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,  -  

,  n =1,2,3...  n > 1 

 n = 8. ,  

. 3-  

 

.  

.    

2- .  

, 

.  

.  

 

.  

, ,  

 1- ,  

 2- ,  

 4- . 

 

 ( . 1.4).  

, , , 

 2,  

 H'(t,x,x)  

,   

. 

 ' ,  

 

[xi] = [X, Y, Z, x, y, z]T , 

 X,Y,Z –  

, x, y, z – . 
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 1.2 ( ) 

   
 

 
 

1 –  
, 2 – , 3 – 

 
 4, 

5 – , 6 – . 
, 7 – , 8 –  

1 – , 2 – -
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: 

1. , 

. 

2.  (  

),  

.  

. ,  

. 

 

1.4.  
 

 

 

 (  

).  

 -  ( ).  

 

 – ,  

.  

.  

 [2] 

uij = dijk Ek , 

  uij – ;  Ek – ;  dijk – 

.  

 

. 
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 ( . 1.6)  

 [2].  P  

 E  X. ,  d|| = d33  d  = d31 , 

,  

 uxx = d||·Ex,  uyy = d ·Ex. 

 ( . 

. 1.7).  

. 

 

, . 

 

,  

. 

 

 

. 1.6.  
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 – ,  

 –  

 

 

.  

 

 

0
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xu d E
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 l0 – . 

 

0lx d V
h
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 h – , V –  

.  

,  V  

, . 

 ( . 1.8)  

 

.  

.  

.  

, 

 ( . . 1.9).  
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.  

.  

 

 ( )  

,  

, ,  

. 

 
. 1.8.  ,  
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. 1.9.  :  

 – ;  –  

 

. 

,  XY.  

 

 Z. , 

 

.  

,  

 [2]. 

 

. 

, 

,  

,  ( . 

1.10).  

,  

, , ,  
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.  

 

,  

,  

. 

 

.  

,  ( . 1.11). 

 

,  Z  XY  

 ( . 1.12). 

,  

,  

,  XY ( . . 1.12, ). 

 

, ,  

 Z ( . . 1.12, ). 

 

 
. 1.10.    
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1.5.  
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:  

 (  XY)  

 (  Z) [3]. 

 

. 1.13. 

 

                   

. 1.13.   (X, Y).  
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,  

, : 

KT
33 ( T

33/ 0) – ; 

tg  –  1  

; 

Tc (Tk) – ; 

Kp, K33, K31, K15 – ; 

d33 -d31, d15 – ; 

g33, g31, g15 – ;   

NL, NT, NR – ; 

SE
11, SE

33 – ; 

 – ; 

Qm – . 
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X = f (U)  

.  

.  

 

2.1  2.2.  lA = 50  

   D = 18  

h = 1 .   = 40 , 

  = 200  

U = 600  [7]. 

 

 
. 2.2.    
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. ,  ( . 2.1)  

 U  4  

 

 –1÷2,5 .  

. 

2.2.  
 

 

 ( . 2.3):  

 
 

. 2.3.   
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i = gin× n = – hin× n;                                    (2.1) 

n = dkn×Ek;                                                       (2.2) 

n = Cnn× n;                                                      (2.3) 

Ui = Ei×li;                                                          (2.4) 

Cn = r× 0×Fx / ln,                                           (2.5) 

  i  Ek –  i  k  

; 

n –  n 2; 

n –  n; 

Ui –  i ; 

Cn – ,  

,  n; 

ln  li –  i  n (  

 t) ; 

r –  ( 0=8,85 10-12  

– ); 

Fx – 2; 

gin, dkn, Cnn – . 

 i,  k,  n  , 

 1, 2  3  X, Y  Z,  

4, 5  6 –  ZY, ZX  XY.  

,  – . ,  

 g12  1 ,  

 ,  Y.  d36 

 3 ,  Z.  

6 ,  XY [8]. 
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, 

,  

.  P  =  D- 0E, 

,  

 . 

:  

D = P+ 0E = d .                                     (2.6) 

 D  E - , 

   – . 

,  d –  

. ,  

 3×6=18 

.  

:  

1

2
11 12 13 14 15 161

3
2 21 22 23 24 25 26

4
3 31 32 33 34 35 36

5

6

d d d d d dD
D D d d d d d d

D d d d d d d
                           (2.7) 

 1,2,3  

 x, y, z  

. , ,  

 z  

 z. 
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 E  

 :  

3

2

1

362616

352515

332414

332313

322212

312111

6

5

4

3

2

1

E
E
E

ddd
ddd
ddd
ddd
ddd
ddd

                           (2.8) 

 dij  

. ,  

,  

: 

11 21 31 11 12 13 14 15 161

12 22 32 21 22 23 24 25 262
1

3 13 23 33 31 32 33 34 35 36
2

4 14 24 33 41 42 43 44 45 46
3

5 15 25 35 51

6 16 26 36

d d d
d d d

E
d d d

E
d d d

E
d d d
d d d

2
1
2
2
2
3

2 3

52 53 54 55 56 3 1

61 62 63 64 65 66 1 2

E

E

E
E E
E E
E E

    (2.9) 

,  

 

.  

