.    

   x2      x3      x4      x5     P      x1 

3
101214

21

70

 

. 6.4.  t   
   δ 

 

5

10

15

20

0.
2

0.
3

0.
4

0.
5

δδδδ

Ed

5

15

25

35

0.
2

0.
3

0.
4

0.
5

δδδδ

εεεε

15

25

35

45

0.
2

0.
3

0.
4

0.
5

δδδδ

R 65

45
36

R e Edεεεε. 4  

 

 

. 6.5.   ,      
  R,    E   

  ε        δ 
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 ( / )    ,     

 (     δ,    E)  .   
    . 
 

6.3.      
              
 

   ,       
         

        
     «  ».  -

      ,    
       -

  . 4.5.3  § 6.2   ,  
 [6, 11, 234, 235]     -

  ,  β = E03/E.       β  
    20  (  0.035   0.840).    

      , -
  ,       
 ,     . 

    Ωx   (  -
  , . § 6.2)  10000   

 ;    25    .   
 10032      Y(x),    

(6.1) - ,      (3.13),   -

 .  β(x) = E03(x)/E(x),     ,  f / , 
         – 

   . 

          Q   

 Ω      – -
  ( -   5 ).   q-   Q 

 Ω .q   Yq(x)     n, 

  Δq  = max.q – min.q ;         
 q-        (q+1)-       10-4. 

     ,     -
       -
 (   § 1.4,        
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  ).   ⎯xi.q  ⎯Yq,   
sq{xi} (   ),  « »  q-

    xi,  vq{Y}= sq{Y}/⎯Yq (%,   -
),      .  -

        -
          

,   [235].       
   rq{YiYj}     n. 

  2  ,     -

       β   Ω : 
1)  Q = 10, n = 1000 [234]; 2)  Q = 20, n = 500 [235]. 
 

        -
 .  ,      (0.804   #20, 

. 6.6)      ,   -
    (0.063   #1) –     -

.        20    q(x) 
    ,       Y   , 

  . 

 

. 6.6.         
        

     

P

x 4

x 5 

 β  β  β  β 

x
 # 2-19

 #
20

 #
1

P
P

x 4

 5

  β  β  β  β

v {P } s {x } 
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   ( . 6.6)     

 (     P = 117⋅
-0.695,  ⎯Pq,  -

  0.992),      (x4, x5) 

      .    Ω .q  sq{x5}  

   vq{P}       ≈ 0.4,  -
          5. 
     :      0.3   

       ( 4 = 
0.07±0.07, 150-160 . .)      

(s{x4} = 0.57±0.02 ≅ 0.58).  ,     
         

 .      (< 0.3)  
      ,  -

     ;      -
    4, x5, P  ( . 6.6). 

         -
 ( . 6.7).      ( 2, x3)   

     .    -
  (  0.3)        -

  ,          
    ( )   3  , -
         

 

. 6.7.         
        

x 1

x 2 

x 3

 β β β β

 x 3 x 1,2
x 3

x 2

x 1

 β β β β

s {x 1,2}s {x 3}
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.       
  (        -
    ).    

      (  < 0.3),    
      . 

 -  (x1)  ,    . 
 

   = 03/    -  .  
  ,     -

,   . 6.8.     -
      -

 β     (  32 %), E (  48 %)   03 

(   88 %).     .  -
       v,   

 

. 6.8.       
    ,    β 

Rεεεε

E

E 03

ε ε ε ε R E E 03 

E E 03

εεεε

R

v {R }v {εεεε} v {E } v {E 03}

δδδδ

εεεεεεεε /ε/ε/ε/ε f

    β    β    β    β

v {δδδδ}

v {εεεεe/εεεε f}δδδδ

εεεεe/ε/ε/ε/ε f

   β   β   β   β

δδδδ εεεεe/εεεε f

  

 ββββ 
  

ββββ 
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7  22 %      .   

 ,    R{β}(x)       -
,   22.5 %. 

     (  4.3 )    -
  ( . 6.8),     ( . 

6.6).       = 49.5⋅
-2.78  ( -

  0.987).      {β} -
  v{R} (      ),   

v{ }  . 
      -

   03/     , -   
 .        

