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2.1.   
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: , ,  

.  
. 

 
, . , -

. 
 2.1 -

. 
, 

. -
. 

-4 .  
 680...750 ,C  1%, -

. 
-9 , -

. 
-5 -

,  
 400 .C  1640 ,C  – 1850...2000 .C  

1,0...1, 2%.  
20 ,  

,  
500 .C  

-4 – , , -
, , .  350 .C  

-961 , -
, , , -

 6000 .  
-98 ,  

.  950...1000 .C  
-14 ,  

1520...1560 ,C  0,7%.  
.  600 .C  

-693 ,  
. 
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  2.1   
 

t
t b
b  

 (  
 %) 

 
310 , 3  

. . 
, % 

1,
 

,E  
510  

20 C  200 C
 

400 C  600 C  

 
-9 (Mg – .; Hd - 

2,6; Zr - 1,0; In - 
0,8; Cu 0,3) 

1,76 6 60 0,43 
250

    

-4 ( Al  – .; Si - 8-
10,5; Mg - 0,3; M n - 
0,5; Cu 0,3; Zn 0,3) 

2,65 3 - 0,7 
240

 
160

 
110

  

-4 (Ti  – .; Al - 
5,0; M n - 
2,0; Fe 0,3; Zr 0,3) 

4,55 28 - 1,11 

 
800

 

350
 
510

 

 
500

 

 

 

-5  (Ti  – .; Al - 
6,2; ,W ,Si C - 0,2; Zr - 
0,8; Fe - 0,35) 

4,41 10 - 1,18 
 
780

 

300
 
400  

 
350

 

500  

300  

-20 (Ti - .; Al - 
7,5; Zr - 2,5; M o - 2,0; 
Y - 1,8; Fe 0,3) 

4,45 10 420 1,25 
 
950

 

350
 
700

 

500
 

 
650

 

550  

600
 

 
12  ( -961) 

(Fe  - .; Cr - 12; 
Ni - 1,8; V - 0,3; W - 

2,0; M o - 0,5) 

7,8 16 520 2,0 1280
 

950
 

850
 - 

460  ( -98) (Ni  - 
.; Cr - 29,5; W -16; 

Fe 4,0; Ti - 0,5; Mo  
0,5) 

8,88 45 
(800 )C 1
65 2,0 

 
750

 

(500 )C
 
650

 

 
600

 

 
190

 

-4 (Ni - .; Cr - 
20; M o - 5,5; Al - 
1,5; Ti - 2,9; Fe - 10; C - 
0,08) 

8,17 14 
(800 )C 2
00 - 

900
  

(700 )C  

700
 

 
690

 

68  ( -693) 
(Ni - .; Cr - 20; W - 
7; M o - 5; Al - 2,3; Ti - 
1,6; Fe - 5) 

8,54 40 - 2,25 
 
1190

 

(700 )C
 
600

 

(800 )C  

280
 

(900 )C  

110
 

  
 
2.2.  
 

,  
, . , -

, ,  –  
,  – -

. -
 .

2K  
-

. 
, -

, -
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,  – , -
 ( ) I  II . 

: , -
, -

,  – . 
, -

 ( . 2.1).  
,  

 
2K  P  

, , . 
 

 
 

 2.1 -  
 

,  
 .Xa  

 U  - Ur   – Ux.   -
-

 P  p yG n   
 P  

: 

1
ln ,

2 sin cos 2x x
K K

P SU a
E S

       (2.1) 

 
  0

x
Pla
S hE

 – ; 

1,S S  – ; 
h  – ; 

,E  – . 
 ( . 2.1): 

 
.

2 cosr
K

PU
Eh

            (2.2) 
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 ,P ,  1S  sQ  

sN  ( . 2.1): 
sins KQ P a  – ,  ;sM  
coss KN P  – , . 