 

. ,  

 

.  

 

, .  
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: d11=-d12; d14=-d25; d26=-2d11,  

.  

,  d31=d32; d24=-d15  d33 

.  (  

)  

, , , 

. 

 

 ABO3 

. 2.4). A  B – , 

, BaTiO2, PbTiO3, PbZrO3.  

 E<103 .  

 

 

    

 

. 2.4.   
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,  Tc.  

 T>Tc , , 

,  T<Tc .  

,        

.  

 

, , , , .).  

,  

.  

,  (  

).  

.  

, .  

. 

 

 ( , , ).  

BaTiO2  120°C.  BaTiO2 

 

,  

,  0  -70°C  

 

. , 

,  

. ,  

,  

, .  

  

.  
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,  

 1÷100×10-12 .  

 E=107  

 r =10-3÷10-5.  

,  

.  

, , 

.  

,  

,  10-10 ÷ 10-12 m.  

 kp  

, . 

,  

.  

2
pk  

, ,  

.  

.  

,  

.  
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2.3.  
 

 

. 2.1. 

 2.1.   
 

  

033
T

 tg  kp d33, 
 

d31, 
 

QM k, 
 

- 
 

1 2 3 4 5 6 7 8 9 
 3-

1 400 0.01 0.03 90 5 10 460  

PZ–35 220 0.006 — 100 — 15 500 
«Ferroperm 

Piezoceramics», 
 

VP–M18 300 — 0.10 85 15 15 400 «Valpey–Fisher 
Corp.»,  

VP–M58 800 — 0.30 180 65 15 400 «Valpey–Fisher 
Corp.»,  

PMN–1 275 0.01 — 65 27 15 495 «Vernitron», 
 

PMN–2 240 0.01 — 70 32 10 450 «Vernitron», 
 

BM–900 300 0.01 0.07 75 10 15 490 
«Sensor Tech-

nology Ltd», 
 

BM–940 700 0.01 0.02 180 40 15 280 
«Sensor Tech-

nology Ltd», 
 

100 300 0.01 — 85 — 20 450 
«SPK Electron-

ics Co. Ltd», 
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 2.1. ( )   
 

1 2 3 4 5 6 7 8 9 

“
” 

 PZTS-1 2200±200 <0.02 0.65 >600 >200 >60 — — 
PZTS-2 2300±200 <0.02 0.66 — >210 >60 — — 

PZTS-3 4100±400 <0.02 0.62 >700 >300 >40 — — 

PZTS-4 4400±400 <0.05 0.65 >1000 >300 >20 — — 

PZTS-5 5500±500 <0.05 0.63 >1000 >300 >20 — — 

PZTS-6 6000±500 <0.05 0.65 >1000 >350 >20 — — 

 
. 

“
” PZTI-1 2200±200 <0.0008 0.58 >350 >180 >450 — — 

PZTI-2 1800±150 <0.005 0.60 — >150 >500 — — 

“
” 

 

PZTH-1 1400±140 <0.006 0.55 >300 >140 >800 — — 

PZTH-2 1000±200 <0.009 0.50 >230 >90 >800 — — 

PZTH-3 1000±100 <0.008 0.52 >300 >100 >900 — — 

PZTH-4 1400±150 <0.006 0.57 >300 >120 >800 — — 

PZTH-5 500±50 <0.007 0.52 >200 >70 >1100 — — 

PZTH-6 470±40 <0.007 0.57 — — >1600 — — 

PZTH-7 350±20 <0.006 0.22 — — >1900 — — 

PZTH-8 260±25 <0.006 0.27 — — >2300 — — 

PZTH-9 650±100 <0.008 0.52 — — >850 — — 

-19  1900±100 0.025 0.62 450±50 180±30 90 300  

-19 1700±200 0.03 0.55 350 160 80 290 ,  

-26 1700 <2.0 0.60 350 170 70 350 ,  

-26  1700 <2.0 0.60 340 160 80 350 ,  

-36 670 <2.5 0.57 220 90 80 350 ,  
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 2.1. ( )   
 