  ε  /εf  .       0.3R   
     90%   #20  80%   #1, 

       . 

    β     
 (         -

  )      ( . 6.8).  
    0.33        1.5   -

    (  ,   v{ },  ). 
     (10…11%),    . 

    0.4,        α  [234]. 

,     β    
 –        . 

  [6, 11, 234]  ,     0.3…0.35  
     -

 .         
     ,  -

 ,     .  
  « »       

,  .     « » -
  ,   ,  « -

»   . 
       -

 β       [6, 11, 234], -
    .    -

          10  β    
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 n = 1000    
. 

  β > 0.60  
( . 6.9, [234])    

  :  

r{Eα},    , 
| r | = 0.4-0.8,  (    ). 

     -
    (0.6-0.8)  -

    -
 .     

 β    -
  .   -

     -
     

β  ,   -
 . 

        -

,    ,     .    β 

 0.5  0.4   δ  E ,     β  -
.          

 β,      .   R  E  

     0.3 < β < 0.4,   ,   

    (β < 0.25). 

 
6.4.  -     
            
 

   -     -
    (    ) -

,       -
         

    [137, 138, 170].   

   9 -  (   xi ≤ 1): 

      (D = 27±4  → x1); 

        (ws = 5±3% → x2); 

    (Ss = 250±100 2/  → x3); 

 

. 6.9.   
   β = E03/E 

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0.1 0.3 0.5 0.7

ββββ E

    r
r{δδδδαααα} 

r{RE}

r{Eδδδδ} 

r{Rδδδδ} 

r 

ββββ 
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      (  =8±4  → x4); 

      (p =1.0±0.2  → x5); 
    (A = 0.07±0.03%     ); 
   (       , aCaO=17±3% → x7); 
    (tW = 35±10oC → x8); 
   (C = 10±10%    → x9). 

      (  56 - ): 

 ρ ( / 3);     ( / / );   
   R   Rb (MPa);     -
        

,  ( )   ( / ).  
 -     9-   2-  

 (      55  -
  ( . 2) [137, 138]).     ,  -

           
   ,   [137, 170]. 

 9-    -   10000 
    ;   -

 29=512    .   10512   -  -

    ∗.    , -
     Cr,   10   (  

 1000 )   10    Y   Cr. 
 . 6.10       -

 ,  ⎯Yq  and ⎯Yq ± s{Yq } (q = 1...10). , 

  ρ ,       
(Rb       ).  ,  

     800   500  -
    30-60% (    ). 

 ⎯  and⎯  ± s{x },    ρ, 
   ,     ( . 6.11). 

   ,  ,    (  
 , 9 = –1),      (x6)  

   (x5). 

                                                 
∗  10512   0.5% ,     Y;     

   ,     500    
 ,      2-   (39),    -

  d(x) (3.2)  « »    [9]. 
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 t (6.2)    -    
     (6.3),     
  ,   t < 2.    

,  ,   (6.4).   -
       [7],     -

     .   
 

                    t{A}=213 >> t{Ss}=t{D}=24 > t{tw}= t{C}=17 > t{aCaO }=8             (6.3) 
 

          t{C}=316 >> t{p}=22 > t{A} t{aCaO} 9 > t{D} t{Ss} t{ } t{ws} 7…5   (6.4) 
 

       
     (   -

,     - )    
 ,      -

-  ,    –      
  . 

. 6.10.       
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γ ρ ρ ρ ρ ρ

. 6.11.  -        
    

0.
25

0.
75

1.
25

9 

ε 
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0.0

0.5

1.0

0.
25

0.
75

1.
25

x 5

ε 

0

5

0

5

0

0.
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0.
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1.
25
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 7.   
                  
                -   
 
 

    ,     
   ,   
    .   -

  YO (     , 

  )  -  YΩ (   -
 )   . 

 
7.1.    
 

        (7.1). 
 

YOi(x), (i = 1, …, MO) → min (max), x ∈ Ω:{YΩj(x) ≤ (≥) YΩj.spec (j = 1, …, MΩ)} (7.1) 
  

 ,   YO    ,   
 , ,   [239-243].   