 (2.1)  (2.2).  -
 :xC  

.x
x

PC
U

 

 ,P  xC  (2.1)  (2.2) 
 .K  

 ,
2K  ,sQ  ,sM  xU -

,  .xC  
 0,K  0,sQ  ,sN P  max ,x xU a  xC . ,  

 80...84K  xC   2…2,5 . 
 p yG n  : 

' .p y
r

r

G n
C

U  
-

,  '
rU  –  

 .ol  

0 ,p yM G n l  max
0 ,

2 K
S

l ctg  max .
2p y K

S
M G n ctg  

 ,
2K  0 ,l  ,Kctg  0,M  max.r  

 0K ,  r -
. 

 
. 

, ,  
, ,  

. , , ,  
. , . 

  
 

,q q  
  q  – , , 

2 ;  
q  –  (  

). 

 ( . 2.2) -
. 

,  0...10 :K  
 

2

0
0,92 ,Ehq

lr  
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 l  – , ;
 0r  – . 

 10...70 :K  
 

2

0 0
,Eh hq k

lr r
 

 
  k  – ,  2.2. 

            
 2.2. k  

0
1

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

k  3,0 2,62 2,12 1,63 1,32 
 
 

 
 2.2 - ,  

 
 

 – -
. 
 

3
2 4

0,92 1 1 ,p
p

IEh hq N
lr r I

 
 

 pI  – ; 
3

212 1
lhI  –   

 – , =0,3 

pN  – . 

. 
. 

, ,  
 ( . 2.3). 
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 ( ) -
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.
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E T

 
:
  

24, 2 ,
1

E T D
b h

 

  
3

212 1
EhD  – . 

 ( -
) : 

– : ;x E T  

– : .E T  
,  -

, . 
. 

, -
,  – . 

, , -
. 

 ( . 2.4 ).  
: 

1. -
 II  

;z xM P h  
2.  h  1,0…1,5 

. , -
 (  1).h  

 zP  ( . 2.4 )    
 OZ,  x zM P h -
 (  1).h  
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' ,y p yG n G G G G G n  
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pG  – ; 
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. : -

 300   ,   
 –  – -
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, -
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1.  
. 
2. ,  

-
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3.  
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. 
 ANSYS -

-
. . 
 

2.3.3.  
 

, , -
 PLANE55.  PLANE55 -
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 Y.  
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,  .  PLANE55 -

, . -
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-
. 

-
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 0,15...0,25 ,  – 0,12...0,4. 
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 2.13 –  

-
,  ( . 2.14).  

-
.  

 0,2…0,275 ,  0,813…0,999 . 

 

 2.14 –  
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. ,  

 « »  
, . -

 
. 2.15). -

-
, ,  

. -
, -

, ,  
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 2.15  –  
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2.4.2  

-
, . 

.     
 –50  +45 ° . -

,  ( . 2.16). 
,  5  C -

 ( . 2.17).   
 

 

 2.16 –  T  p  
  

 
 2.17 –  eN  G  

 
 

 

,  CHt

,  p ,  T

,  CHt

,  eN
,  G

p
T

G

eN
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 –50, –5  +45 ° ,  +15 
, .  

 101325 .   , -
,  

-
. , , 

.  
, . 

, -
-

, . 
, -

, . -
 

. 
, -

.  
. -

-
. -

, -
. -

,  – .  
. 

2.4.3    

, ,  
 ( . 2.18). .  

,  ( ) – 
.  ( )  

,  
). , , -

. -
. 

 CFX, -
. 
 

 G  p  T .  

 p  T  

.    0,0019 .G G  
, -

 Xp  XT ,  
   0,006 XG G .  

, 1 2.  
 

1 0,0052 XG G  
2 0,0008 .XG G  

, 
. 2.19-2.22. 
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 2.18 –  

 

 

 2.19 –   G  

5° C

45° C

 ,  G

15° C

50° CHt
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 2.20 –  p -
 

 

 

 2.21 –  T  
 

,  p

50° CHt

45° C

,  n

5° C

15° C

,  T

50° CHt

45° C

5° C

15° C

,  n
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 2.22 –  
 

 p , T   G -

 (  2.3).  5  C -
 9615 

. -
. -

 83% ,  – 
70%. 

