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i
i = 8407,9 · 3,8405 = 32290,6 3. 

       ,     -
,     .     

       .  
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 :      

0
1

0, 44 0, 23 0,337,7422
7,82 1,85 7,88

,

1

 

,55 7, 5

1,5 8

55 1,

 

2

33b  

  0f  = 0,003570  1,5338 = 0,005475  0,04969 2,

0l  = 3,8405 / 0,005475 = 701,47  772,87 ,  0s  = 1,5338 701,47 = 1075,90 2.

       
       –    

  ,    (  )   ,  
  . ,     ,   

   . 
   i-    j-     

   

ij

ij

ij

jib
ij b

b
b

b
11,  , 

ij

ij

ij

jil
ij l

l
l

l
11,

(27) 

 b  l –         .  
     2     -

   b = 2 15,   b = 2 10  [9, c. 97],  
         b = 2 25 . 

      l = 2 (0,5 – 1,5) .  -
          

           -
  b = 2 (50 – 80)   l =2 (0,75 – 1,00) .   

     

.1))(( l
i

b
i

ii

iiiil
i

b
ii lb

llbb  (28) 

           
        

lbh
dmdmSG

G
SG

G
FeFe 11121

1  

hbl
lbh

hbl
lbh )/2)(/2)(/2(000 , 

(29) 

  G , S   –  , ,  , 2,   , / 3,  
h, b, l –   (     0), , 
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–         
, / 2, 

Fed  –    ,  
 –    , , 

310 –    , / ,  , / . 

   900      :  FeO, 
   80 %  ,  Fe3O4 (18 %) 

  Fe2O3 (2 %) [10, . 197].   ,     56, 
    72, 232  160,  ,  

.77,0
160
11202,0

232
16818,0

72
5680,0Fed  

    6,25; 5,90  5,70 / 3 [11 . 161] 
    

 0,80  6,25 + 0,18  5,90 + 0,02  5,70 = 6,18 / 3. 

   (8),    ,  
   ,     (29)   -

    

lbh

dm Fe

1112

)/11( .  
(30) 

   [12, . 34–35]   , 
            

    ,  , ,   
 t  : 

T

t
T

T
lbh

83,13125
77/18

1600/11
6400

113,01

1 . 
(31) 

  ,     20 %    -
,   ,      , -
       , ,   -

,    .  
       , 
 ,     ,  
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100
11

100/1
1

)100/1( hhG
GG . (32) 

        
m = 2 (40…50) / 2 [13, c. 15],      

    = 0,2% [13, c. 117]. 
       -

     ,  , 
   [1, . 141]:  

     1,020 – 1,030 
   1,015 – 1,020 

    1,003 –1,007 
    1,010 

      1,015 – 1,020 
   1,035 – 1,055 

      1,006 –1,009 
    1,003 – 1,008 

 1,005 – 1,009 
   1,010 

    1,020 – 1,025 
       1,040 – 1,050 

     1,035  
 
 
  4.       

1.      0,25 1,5 10,5    
      10 / 2.     7,4  

 6,2 / 3.     ,    (29),  
  

5,105,125,0
10

04,125,10
10

04,125,1
10

04,1225,0

5,10
1

5,1
1

25,0
1

4,710
77,01021

1 333

3

 1,0100,  

           

0405,1
7,4
0,7710

5,10
1

5,1
1

25,0
12

)0100,1/11(10 
3

(30)  =10 / 6,2 = 1,6129  (8). 

2.        = 20     
=1250    t = 2,5      

125083,13125

5,2
77/125018

1600/2011
6400

201
5,10

1
5,1
3,0

25,0
1

1 =1,0102 (31). 
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3.      2    
50 / 2      0,2%    , 

   ,  

100
2,0

285,710

5021
285,710

5021
)100/2,01(

1
33  1,0084 (32).  