1 2 3 4 5 6 7 8 9 

-1 4000 <2.5 0.60 550 260 50 175 ,  

-1 5700 <2.8 0.62 650 310 40 140 ,  

-45 1750 <2.0 0.61 380 180 75 330 ,  

-46 2100 <2.0 0.61 430 190 70 260 ,  

-83  1200±100 0.025 — 300±20 160 — 360 ,  
 

 850±100 0.008 — 120±20 — — 370 ,  
 

-2 140±20 0.03 — 15±2 — — 650 ,  
 

-3 140±20 0.02 — 16±2 — — 650 ,  
 

-1 130 — — 25±1 — — 550  

-2 140 0.0065 — 26±2 — — 660 ,  
 

-1 105±15 0.02 — 10±2 — — 930 ,  
 

-2 150 0.008 — 13±1 — — 950 ,  
 

-50 900±100 — — 165±15 55±5 — 350  

-4 500 — — 90±10 35±5 — 400  

-1 4100 0.027 0.65 600 290 50 170 ,  
” 

-24 900 0.0075 0.50 340 100 500 270 ,  
” 

-24  1050 0.0075 0.52 255 100 200 280 ,  
” 

-3 1400 0.008 0.53 290 130 800 280 ,  
” 

 
 



47 
 

 2.1. ( )   
 

1 2 3 4 5 6 7 8 9 

-3 2325 0.012 0.52 360 160 200 180 ,  
” 

-1 2325 0.022 0.59 425 200 60 240 ,  
” 

-460 1450 0.003 0.59 215 145 1200 295 ,  
” 

 
 

033
T – . 

tg  – , .  

kp – . 

d33 –  d33 . 

d31 –  d31 . 

QM – . 

k – , C. 

 



 48

 3.    
 

 
 

3.1.  .   
 

 ( . , ) –  

.  

 ( ),  

.  –  

.  

,  

 [9-11]. 

 – 

  

.dl
l  

 dl –  ( )  , 

 l – .  

  –  

,  

,  – ,  

.    (  

),  

. 
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3.1.1.   
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,  

).  . -
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 , 

. ,  

 « »  
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. spin — ).  

   . ,  

   (  

). 

,  30-  
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, . 
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,  

 

. , 

 , 

 (  

 ).   ,  

,  Is  

  (  Is – -

  1 3 ). 

 C, 

.  

 C.  

 ,  

. ,  

,  C 

. 

 

. ,  

,  C.  C 

 ,  

,  

.  r0 – , 

 ( . 3.1, ). , 

 .   ( . 3.1, ),  

 ( , , 

 

, ).  
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. 3.1.   

 

, . 3.1, ,  

: r0 + r,  

r , . , 

,  r  

, ,  

. ,  r  

.  

V
V ,  

,  

 . 

 

,   

 .  

, .  

,  

. 
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, , 

,  Gd,  

. 

 

3.1.2.  -
 

 

,  

,  

,  (  

).  ( ) 

. ,  

 Is, 

. 3.2, , ,  

  C.  

, ,  

,   
V T

V ,  

,  

 . 

 

,  

. . 5.2,  

 

 
1

ll
T    

 36%Ni +  64%Fe  

, 

 –  (T), .  
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. 3.2.  : 

 –   

 ( );  

 –   

 (  –  

)  

 

,   

. 

 (  

).  

;  

 – .  
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-

. ,  

. 

 

3.1.3.   
 

 

 

  

.  

, , .  

,   

. , 

 (  

). 

 

: 1)  2) .  

 , 

. ,  

  (  

). 

 

, 

, ,  

, ,  

.  

 

. 
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,  

.  

 (  

)  . ,  

,  

)  ( . 3.3,  

).  

 

.  

, 

 (  

). . 3.3 , , 

,  

.  

   =  +  

   

 

 

. 3.3.   

: 

 –  Tb  Dy;  

 –  Gd  
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  ,     

.  

 

.  –  

. 

 

 ( ),  

. 

 

(  = 0)   

 (  = ).  

. . 3.3, ,  

  

, ,  

.  Gd  

, ,  

. 

 Fe, Ni,  

 Gd.  

, ,  

.  

 ,   

 

.  

.  

 .  

, 

, . 
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3.1.4.   
 

,  

 Tb,  Dy,  

, ,  

, , ,  

 ( ). ,  

 

 TbFe2  DyFe2.  

, . 

. 3.1  

 ( s)  (  H = Hs)  

 78  Tb  Dy (  

 ( s)  Fe, Co  Ni). 

 
 3.1 

  

 ( s)  

 ( s) 106 

Tb 1230 

Dy 1400 

Fe –15 

Co –85 

Ni –40 
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 s  Tb  Dy 

. 3.2).  c  

 a. ( . 3.4, ).  

, ,  Ni.  

. 3.4,  Ni 

 [111], [100]  [110]. 

. 3.5  ( ) 

 Tb  c  b  

. 

, ,  

 ( . 3.5, ),  

 c  

 (  = 150 ). 