   (MO = 1) –      
  [9],    YO(x).   -
   -     ,  , 
     ,   

   ,    

(    [7, 135, 136, 138, 244-252])∗.   
 (7.1)        -

 -  (MO = 0),      -

  (   xi = ±1   YΩj(x) = YΩj.spec) 

   Ω ⊆ Ωx (  2  ,   MΩ = 0). 
    (7.1)    

     .  -
         -

    (  ). 

                                                 
∗   [9]    ,     -

   ,    2-  ;   1-  
   –   Y(x).   [246]    -

 "Q" (quality),    – "R" (resource),       – 
"QR";        3    . 
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7.2.    –    
       -   
 

 ,     , . 
1.      x    
  Y(x) –     ; 
      -

 . 
2.     x      

      , 
,  –  -    

 ,    ;                

  . 
 1  2      -

,      (§ 1.5). 
3.     (    « »)    
 ,       YR. 

 3       Ω. 
4.   : 

•   ,     -

 (        Ωx); 
•     ,     

,       x.  

5.       ∗.  -
   ,  , « »   

       YO (  -  
       ),  

     ;   -
   . 

       
  -  -  Y(x),   

 (7.1).      (     
)   § 1.2               

      (7.2). 

      (F ∼  x1, SC ∼  x2, CA ∼  x3) 
      E ( )   

                                                 
∗    Excel    .  
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 KW   :    – 30 ≤ η ≤ 60 

⋅ ,   – R ≥ 70 ,  – A ≥ 6 / . 
 

          E(x) → max, KW(x) → max,  x∈ Ω:{30 ≤ η(x) ≤ 60, R(x) ≥ 70, A(x) ≥ 6}     (7.2)  
 

     : A – (1.3), R – (4.4),  

E – (4.10), η – (5.2), KW – (7.3) . 

 

     [6, 138, 245, 247-249]. 
1.  s-      .    (s /1)  

  Ωs  N    -
    ,  k  

 xi. 

    Ωs – k-   , 
       

,  xi.min
(s)    xi.max

(s).  xi    -
 (Range of Possible Values, RPVs{xi})   ,  

      -
 [138, 245-247].  

   (s = 1)   Ω1 –   -

  Ωx,  -   -  
  ,  -  (   -

  Ωx  – k-  )∗.  

2.      Y (  YO,  YΩ)  N  
  ;    –  N   k-

      ( ) N0  – 2k   ( -
    § 1.5).     -

 Ns-1 « » ,     .  
  ,    -

   (N+Ns-1)×(k+MO+MΩ),     
 RPVs{Y}   . 

                                                 
∗    (    i-     −1   +1, . . Δxi = 2)    

  ,       ( )  
Δxi / N

(1/k) (   );     2 / 80001/3 = 0.1.  
 
 

KW  =  0.880 – 0.011x1 ±    0    x1
2 ±   0   x1x2 + 0.024x1x3  

                     + 0.029x2 – 0.011x2
2 ±   0   x2x3 

             + 0.033x3 ±    0    x3
2   (7.3) 
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3.     (      YΩ)    
- ,      . 

 3   «   »: 

"1" –   YΩ.spec -   YΩ; 

"2" –      YΩ  (3.13); 

"3" –  -   YΩ    

 YΩ.spec.α.      YΩ.spec   
  (3.11):    –     

 ,  -     (  
,   .);    –    

 Y ( , ,  …). ,    
       ,    
  "1",     . 2. 

 Ns/1 -  (      -
  )    -

 Ω{YΩj.spec (j = 1, …, MΩ)} –    Ω{YΩj.spec}  

  - .   Ω% –   

  (  MO + MΩ      Ωx) – 
  ,         ( . § 

1.4, 1.5):   (%)   -  (Ns/1   
 )    (N + Ns-1)    .  

 Ω       -
,    . 7.1,  ,    (7.2),  

3-      Ω{x2, x3}   x1;   

Ω = 10%  « »,   . , 
     3-   –    -

 (31.7 ≤ η ≤ 56.7, R ≥ 71.0, A ≥ 6.34),   -
   (7.2),      . 

    Ω{x1, x2, x3},      
,  3-       :     

"1" – 22.6%, "2" – 17.7%, "3" – 15.4%.   (  -
 )      . 