1.1.5.  ,   
    

      
      -

    .   
 :  
-  8760   ,
- , ,     

  -  ,
-  pT ,       -

.
       -

  . 3 [1, c. 154].        
          -

   ,    , -
    .  

   T      
 .         

 ( . . 1.2.3),        
.        -

  ( . . 1.2.4)   « » -
        ,    

   ,       -
  .            -
    ,   

pj

n

i
ijj T

1
0 , (33) 

           
  

 1,
10

n

i
ij

j

ij
ij b

T
T

b . (34) 

        , 
      . 



 3.       

   

 
 - 

  
, /  

  
  

 
  

  
  

 /  /  % /  

8376 16 349 1176 7200 14
    14 351 8424 17/19 1424/1624 7000/6800 
      

 
11 
– 

354 
305 

8496 
7320 

17,5/20 
15/18

1496/1696 
1120/1320 

7000/6800 
6200/6000 

      
 

11 
– 

354 
305 

8496 
7320 

15 
15 

1296 
1120 

7200 
6200 

    
 

11 
– 

354 
305 

8496 
7320 

17,5 
15 

1496 
1120 

7000 
6200 

     11 354 8496 15 1296 7200 
      

 
13 
– 

352 
305 

8448 
7320 

17 
15 

1448 
1120 

7000 
6200 

      
 

13 
– 

352 
305 

8448 
7320 

19,5 
18 

1648 
1320 

6800 
6000 

     13 352 8448 11 948 7500
     

,      
133 35 8448 17  1148 7000

      – 305 7320 11 820 6500 
       ,  –    



31 

    T     -
 .         

 , , ,    , -
     ,    

        -
.         1, 

         
         

     .     
      -  

     

,,0,, ni
T

TT
T
T

ij

ijij
ij

ij

ij
ij  

n

i
ijij

j

n

i
ijij

j

j
j b

T

T

T
T

10

1

0

0
0 , (35) 

      

j
j

jjn

i
jijjij

ij

ijij
ij t

G
tZt

G 0
0

00

1
000, , (36) 

 t   0Z  – ,         (21), 
   j0 . 

      -
       

[14, . 326]: 
        

        ............................  0,75 
      ,  

   ,    
       

      ...............................................................  0,80  
        ........ 0,85 
       

 ,        
      ..............  0,90 

   *) 
  ,    , -

  , , , .  -
        -

   

*)              

 . 
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ij

ij
ij T

A
Q , 

j

j
j T

A
Q

0

0
0 n

i ij

ij

n

i
n

i ij

ij

j
ijij

j

n

i
ijij

Q
a

Q
A

A
Qb

T

QT

1

1

1

0

0

1 1 .  (37) 

         (19)  (34),  

ij

ij

j

ij

b
a

Q
Q

0
, (38) 

  ,           -
    ,       

  .  
     ,    

   ,    -
        ,  

  .     -
         -

        -
.  

        -
          

  

ni
P

Qni
Q

T
A

T
G

P
ij

ijij
ij

ij

ijij

ijij

ijij

ij

ij
ij ,0,,,0, ,  (39) 

    

,,0,

,,0,
n

ni
P

T
TP

T
P

Q

ni

T
T
vQ

T
Q

TT
A

T
G

P

ij

ijij

ij

ij
ij

ij

ij

ij

nij

ij

ij

ij
ij

ij

ij
ij

ijij

ij

ij

ij

ij

ij

nijijij

ijij

ij

ij
ij

 (40) 

  –     (67)   (36) 
GtT nn // .  ijTn  = 0  (40)   (39).    
        -

   

,

1

0
0

0

1
0 n

i ij

ijij

j
j

j

n

i
ijijij

j

P
a

P
Pb

P  (41) 

         .  