 
 2.3–  

 
 Ht , C   G ,  p ,  T ,  

–50 35,57 215080 301,4 
–5 32,56 211643 360,3 

+15 28,52 192969 372,6  

+45 22,18 155216 381,0 
–50 118,11 642782 411,5 
–5 108,58 635726 491,4 

+15 95,25 580160 507,6  

+45 74,19 466774 517,9 
–50 26,06 176938 282,7 
–5 23,85 173924 337,8 

+15 20,89 158508 349,4  

+45 16,24 127434 357,3 
 

-
: 

,  n

50° CHt

45° C5° C
15° C



 50 

1211
1

k
kkp p

k
; 

211
1

kT T
k

. 

,  

 G T
q

m p F
, 

 
20,137 F  – ; 

0,0405m  – ,  
1
12

1

k
kkm

R k
; 

1,4k  – ; 

287,1 R  – . 

 2.4. 
 

 2.4 –  
 

 Ht , C   G ,  p ,  T ,  ,  n  
–50 0,068 200448 295,4 3505 
–5 0,062 196704 352,8 3877 

+15 0,054 180021 365,3 3750  

+45 0,042 145297 373,9 3692 
–50 0,224 564225 396,5 6741 
–5 0,206 555026 472,7 7455 

+45 0,181 510453 489,4 7212  

+50 0,141 413545 500,3 7100 
–50 0,050 168170 278,6 2696 
–5 0,045 164978 332,7 2982 

+15 0,040 150740 344,4 2885  

+45 0,031 121478 352,4 2840 
 

: 

1211
1

k
k

X X X
kp p
k
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211
1X X X
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k
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 X X
X

X X

G T
q

m p F
, 

 
20,10 XF   XG – -

. 
 Xp  

2
7

Xp p . 

 XT ,  [3]: 
2
7ln 0,39248 0,1 0,97709 0,1 0,86234 0,1

0,19719 3,5366 ln 0,120334,

X X X

X X

T T T

T T
 

 

X
X

TT
T

 – . 

 2.5. 
 

 2.5 –  
 

 Ht , C   Xp ,  XT ,  
1 G ,  

2 G ,  ,  n  
–50 2,676 262407 319,1 0,185 0,028 7209 
–5 2,701 258169 381,5 0,169 0,026 7934 

+15 2,583 232962 393,3 0,148 0,023 7923  

+45 2,465 185284 400,9 0,115 0,018 7907 
–50 3,899 838535 444,1 0,614 0,094 8707 
–5 3,942 828480 530,2 0,565 0,087 9615 

+15 3,774 749661 546,4 0,495 0,076 9615  

+45 3,607 597420 555,9 0,386 0,059 9615 
–50 2,351 212022 297,8 0,136 0,021 6217 
–5 2,376 208592 355,9 0,124 0,019 6848 

+15 2,274 188061 367 0,109 0,017 6841  

+45 2,171 149435 374 0,084 0,013 6830 
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1
3ln 0,39248 0,1 0,97709 0,1 0,86234 0,1

0,19719 3,5366 ln 0,120334,

II II II

II II

T T T

T T
 

 
II

II
TT
T

 – . 

 

 II II
II

II II

G T
q

m p F
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1
3
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); 
2 2 2
2 10,25 ( ) 0,612 IIF D D  – . 
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, 
  – ,  [4]. 

,  II -

 10...20 2 K
.   

 15 2 K
.   IIT  2.6 

 
 2.6 –  IIT -

 
    

,  CHt  –50 –5 +15 +45 –50 –5 +15 +45 –50 –5 +15 +45 
, IIT  229,2 275,2 279,1 321,1 241,4 289,5 294,1 338,3 227,5 273,2 277,0 318,6 
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1 1 2 2 2 1

s s s s s s sP p F p F G c c , 
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1 2 1 2,  ,  ,  cp p c  – -
; 

2 2
1 1 1F R R , 2 2

2 2 2F R R . 

 

1
,

s

a
i

P P  

 
 – , . 