 Ω     (Range of Ac-

ceptable Values, RAVs{xi}),  ,    
   RAVs{Y}. 
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4.      (s /2)  , -
          -

    ,  -
 .        -

,  YOi (i = 1, …,  MO)       
 RAV{YOi}   ;      -

       RAV. 
       -

 (Range of Compromise, RCs{YOi})     
(RCs{xi}, i = 1, …, k),      ,      

  (Ns)  -  (   ).   -
  ,  ,  ,  

     YO. 
    (    N + Ns-1)   

Ns « »        (    
. 2  N ). 

5.  « »    (    
 )  RCs{xi}   (  0.1-0.2 

   ,        YΩ), 
     (s + 1)-   –  -

,    RPVs+1{xi}.    . 1,   -

. 7.1.      
       

      

0

10

20

30

40

F

ΩΩΩΩ

x1 

 

F 
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  N,      Ωs 

 ∗. 
  ,   

     RC{YO}  
.  ,  -

     2-4 . 
   -   -
     -

     -
 [7, 253],    -

      -
 :    -
 xi  Ns ,   -

 . 
     -
      -

 . 
  . 7.2-7.3   -

  (7.2).   : 
  F = 2.35 (x1 = 0.4), 

   SC = 58% (x2 = 0.933), 
   CA = 50% (x3 = 0.5). 

     -
  E  KW (9.7   0.93)  
     : 

 

E = 8.6 , KW = 0.915, 

η = 59 ⋅ , R = 75.2 , A = 7.8 / . 

/s
N =

N±

RAV1{YO}

RG{YO}
Range of Gain RL{YO} Range of Losses

                                                 
∗       Ωs     « »  

  - . 

 

. 7.2.  YO  YΩ  
  

   

E

K W

R

ηηηη

A
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RC{YO}
RAV1{YO}

eo1{E} = 
RG1{E}/RAV1{E} = = eo1{KW} =

eo2{E} = RG2{E}/RAV1{E} = eo1{KW} =
kcs = RCs / RAV1, 

kc1{E} kc1{KW}  (  

 

 

. 7.3.     
     

x 1
x 2

x 3

ΩΩΩΩ

N ±

N± 
Ω R

C

K W

RAV 1

RL 1

RG 1

RAV 2

R
C

RL 2

RG 2

R
C

RAV 1

RG 1

RAV 2 R
C

RL 2

RG 2

 E

 
E KW
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   (  ,      xi
2xj, -

        
∗)       « »  [254-257]. 

 
7. 3.       
          
 

    -    -
       

       ,  
     . 

 

      .** 
     (  ) k = 4,  

  M = MΩ+MO = 6.        [79, 
219],     – 
  ,   ,     

        -
   .      -

,     ,     
     -

    ,  -
       -

   ,     -
    . 

 

      -

  (k = 4, MΩ = 2, MO = 3).  -
       , -

,  ,   -
    ,    -

.    ,     -
  ,    -

  [259, 260]. 
 
                                                 

∗      - ,   , -
     . .  

**       [79, 159, 175-177, 190, 219, 258]; 
   . 4.5.1. 
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     [254]  4-  
 (   , ,   
 ),      

(  28-          -
)       -

  .    :  -
 180    2%  ,      – 

  ,     -
    (   -

  6  1  );     
  [254, 260]. 

 

      -

  (k = 4, MΩ = 2, MO = 2).    [171, 261]  
      -

  (Vinnapas® LL 222)     « -
 » (       

   ),  :     
28-   (       ); -

            
 (     ). 

 

        

  (k = 4; MΩ = 2, 3,   , MO = 2).      
       -

         -
      [23, 24, 140].   (2.1) 

   -        -
   (2.1)    ( . . 2).   -

 –    VINNAPAS® 5014 F    (F –   Flow, 
      ,  

   ). 

  YΩ  YO    . 

,  ,   . 7.6   ( ⋅ ): 0η –  

  γ′  (0.066 -1), Lη –    3  -

, 134η  –  γ′  = 134.5 -1, ,      -

   [262]. 
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 YΩ  YO     γη    -

       ηγ′ , -

   (  -

,    30γ′ ). -

    
    -

  . 
    