33 

 5.         
        -

    .  :  A~ ,   -
 (  ) G ,   P,   , 

    .   .  

i A~ G P   a Q T b  Z A
1 
2 

1200000 
1000000 

18,0 
24,0 

320,0 
450,0 

1,025 
1,020 

0,9
0,8

0,545 
0,455 

280,98 
352,94 

4271 
2833 

0,601 
0,399 

3844 
2266 

 68333 
 42500 

 1230000 
 1020000  

0 2200000 20,3 368,2 1,0227 0,8601 1,000 309,68 7104 1,000 6110 110833 2250000 

   0
~ =1200000 + 1000000 = 2200000  (18), 

    ia = 1200000 / 2200000 = 0,545 (19), 

 iQ = 320 0,90 / 1,025 = 280,98 (39), 

  iT  = 1200000 / 280,98 = 4271 (37), 0T  = 4271 + 2833 = 7104  (33), 

     ib  = 4271 / 7104 = 0,601 (34), 

   i  = 4271  0,9 = 3844, 0  = 7104  0,8601 = 3844 + 2266 = 6110 (35)  (33), 

  iZ = 1200000  1,025 / 18,0 = 68333  0Z  = 68333 + 42500 = 110833 (21), 

  iA  =1,025 1200000 = 1230000 (12)  0A  = 1230000 + 1020000 = 2250000  (18). 

:   3077,20
108333
2200000

4/455,018/545,0
1

0G   (21),

   0 = 0,545 1,025 + 0,455 1,020 = 1,0227 (20), 

    

0  = 6110 / 7104 = 0,601 0,90 + 0,399 0,80 = 0,8601 (35), 

  

98,352/455,096,280/545,0
1

0Q  = 0,601  280,98 + 0,399  352,94 = 309,68 /  (37),  

  
8601,0

0227,168,309
0

450/020,1455,0320/025,1545,0
0227,1

8601,0
4508,0399,032090,0601,0 = 368,2  (39)  (41). 

   ,      , , 700 
 300     ,   1000   ,   

  ,   ,   -
 : 

i iA~ G P   a Q T b   Z A
1 
2 

1200000 
1000000 

18,0 
24,0 

391,23 
518,71 

1,0250 
1,0200 

0,9
0,8

0,545 
0,455 

280,96 
352,98 

4271 
2833 

0,601 
0,399 

 700 
 300 

3144 
1966 

 68333 
 42500 

 1230000 
 1020000 

0 2200000 20,3 440,29 1,0227 0,8601 1,000 309,68 7104 1,000 1000 5110 110833 2250000 
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, 0  = (5110+1000) / 7104 = 0,8601 (35) 

4271/70090,0
025,196,280

1200000/70096,280/90,0
025,1

1  391,23 (40), 

   
2200000/100068,309/8601,0

0227,1
0  

71,518/020,1455,023,391/025,1545,0
0227,1  = 440,29 (40)  (41).   

 
 
 

1.2.      
   

 
1.2.1.      
 

  
   ,   -

           
 .     -
 –       -

   

dtCTFdTGcdQ 4   dt
ch
Cdt

cG
CS

T
dT 2

4 , (42) 

  dQ –  , ,  
S –    , 2; 
G = (S/ 2)h  –  , ,        / 3;  

 –      ,  / ( ), 
   ; 

 – dT –   (    ), ; 
 –     , /( 2 4); 
odt –   , .   (42)  
    1jT    1jj TT ,   

h
tC

TTh
t

c
T o

jj

o
T

T

j

j

03
1

3

3 11,2
3

1

,  

  
c

CC 6
0  –  .   = 5,9 810   / ( 2 4), 

= 0,8 [15, . 151],  = 7,575 / 3   = 680  / ( )   ( -
    !)  9

0 10055,0C   / ( 3 ).  
        -

,        
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3 0

3

1 273
1000

1000

h
tC

T

T

o

j

j – 273,
(43) 

   0C  = 0,055  / (( /1000)3 ).    -
       

3
1

0

3

1

11

273
1000

1000

j

oj

j

jjjj

h
t

C
T

T + 273.
(44)  

    (42)     
    ,     -

    , ,     
  .       -
        

 ,    ,      
   (44). 
         -

   ,       , 
, ,       -

      . 