 

 3.2 

 Tb, Dy, Gd  Ni  

 ,  ( s) 106  
 

Tb 
4,2 5460   

4,2 22000   

Dy 
4,2 8500   

4,2 21000   

Gd 
78  / –80   

78  / –16   

Ni 78  / –60  [111] 
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. 3.4.  : 

 – ;  

 –   

 

 

. 3.5.    

 : 

 –  (H c);  

 –  (H || c) 
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,  

 Tb  Dy : 

 (  

 c,  

). 

 3.3 

 

  R3Fe5O12 (R = Tb, Dy, Ho) 

 
[100] 105 [111] 105 

4,2  78  4,2  78  

Tb3Fe5O12 1270 67 2460 560 

Dy3Fe5O12 –1400 –254 –550 –145 

Ho3Fe5O12 –665 –82 –632 –56 

 

,  R3Fe5O12 (R = Tb,  Dy,  

Ho)  

 (  10-3). .3.3  

. ,  

 

[100]  [111] ,  Tb  Dy,  

. ,  Tb, Dy (  

),  4f  

 " " .  

,  

,   

. 
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 ( , .). ,  

 US   = 4,2  [111] = 7000 10-6,  

NpFe2 [111] = -8000 10-6. ,  

,  5f-

 

.  

 

3.1.5.   
 

 

) ,  

.  Tb, Dy, Ho, Er  

 ( , Tb3Fe5O12)  

,  

, ,  Fe 

 100  Tb  = 5,3 10-3,   Dy   = 8,0 10-3,  Ni  

  = 4,0 10-5). ,  

 

: DyFe2, HoFe2, DyFe3  

. ,  

 Fe. ,  

,  

 " "     ,    

         s.  

 

, ,  

 Fe.  
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, ,  

. 

 

3.1.6.   
 

 

 

 C.  

,  

 –  

,  

.  

 

 –  

  < C,   > C.  

 

.  

,  C  

.  

 

 

2
0 SE AI  ,                                            (3.1) 

   – ; Is –  

. 

 ,  

.  

.  

2
0 yE I  ,                                            (3.2) 
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0

V
V  – ;  A  –  

, ,   

. 

 

:  

2

2y
kE  ,                                         (3.3) 

 k – ,  

.  

,  

 s: 

2
S

s
I
k  .                                       (3.4) 

 s . 

 
V

V (T)   < C 

. 3.6,  2).  

 ( . 3.6,  3).   > 0 

 s <0  s > 0   < 0.  

 

, . 

 

 3 ( . . 3.6) : 

0

1
V

V
V T  .                                            (3.5) 
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. 3.6.  :  

 

 V/V0  (1),  

 s  (2)  

 V/V0  (3)  

C 

 

 3 ( . . 3.6)  (3.5) ,   

,  

, . 

 (3.2)  (3.4) ,  

 

 .   

 

, 

.   < C 

,  
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, .   < C 

 (  = 

0).  3 ( . 

. 3.6).  

,  

, , .  

 Fe–Ni- ,  

  < C
 .  

 

,  

 ( , ,  

.).  

  < C  

 
2 310 10l

l  

,  Fe–Rh  

. 

, 

.  

 

, )  

. 

 –  

 

.  

.  

, .  

.  
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,  

 

.  

 

. 

-  

.  

 4f  

 ( ).  L  0  

,  

 ( )  (  

 4f  

).   < C  

. , 

 L  0 , .  

, 

 

 Is.  –  

. , -  

. ,  

 – 

 [10]. 

,  

 Is  

 H.  

 E  =  –  IHcos ,  

 Is,   . 

,  

 Is . ,  
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 ( ),  

 Is, .  

Is ,  Is .   

, , 

. 

, 

 ( , 90°  

 60° ).  

 H  

 

,  

. 

 

 

. ,  

  

 : 

TkH0                                              (3.6) 

  0 – ; k  – . 

,  4f-

: 

     –  L  0; 

     – ; 

     – , . 

 

T < 200K -  ( , 

.).  

 (  l/l ~ 10-2÷10-3).  
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 ,  

 

  = 300 ). 

, , 

, 

 3d  (Fe, Co).  

" 3d-  (  3d ) 

"  3d  4f .  

 3d-   4f-  

, ,  ~  3  106 . 

,  

, ,  

,  

 ~10–2÷10–3  

.  

  ~10–3   ~ 300 .  

 TbFe2.  

, , 

 (Tb, Dy)Fe2,   

 

 

(~102 ). 

 

3.1.7.   
 

 

 

.  

,  
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 3d  

 

2 1
3c

AT zS S
k  ,                                         (3.7) 

  –  

 S, z – .  

 (3.7) ,  c : 

2 1
3

cT AzS s
P k P .                                     (3.8) 

  

k
P

, 

 k – , ,  c ,  

 A  . 