(0.52-16.81)    -
  18  (   -

)    
(    

 10%)  -
  (2.7),   . 7.6 

   . 
       -

 .        2 -
    . 
  « »,     (7.4),  -

      Rb3(x)    

      η0(x).     -
         28     

  . 
 

               η0 → min, Rb3 → max;  Rb28 ≥ 6, Rc28 ≥ 35 ,  30 ≤ η1 ≤ 90 ⋅       (7.4) 
 

  :   V = 3.0% (   

, x1 = −0.56);    MMC = 3000 (x2 = +1); 
  MC = 0.4% (x3 = +1);   F = 1% (x4 

= +1);        : 1.2% , 
0.15%   0.4% . 

  :      

  ηL = 170,   1 -1 – 37 · ;   
   3  3.8 ,  28  – 6.6 ,   

  28  51.7 ,   1.8 , -
     = 20.7 . 

  « » (7.5)        -
.           

. 7.6.     
      

ln ηηηη

ln γγγγ'

ηηηη134

ηηηη0

ηηηηL ln ηηηη = 4.05 - 0.56    ln    γγγγ'

γγ γγ
' 3

0 
=

 3
.2

2ηηηη = 30
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 (x1 = x2 = x3 = x4 = +1): V = 5.5%,  MMC = 3000, MC = 0.4%, F= 1%.  

  :  Rb3 = 4.0, Rb28 = 6.9, Rc28 = 55.5 , η0 = 600, 

η1 = 134 · .  « »    ( -

 ηL      460 · ),    
" "  VINNAPAS® 5014 F (2.1%    );   

 2 ,  = 21 . 
 

          η0 → min, Rb3 → max;  Rb28 ≥ 6.5, Rc28 ≥ 40 ,  60 ≤ η1 ≤ 150 ⋅       (7.5) 
 

 « » (7.6)     « »  « »   -
  .   ,  -

   .  γ′η   -
   –       

  .  2   –  ηγ = 20  30 a·c. 
   

                               γ′η → min, Rb3 → max;  Rb28 ≥ 6, Rc28 ≥ 35                      (7.6) 
 

       -

   " "  " "   : x1 = −1,  V = 2.3% (  
 ),  0.9%     .    

    – 1.5%   0.1%  
          

 . 
 «  »  (      

 100,   1 -1  20 · )   20 ·    

γ′ = 0.78 -1, 30 ·   γ′ = 0.34 -1.  3-      
  3.4 ;  28     6.5,     53.5 
,    1.7 ,  = 19.2 . 

 

 «    –  »  
(k = 5, MΩ = 7,   ).    -

     (   -
)     [263].   
         

    (  ,  
  )      ( -

      ).  -
    ,    

     :    ; 
   / ;  ;    
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    ;        28 
 (          -

),   γ′ = 10 c-1 (     -
      ). 

 

      « »     
(k = 4, 5; M  6).  -

   
     

  
  

    
  

  [244, 245, 252, 264, 265].  ,    -
      ,  

 ,       [244, 245].  
  5  :   -

 (   ),     (   ), 
   ,  « »    -

,   . 
     ,     

    (     )      
 .      

    « »  « » .     
  ,     .  

    –     «  » 
  .  

 

   «    –
 –   – » (k = 8; M = 3, 4).   -

   8-     -
   [135, 136]:  
-       , -

      -
       ; 

-    (  , , -
    )    

  (    ). 
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   (k = 9, MΩ = 2, MO = 2…6).   -
     [137-139, 246-251, 253, 266] 

  ,     , -
    [267]     

   ( . § 6.4). 
 . 7.7  7.8        

[138].       ( / / ), 
  ,      

( ) H =  Rb· ε  (  Rb,  –   ,  , /  – 
) –   ,     -

     –       
p (  4  5).      D800,  B5   

      (740 ≤ ρ ≤ 840 / 3) 

    (6.4 ≤ Rc ≤ 9.6 ).    -

  "F"  ρ = 744 / 3  Rc = 9.0 MPa. 
   9-    -

   [138, 139]  12 «  » – -
     (D500-800)       

 ( 3.5, B5, B7.5). 