  
        -

 .          
 (  « »   « » )   . 4.  

  4.         
      

  11 t
v
L

t
p

p
o 111 ttt oo

   
     
 

1
1

j
p

jp
oj t

v
lL

t  j
p

jp
oj t

v
lL

t 1

   joj tt jjojoj tttt 1

pL   pv –      ,    
,   / ; 

jj tt –    j-      -
       , .   -
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 ,    . 4  ,   
  « »,  ,   - 

 

ojt , ojoj tt , toj . (45) 

          
 

j

j

j

j

a
n

b
n

tt
1

1min   
j

j

j

j vv
tt

1

1min (46) 

 a  b  –       -
  , /( )  / 2,          -

   .       
. .  ttt  [16, c.233]      -

,         
  ,        

.  
        

       : 

tt , 
m

j
oj

m

j
ojm ttt

11
. (47) 

     
       -

            
 . ,    5 – 7 %    -

 [11, . 130; 17, . 276  .],      -
    ,    -

       

jj )07,1...05,1( . (48) 

        -
  .  [11, . 165] 

)1(
73,0

vh
T , (49) 

  , h  v – ,       , , 
  / .      ,    

         . 
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  T       

)/1(
218,0

11

1

jjj

j

jj

jjj
j hhv

l
hh

TT
T , (50) 

  jj TT 1 –       , , 
l , h  v –   , a  (    -

)   ,   / .     .  [11, . 141; 
18, . 311]         ,  

      ,    
 -  .  

       
  T ,   [15, . 153],   
        

jjjjj wwwT 76,476,4/3600 , (51) 

  ww  –     ,      
   , / ; 

 = 680  / ( ) –   ,     
,     (43); 

0,9 –      ,   -
  .  

    ,    
    -     ,  

  

jjjjjj TTTTT 1 .  (52) 

  ,    
      ,  -

    ,    [11, . 114–166].  

1.2.2.     

  . .    [18, 19]  -
 , ,   

DTCB
s euA , (53)

  –    ,    ; 
u –  , –1;

 –  , .      -
  ,     -

    ,   . 5. 
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 5.    (53) 
     D  h,  -

 ,  ,  u, c–1 

45 1300 0,252  0,143 0,0025 800–1200 0,05–0,40 0,1–100  [20]
40 13 4220 0,280  0,087 0,0033 900–1200 0,05–0,40 0,1–100  [20]

18 9 3180 0,280  0,087 0,0028 600–1200 0,05–0,40 0,1–100  [20]
08   970 0,229  0,177 0,0024 700–1200 0,05–0,50 1–300 [21] 
08 1195 0,215  0,139 0,0025 700–1250 0,10–0,70 1–300 2–6

 

 

3 1325 0,252  0,143 0,0025 900–1250 
700–1250 

0,10–0,50 
0,07–0,50 

1–300 
1–60 

2–4 
6–25 

13 1 ,17 1 ,22  1455 0,252  0,143 0,0025 750–1250 0,07–0,50 1–120 6–15 
09 2 3520 0,204  0,125 0,0032 830–1250 

700–1250 
0,10–0,50 
0,07–0,50 

1–300 
1–60 

2–4 
.5 

09 2 2020 0,163  0,145 0,0027 800–1250 0,10–0,50 1–120 4–8

08 2  2890 0,203  0,135 0,0029 700–1250 0,10–0,50 1–120 
2350 0,120  0,110 0,0030 700–1200 0,10–0,45 0,3–200 