  

,  

 4f  

,  

2
3cT GA
k  .                                         (3.9) 

 G = (gj – 1)2J(J + 1) – ;  

 –  

,  

gj – , , 

,  
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J – .  

 : 

2
3

cT AG
P k P  .                                    (3.10) 

 

.  (3.8)  (3.10) ,  

 

. 

 C  

,  C  3d-  

4f  0,1÷10K  1 .  

,  

 300 .  C 

,  

. 

 

,  

, ,  
A
a  

A
c (   –  

) ,  

. ,  

 

.  

 

,  

. 
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 (  

). 

 

 

,  

,  

, .  

 5d-   3d-

,  " "  

.  

 

 

,  –  

. 

,  

,  

, 

, 

.  

 

,  ( )  

. 
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3.2.   
 

 

3.2.1.   
 

 

.  

 

. 3.7. 

 

:  

,  ( ).  

 

 (  1),  

 ( )  (  

2).  

 

3.2.2.   
 

 

 

 

,  

. ,  

,  

,  

 

, , ,  
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. 3.7.  :  

U  – ,  [ ];  

 – ,  [ ];  

U  –  [ ];  

G  –  (   

U  = const), . ,  

 [1/ ]; 

 –  [ ];  

K  –  [ ];  

Q  – , . .  [ ];  

KQ UCTP –  [  = 2 2 ];  

U  – , .  [ ] 

 

.  

   

,  

. 

 

 

 ( )  [12-15].  

,  

,  

 

. , , 
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 ( ) , , , 

 –  

. 

 ( )  

 ( )  

.  

,  

 

,  

,  

. , ,  

,  

. 

 

3.2.3.   
 

  

,  

, 

 [13]. 

 

 

. 

 

, . 

 

: 

N – ;  

P – ;  
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Q – ;  

U – ; 

I – ;  

R – ;  

1G
R

 – ;  

C – ;  

1W
C

 – ;  

L – ;  

1D
L  

– . 

 

 10 ,  – 

. 

 

3.2.4.   
 

 

 B, 
2 A

,  

 

, , , 

 

 ( . 3.8).  

,  

 
2 A
c

,   pm -  
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: -5 )/( ) 

: 10  

: -5  

: 10 % 

: 6 % 

: 0 ÷ +9   

. 3.8.    

 

 t    mdP
dt

.  

,  

.  

 

,  

 

 ( . 3.4). 
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 3.4 

 

                                      : 

  U B  

 
2

  
c

mdpI
dt

 

 2  mQ p  

   P B dt  

                                      : 

 
2 2 2

3= =m
m

Q pC H
U B

 

 
2 2 =  

m

B dt
R

p
 

 
2 2

 mpG
B dt

 

 
2 2 2

1   
m

BW
C p

 

 
2 2  

m

B dt dtPL
I dp

 

 

: 

m – ; 

 – ; 
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pm – . 

 C  ( ) 

 

M p B . 

, : 

2 2 2
2 T

V H VH
V p Vk k

, 

  v – ; 

 – ; 

. .

1 VT
V Tp

  – ; 

mP
HV

 –  (   

 H  

); 

k – ,   k =
Tp

. 

 

0 1
c

CB H
T T

, 

  0 – ;  

T – ;  

Tc – ;  

 – ,  

: 
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0
21

c

CB
T T k

, 

. 

 0 – ;  

T – ;  

Tc – ;  

 – ;  

v – . 

, ,  

,  

 

. 

 

 U  Q  

. ,  

 U QU K Q ,  U QK  

. 

 –  

 B  i  B  j: 

__
_

i
j

j

dBK B
dB . 

 B  i  B  j –  

(i  j ). 

,  

,  

,  

 a 
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a
B

      0l
l

 ,   A . 

 

 K : 

24 S
MM

a EK
E B

, 

   S – ; 

 –  

, 2A
;  

 – , . 

: 

A  0  0 ,  ,U Q
F MK k a

x
 

    – ,  ; 

 –  ( . ), A ; 

k – ,  

; 

' – , ; 

 – , ; 

F – ,  . 

,   

 

 

 

. 
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,  

,  

 

. 

 

3.3.  
 

 
 

 

 

.  

,  

 

.  

,  

 

,  

. ,  

 

, 

 

. 
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. 3.9.    

  

 

 

 –  

. , 

,  

.  

.  

. , 

 ( . 3.9). 

 

: 
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2

1

2
1

1 1 1 13
0 0

1 ( )( , )
4

R l
M

z
R l

z z pH p z p dp d dz
R

 ;                            . 