. 7.7.            H 
    Rb          

152

135

160

185

210

1/
1

1/
2

2/
1

2/
2

3/
1

3/
2

F

  
Stages of iterations 2.89

0.2

0.7

1.2

1.7

2.2

2.7

3.2

1/
1

1/
2

2/
1

2/
2

3/
1

3/
2 F

2.56

1

1.5

2

2.5

3

3.5

1/
1

1/
2

2/
1

2/
2

3/
1

3/
2 F

Rb

1.13

0.1

0.6

1.1

1/
1

1/
2

2/
1

2/
2

3/
1

3/
2 F
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   {D, B}     
   (      , 

 )      -
 .      9 - , -

  . 
        [139] -

   –     Rc{D, B}  
        .  -

      (   -
)         -

  {D, B}.     -
 ,        -

    . 
 

 ,      -
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 q –    v, 0 ≤ vi ≤ 1, Σvi = 1 
      p –   |x| ≤ 1. 
 

 "1"  "2" –   « 3T2» (3   2  , 
.  . 2).  "1" ;    1   . 

                                                 
*  ,  . .  (1985)     -

   (  «    -  », -
 « -        -
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1 <= = =>=

++++=

ji
jiij

q

i

p

j

p

i
iiijiij

ij
jiij

q

i
ii xxbxbxvCvvAvAvY x

    "1" 
 

 v1 v2 v3 x1 x2 

1 1/3 1/3 1/3 1 0 

2 1 0 0 1 -1 

3 1 0 0 -1 0 

4 1 0 0 1 1 

5 0 1 0 1 -1 

6 0 1 0 1 1 

7 0 1 0 -1 -1 

8 0 0 1 -1 0 

9 0 0 1 1 -1 

10 0 0 1 1 1 

11 0.5 0.5 0 -1 1 

12 0.5 0.5 0 0 -1 

13 0.5 0 0.5 -1 -1 

14 0.5 0 0.5 0 0 

15 0 0.5 0.5 0 1 

|D|  = 0.544⋅10-2 

   "1" 
   

 

v1 

v2 

v3 

1 

2 

 

1 

2 

v1 

v2 

v3 
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 "3" – ,   « 4T2» 
(4   2  )∗. 

                                                 
∗   «      -    

            
  » (  , . 2), .: , 1987. 

    "2" 
 

 v1 v2 v3 x1 x2 

1 0.3 0 0.7 1 1 

2 0.6 0 0.4 0 0 

3 1 0 0 -1 -1 

4 0 1 0 -1 -1 

5 0 1 0 1 -1 

6 1 0 0 1 1 

7 0 1 0 1 1 

8 0 0 1 -1 -1 

9 0.5 0.5 0 0 -1 

10 0 0 1 1 -1 

11 0 0.4 0.6 0 -1 

12 0 0.5 0.5 -1 0 

13 0 1 0 -1 1 

14 0.5 0 0.5 1 -1 

15 0.7 0.3 0 -1 1 

16 0 0 1 -1 1 

|D|  = 0.122⋅10-2 

    "3" 
 

 v1 v2 v3 v4 1 2 

1 0.25 0.25 0.25 0.25 0 0 

2 1 0 0 0 1 1 

3 1 0 0 0 -1 -1 

4 0 1 0 0 1 1 

5 0 1 0 0 -1 -1 

6 0 0 1 0 1 1 

7 0 0 1 0 -1 -1 

8 0 0 0 1 1 1 

9 0 0 0 1 -1 1 

10 0 0 0 1 1 -1 

11 0 0 0 1 -1 -1 

12 0.5 0.5 0 0 -1 1 

13 0.5 0.5 0 0 1 -1 

14 0.5 0 0.5 0 -1 1 

15 0.5 0 0.5 0 1 -1 

16 0.5 0 0 0.5 0 1 

17 0.5 0 0 0.5 -1 0 

18 0 0.5 0.5 0 -1 1 

19 0 0.5 0.5 0 1 -1 

20 0 0.5 0 0.5 -1 1 

21 0 0 0.5 0.5 1 1 
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 "4", "5", "6"– ,   « 3T3» (3   3 -

 ).   "4"  "5"  1     . 
 