 2.7 
). 

 
 2.7 – -

 
,  CHt  –50 –5 +15 +45 

 
, aP  3970 4013 3120 2068 
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3 3
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 c .  
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 Shapiro (1980), Fairweather  Mitchell (1967)  [6]. -

 Kastelli   Pirvics (1968) [6, 
7]. 

 (3.9) -
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1
( ) 2 ( )
p zp
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, , , 1, , 1, , , 1 , , 1 , 0i j i j i j i j i j i j i j i j i j i j i jD z E z F z G z H z Q
  (3.13) 

 
 (3.13) . -

  -
. , -

, .  
:  z  j - . , 
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, , , , 1 , , 1 , 1, , 1, ,i j i j i j i j i j i j i j i j i j i j i jD z G z H z E z F z Q
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 hmin/h0 <  0,5  ,   
 (  rv)   ( .  .  3.19  ).   

,  
. 

 
3.4.1  

 
-

.  
, .  ( -

, , )  
. ,  [15] -

. -
 ( , .). -

-
. 

.  
, -

. ,  
. -

. 3.21. ,  
» . 

 



 89 

 
 3.21 -  

 
,  

: 

.r
r
phm

;r
r
phm

;rhrp
r

hm

;rhrp
r

hm

/j,i

/j,i

/j,i

/j,i

j,/i

j,/i

j,/i

j,/i

r

r

21

21

21

21

21

21

21

21

12

12

212

212

3

3

3

3

 (3.18) 

: 

.mmmm
/j,i/j,ij,/ij,/i

rr 0
21212121

 (3.19) 

,  
(3.19)  (3.18)  [5]: 

.0
1212

212212

2/1,2/1,

,2/1,2/1

33

33

jiji

jiji

r
r
phr

r
ph

rhrp
r

hrhrp
r

h

 (3.20) 

p
 

r
p

  
p

 
r
p

  -

 ( ), .: jiij

ji

ppp ,1

,2/1

, ijji rr ,2/1 . , 

 (3.20) : 



 90 

.0
1212

22

1212

1,
3

1,
3

,2/1,2/1

,1
3

,1
3

2/1,2/1,

,2/1,2/1

r
pprh

r
pprh

r
hr

r
hr

r
pp

r
hr

pp
r

h

ijjijiij

jiijjiij

ijjijiij

jiji

jiji

 (3.21) 

: 

.0
24

2424

244

2424

2424

1,

1,1,

1,

,1,1

,1,1

33

1,
33

1,
33

33
,1,1

33

,1

33

,1

3333

ij

jiji

ijjiji
ij

ijji

jiij

prhrh
r

prhrh
r

prhrh
r

prhrh
r

hh
rr

p
r

h
r

hrp
r

h
r

hr

p
r

h
r

hrp
r

h
r

hr

jiij

jiijjiij

jiij

jiijjiij

jiijjiij

 (3.22) 

: rhRH 33 ; rhURH /3 3 ; 
24
rDRFI ; 

24r
DFIR ; 

4
rOMR ; 2323 rhRH ; 

80

2

0G . 

 (3.22) : 
,01,1,,1,1 ijjiijjiijjiijjiijijij FpEpDpCpBpA  (3.24) 

 

.0

;33

;33

;33

;33

;3332

3332

,1,1

1,

1,

,1

,1

1,1,

,1,1

jijiijij

jiijij

jiijij

jiijij

jiijij

jijiij

jijiijij

hhOMRrF

RHRHDFIRE
RHRHDFIRD

URHURHDRFIC

URHURHDRFIB
RHRHURHDFIR

URHURHURHDRFIA

 

,  (ij) : 



 91 

.1,1,,1,1

ij

ijjiijjiijjiijjiij
ij A

FpEpDpCpB
p  (3.25) 
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 F –  (  

, ). 
, -

. 
, -

 
. . 

-
 (  

) . -
 

. -
 (3.27) ,  

.  (3.32) . 
 (3.33–3.38). 
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–361 ( . 3.22). 
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