2

1

2
1 1

1 1 1 13
0 0

1 ( cos )( , )
4

R l
M

p
R l

p p pH p z p dp d dz
R

 .       (3.11) 

      2 2 2
1 1 1 1( ) 2 cosR z z p p pp  ;                                         (3.12) 

              1, 1 , z1 – ; 

0 1 11 1M B z z , 

   – ; 

( ) – . 

. 

 (3.12),  (3.11)  

: 

2

1

2

1

2
0 1 1 1

2 2 2 230 0 1 1 1

2
0 1 1 1

2 2 2 230 0 1 1 1

( 1)( , )
4 [( ) 2 cos ]

( )                  ;
4 [( ) 2 cos ]

R

z
R

R

R

B z p dp dH p z
z l p p pp

B z l p dp d

z l p p pp

 

2

1

2

1

2
0 1 1 1 1 1

2 2 2 230 0 1 1 1

2
0 1 1 1 1 1

2 2 2 230 0 1 1 1

( cos )( , )
4 [( ) 2 cos ]

( cos )                    .
4 [( ) 2 cos ]

R

p
R

R

R

B p p p dp dH p z
z l p p pp

B p p p dp d

z l p p pp

 

.  

. 
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 MatchCad  

.  

: 

1)  l = 0,004 ; 

2)   = 0,0025 ; 

3)  R1 =0,0026 ; 

4)  Rj = 0,03 ; 

5)  B0 = 10–6 . 

. 3.10  

: 0,0015 ; 0,002 ; 0,0025  

OZ . ,  

.   

 

 

. 3.10.   
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     l = 0,004 ,  

,  

,  25% . 

. 3.11    

.  ,    

 = 0 ,  

. ,  

,  

,  25% ,  

. , ,  

 – .  

 -0,004  0,004 . 

 

. 3.11.   
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 4.   
 

4.1.   
 

 

 ( . 4.1)  

 S0, , 

 l0  

 ,  

 m0,  

. 

 

 ( ),  mk  

, .  

, 

,  

,  

  m   m0  

mk.  

 

. 4.1.   
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,  

 [65]: 

0  P d E  ,                                       (4.1) 

  P – ;  

 – ; 

0 – , 0 = 8,85 10-12 ; 

 – ; 

E – . 

 

00
0

0 SEYSd
l
YS

 ,                               (4.2) 

   – ; 

Y – ; 

S0 – ;  

l0 – . 

 (4.2)  

 Fy,  (4.2) – , 

 F .  

,  (4.2), 

 FC,  

, , 

:  F  

,  F . 
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.  (4.2) 

,  

: 

YF F F F F  ,                                (4.3) 

  F  = K  – , ; 

F =d YS0E – ,  

, ; 

FC – , , ; 

F  = 
K d

dt
 – , ; 

F  = 
2m d

dt
 – , ; 

 = 0

0

YS
l

 – , ; 

K  – , ; 

m  –  

, . 

 

I . ,    >>> 1,  :  

0S dpI
dt

 .                                    (4.4) 

  (4.2)  (4.1)  

,  

 

 

.  

 (4.4),  
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0C dUI K V
dt

 ,                                (4.5) 

  
2

0 0
0

0

1S K
C

l
 – , ; 

K  = K  d  – , ; 

U = El0 – , , ; 

V = dV
dt

 – , ; 

2
2

0

d YK  – . 

 F , 

: 

F =K0U,                                                (4.6) 

  K0 = K  d  – , . 

,  

. 

,  E   

 R .  

 

U I
R

 .                                        (4.7) 

 (4.5) – (4.7)  

0 0

0 0

dF K e F K K
dt

 .                                  (4.8) 
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 (4.8),  (4.9)  

(4.10),  

 F  

F F K KdV
dT m

;                                  (4.9) 

d V
dt

 ,                                                                  (4.10) 

,  

.  

 (4.9) – (4.10) . 

 

, : 

0

2 30
0 0 0

( )( )                                                                                     (4.11)
( )

/   .
1

f

Y

Y Y Y Y Y

pW p
e p

K K
K Km mKR C R K p R C p R C p
K K K K K

 

 (4.11) , , 

,  

,  [16]. 

 (4.8) – (4.11)  

.  

 

,  

 – , , 

.  
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 m , K , K0, 

K , C0, R . 

 

,  

.  

.  

 ( )  

  = R  /C0 .  

,  

, , 

 

,  

,  

[16].  (4.11)  

(K  0),  (K  0)  

 (  0),  

:  

0

 
2

( )( )
( ) 1

Y
f

Y

K
KpW p m p
K

 .                        (4.12) 

,  
1
2

M
K

m  

, 

 (4.11),  

,  (4.12). 

 (4.12)  

. 
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(creep – ) –  

. . 4.2  

 

 Z  X, Y [1]. 

,  

, . 

 

 

.  