09 2 *)  288 1,450 0,1070 0,00235 700–1150 0,05–0,40 2–65 [22] 
13  1665 0,389 0,0570 0,00167 700–1150 0,05–0,40 2–65 [22] 
12  2920 0,410 0,0640 0,00235 700–1150 0,05–0,40 2–65 [22] 
10  2550 0,459 0,0586 0,00220 700–1150 0,05–0,40 2–65 [22] 
15  2290 0,352 0,0389 0,00233 700–1150 0,05–0,40 2–65 [22] 
15 2   660 0,347 0,0840 0,00090 700–1150 0,05–0,40 2–65 [22] 
15 2   815 0,395 0,1380 0,00104 700–1150 0,05–0,40 2–65 [22] 
20 13 3535 0,604 0,0214 0,00217 800–1100 0,05–0,40 2–25 [23] 
60 3275 0,495 0,0201 0,00230 800–1100 0,05–0,40 2–25 [23] 
10   805 0,400 0,1120 0,00130 . 800  0,35  30 [24] 
05 1  2312 0,167 0,1000 0,00296 700–1150 0,05–1,00 1 – 55 [25] 
10 2  2373 0,117 0,1267 0,00311 700–1150 0,05–1,00 1 – 55 [25] 

65 3008 0,194 0,0972 0,00320 700–1150 0,05–1,00 1 – 55 [25] 
70 1530 0,134 0,1019 0,00253 700–1200 0,05–1,00 1 – 55 [25] 

 *)      (53)     ln(100 ). 

,    08 ,    
  ,  ,  AkA ,   k  

  1,03 ( 2 ), 1,07 ( 3 ), 1,15 ( 3 ), 1,17 (10 ) [21, c. 
188].     k  = 0,83 + 0,3(  + Mn + Si), -

       [11, c. 281] 
  k = 0,89 + 0,22    A    3  [26].  

       -
   ,   .  ,  -

         
       -

     

s A , (54) 

     (53)       
,          

  .      .    
    . 6,   -

  . 
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 6.    (54)  
      wk    (364) 

     kw      kw 
0 245 55 0,46 1,035 17 18 9 588 37 0,70 2,050
1 255 13 0,73 0,852 2111, 2112 294 33 0,60 1,127 
2 294 30 0,62 1,114 2211, 2212 368 33 0,63 1,338 

08 294 75 0,48 1,381 2311, 2312 392 54 0,52 1,450 
08 , 08  225 34 0,60 1,000 2411, 2412, 3411–3416 480 110 0,38 1,792 
10 294 29 0,64 1,133  HiB- *) 550 21 0,81 1,837 
20 368 31 0,64 1,322 IF-  01 **) 230 10 0,86 0,876 
09 2 314 58 0,46 1,206 HC260LA 312 32 0,61 1,167 
10 2 343 43 0,59 1,362 HC380LA 483 19 0,75 1,508 
12  490 98 0,34 1,633 HC420LA 612 23 0,69 1,717 
12 18 9  402 24 0,91 1,985 H400LA 670 15 0,86 1,984 
*)       
**) Interstitial free steel –     . 

     , 
   [18, . 132; 20, . 114–136],    -

 ,   –     
     ,    -

 [119],   01  –   
2025,024,7230s  [27].  

       -
         

[11 . 299].    ,   -
 ,        

  , ,       
      

2001,01ss . (55) 

 (53)  (54)    . 5  6  -
   ,      -

         -
 .    ,   -

  ,       
 ,   [3, . 61  ]. 

1.2.3.        

    ,  , ,  
     ,  -

       ,      . 
 ,     ,  

 .  
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   G      -
     r      rG,   -

          
   .        

r = 1,      r –    ,  
  –    ,     –   

,    .     
          

    . 
  3.1109–82,  ,    
  ,   ,    

    t *),         – -
 ( )  t .  ,    

 ,      
       -

. ,  ,     ,   
  10 ,   .  ,     -

   ,    
   ,     

.  
   ,    -
  (  ),     : 

tttt , (56) 

  t –   , 
 t  –  .       (  -

        
 )    

ttz /  1,  (57) 

           
 .        

  ,    
ztt / , ztt , tzt )1( , (58) 

       . 
        -

 ( .      1.1.3) -
 (56)   

 
*)   ,  ,    :   « »   ,  

   ,   « », « », « », « ».      
         . 