 

   "3"    

 

v2 

v3 

v1 
v4 

x2 

x1 

   "4"    

 

v1 

v2 

v3 

1 

2 

3 
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      "6" 
 

 v1 v2 v3 1 2 x3 

1 0 0 1 1 1 1 

2 1 0 0 -1 1 1 

3 0 1 0 -1 1 1 

4 1 0 0 1 -1 1 

5 0 1 0 1 -1 1 

6 0.5 0 0.5 1 -1 1 

7 0 0 1 -1 -1 1 

8 1 0 0 1 1 -1 

9 0 1 0 1 1 0 

10 0 0 1 1 1 -1 

11 0 0.5 0.5 1 0 -1 

12 0 0.5 0.5 -1 1 -1 

13 0.5 0.5 0 1 -1 -1 

14 1 0 0 -1 -1 -1 

15 0 0 1 -1 -1 -1 

16 0 1 0 0 -1 -1 

17 0 1 0 -1 0 -1 

18 0 0 1 -1 1 0 

19 0 0 1 1 -1 0 

20 0 1 0 -1 -1 0 

21 0.5 0.5 0 0 0 0 
 

|D|  = 0.242⋅10-8   
 

  "4" ("5")  
 

 v1 v2 v3 1 2 x3 

1 1/3 1/3 1/3 1 0 0 

2 0 0 1 1 1 1 

3 1 0 0 -1 1 1 

4 0 1 0 -1 1 1 

5 1 0 0 1 -1 1 

6 0 1 0 1 -1 1 

7 0.5 0 0.5 1 -1 1 

8 0 0 1 -1 -1 1 

9 1 0 0 1 1 -1 

10 0 1 0 1 1 0 

11 0 0 1 1 1 -1 

12 0.25 (0) 0.75 (1) 0 -1 -1 0 

13 0 0.5 0.5 -1 1 -1 

14 0.5 0.5 0 1 -1 -1 

15 1 0 0 -1 -1 -1 

16 0 0 1 -1 -1 -1 

17 0 0.5 0.5 0 -1 -1 

18 0 1 0 -1 0 -1 

19 0 0 1 -1 1 0 

20 0 0 1 1 -1 0 

21 0.5 0.5 0 0 1 -1 

|D|  = 0.329⋅10-8  –  "4" 
|D|  = 0.361⋅10-8  –  "5" 



Ïðåäñòàâëåíà ìåòîäîëîã³ÿ äîñë³äæåíü ³ ïðîåêòóâàííÿ áàãàòîêîìïîíåíòíèõ êîìïîçèö³éíèõ 
ìàòåð³àë³â. Âèêëàäåíî áàçîâ³ ïîëîæåííÿ òà îñíîâí³ ïîíÿòòÿ, ìåòîäè àíàë³çó çâ’ÿçê³â ðåöåïòó-
ðè, ïàðàìåòð³â òåõíîëîã³¿, ñòðóêòóðè ³ âëàñòèâîñòåé êîìïîçèò³â, ¿õ áàãàòîêðèòåð³àëüíî¿ îïòè-
ì³çàö³¿. Ðîçãëÿíóòî ïðèêëàäè çàñòîñóâàííÿ ìåòîäîëîã³¿ ïðè ðîçðîáö³ áóä³âåëüíèõ êîìïîçèò³â 
ð³çíîãî ïðèçíà÷åííÿ ç ð³çíèìè ìàòðèöÿìè. Ìåòîäîëîã³ÿ äîïîìàãàº îòðèìàòè íîâå çíàííÿ ïðî 
ìàòåð³àëè, çàáåçïå÷èòè íåîáõ³äí³ âëàñòèâîñò³ ìàòåð³àë³â, çáåðåãòè ðåñóðñè.

Êíèãó àäðåñîâàíî íàóêîâöÿì, ³íæåíåðàì, âèêëàäà÷àì, ñòóäåíòàì é àñï³ðàíòàì â ãàëóç³ ðîç-
ðîáîê ³ âèðîáíèöòâà âèñîêîÿê³ñíèõ êîìïîçèö³éíèõ ìàòåð³àë³â.
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