,  

. 

, 

 k. 

 

 
. 4.2.    

 Z   

X  ( ).  

,   
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. 4.3.   

 

 

 m,  k . 4.3).  

: 

Q CUF
d d

 , 

 C – , d – , U – .  

 

CUxm kx
d

, 

 m 

2 CUx x
md

. 

: 

2 0x x ,   

k
m

, 

S Ek
l

. 

: 
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1 2cos sin Fx C t C t
k

, 

 t = 0,  x = 0, 

 1
FC

k
, 

 1 2, cos sin ,
4 2 2 2

Ft x C C
k

 

2, 0, cosF F Fx C x t
k k k

, 

(1 cos  )Fx t
k

. 

sin ,Fx t
k

 

2 cos .Fa x t
k

 

 t = 0,       2 , 0, 0.Fa x
k

 

 
4 2
Tt ,   0,    ,    .F Fa v x

k k
 

F  

maxlF S ES
l

,  

 
Q CUF
d d

,  

max
max

C U l C U lE S l
d l d E S

  

–  
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. 

 

 ( /4) ,  

, . 

 

 
 

 

 19. 

: 

D = 200 10-12 ,    = 0,7 1011 2,    = 1500,    = 7 3. 

  

R = 10  h = 30 . 

S = R2=3,14 (10-2) 2  = 3,14 10-4  2. 

-12 -4
110

2
8.85 10 1500 3.14 10 13,9 10 

3 10
S

h
. 

 

: U = 10 ; 30 ; 50 ; 100  

200 . 

11 2
9

max1 12 11 4
13,9 10 10 3 10 9,5 10 .

200 10 0,7 10 3,14 10
C U ll
d E S

 

11 2
9

max 2 12 11 4
13,9 10 30 3 10 28,5 10 .

200 10 0,7 10 3,14 10
C U ll
d E S

 

11 2
9

max 3 12 11 4
13,9 10 50 3 10 47,5 10 .

200 10 0,7 10 3,14 10
C U ll
d E S
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11 2
9

max 4 12 11 4
13,9 10 100 3 10 95 10 .

200 10 0,7 10 3,14 10
C U ll
d E S

 

11 2
9

max 5 12 11 4
13,9 10 200 3 10 190 10 .

200 10 0,7 10 3,14 10
C U ll
d E S

 

, ,  

. . 

4 2 2
m l dt

C U
. 

m = V  = S h  = 3,14 10-4 10-2 103 = 65,94 10-3 . 

3 9 12
5

11
65,94 10 9,5 10 200 10 14,9 10 .

2 13,9 10 10
t  

,  

: 

33
2

4 cS hFdU
D

 

=
11 2

12
4

4 1,43 10 3 10 1,46200 10 10
3,14 4 10

1,8 10-9 . 

     h, D – , ; 

U – , ; 

S33 – ,  

; 

Fc – , . 

2

max
334c

dD UF
S h

 

12 4

11 2
3,14 200 10 4 10 10 1,46  H

4 1,43 10 3 10
. 
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,  

. 

2

24 2 2 4
m l d m ldt U

C U t C
. 

 t = 10-5 c: 

l = 9,5 10-9 , 

2 2 3 9 12

2 10 11
3,14 65,94 10 9,5 10 200 10 22,21 

4 4 10 13,9 10
m ldU
t C

; 

 l = 28,5 10-9 , 

2 2 3 9 12

2 10 11
3,14 65,94 10 28,5 10 200 10 67 

4 4 10 13,9 10
m ldU
t C

; 

 l = 47,5 10-9 , 

2 2 3 9 12

2 10 11
3,14 65,94 10 47,5 10 200 10 111 

4 4 10 13,9 10
m ldU
t C

; 

 l = 95 10-9 , 

2 2 3 9 12

2 10 11
3,14 65,94 10 95 10 200 10 222 

4 4 10 13,9 10
m ldU
t C

; 

 l = 190 10-9 , 

2 2 3 9 12

2 10 11
3,14 65,94 10 190 10 200 10 444 

4 4 10 13,9 10
m ldU
t C

. 

. 4.1. 
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 4.1 

 

U,  l·109  U ,  

10 9,5 22,2 

30 28,5 67 

50 47,5 111 

100 95 222 

200 190 444 

 

,  

,  

,  

.  

 

4.2.   
 

,  

, ,  

.  

. 

, , ,  

,  

 

.  
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,  

. 

,  

, , .  

, ,  

 

 ( )  

 

, .  

 

,  

 (  40 %). 

,  

.  

.  

,  

. 

. ,  

. 

. ,  

. 

, 

,  , , , . 

 

.  

:  [7]. 

 ( . 4.4)  
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31 11
2 2

2 4 cd U S F
D d D d

 ,                            (4.13) 

 ( . 4.5): 

33
33 24 cnS hFnd U

D
 ,                                      (4.14) 

  d31, d33 – ,  

,  

, ; 

, h, d, D –          

, ; 

n – ; 

U – , ; 

S11, S33 – ,  

; 

Fc – , . 

 
. 4.4.   

 

. 4.5.   
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 d33  

, ,  

 d31. 

 Fc max  

: 

31
max

112c
d d D U

F
S

 ;                                  (4.15) 

: 

2
33

max
334c

d D UF
S h

 .                                          (4.16) 

. 4.6  

. 

 

. 4.6.   

: 1 – , 

2 –  
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4.3.   
 

    

. 4.2. 

 4.2 
 

 
  

 
 

 
 
 

 
 

,  0,05 0,1 0,05 0,05 

 
, 

 

10 5 0,5 1 

 
 

,  

100 50 3 2 

, 
 

7 9 0,3 0,5 

, . 4 4 7 8 

,  – – – – 

,  – – – – 

 

: 

1 – ; 

2 – ; 

3 – ; 
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4 – . 

   : 

1 – , ; 

2 – , ; 

3 – , ; 

4 – , ; 

5 – , .; 

6 – , ;  

7 – , . 

 

4.3.1.   
 

 

 

 [15].  

. ,  

, , 

. 

 

N1      k1  k2  k3  k4  k5  k6  k7  
 
 

 

     k1  0   1   1   1   1   1   1 
     k2  0   0   1   1   0   1   1 
     k3  0   0   0   1   1   1   1 
     k4  0   0   0   0   0   0   1 
     k5  0   1   0   1   0   1   1 
     k6  0   0   0   1   0   0   1 
     k7  0   0   0   0   0   0   0 
    a     6   4   4   1   4   2   0 

1  2   2   4   2   3   5 
    ri    7  6   6   4   6   5   3 
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3
241j

da
m m

,  m  (m – ),  d –  

 3. 

va a ;    

1
24 01 1,0

343 7
a . 

N2      k1  k2  k3  k4  k5  k6  k7  

     k1  0   0   1   1   0   1   1 
     k2  1   0   1   1   0   1   1 
     k3  0   0   0   0   0   0   0 
     k4  0   0   1   0   0   1   1 
     k5  1   1   1   1   0   0   1 
     k6  0   0   1   0   1   0   0 
     k7  0   0   1   0   0   1   0 

 
 
 

        a    4   5   0   3   5   2   2 

2  1   5    3   1   4   4 

     ri   6  7   3    5   7   4   4 

2
24 11 0,93

343 7
a . 

N3      k1  k2  k3  k4  k5  k6  k7 

     k1  0   0   1   1   1   1   1 
     k2  1   0   1   1   1   1   1 
     k3  0   0   0   0   0   1   1 
     k4  0   0   1   0   1   1   1 
     k5  0   0   1   0   0   1   1 
     k6  0   0   0   0   0   0   1 
     k7  0   0   0   0   0   0   0 

 
 
 

        a   5   6   2   4   3   1   0 

2   1   5   3   4   6   7    

    ri    6   7   3   5   4   2   1 
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3
24 03 1

343 7
a . 

 

N4      k1  k2  k3  k4  k5  k6  k7 

     k1  0   0   1   1   1   1   1 
     k2  1   0   1   1   1   1   1 
     k3  0   0   0   1   1   1   1 
     k4  0   0   0   0   0   0   1 
     k5  0   0   0   1   0   0   1 
     k6  0   0   0   1   1   0   1 
     k7  0   0   0   0   0   0   0 

 
 
 

       a    5   6   4   1   2   3   0 
 2   1   3   6   5   4   7 

    ri     6   7   5   2   3   4   1 
 

4
24 03 1,0

343 7
a  . 

 

4.3.2.   
)  

 
 

  1

i
Z

N z
, 

 N – . 

  
2

1
iz z

D
N

. 

  D . 

  
z

. 
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  iz z
z

. 

    ( ): 

7 6 6 6 6,25
4

Z ; 

2 2 2 20,75 0,25 0,25 0,25
0,25

4 1
D ; 

0,25 0,5 ; 

0,5 0,08
6,25

; 

1
7 6,25 0,12

6,25
; 

2
6 6,25 0,04

6,25
; 

3
6 6,25 0,04

6,25
; 

4
6 6,25 0,04

6,25
. 

    ( ): 

6 7 7 7 6,75
4

Z ; 

2 2 2 20,75 0,25 0,25 0,25
0,25

4 1
D ; 

0,25 0,5 ; 

0,5 0,074
6,75

; 
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1
6 6,75 0,11

6,75
; 

2
7 6,75 0,037

6,75
; 

3
7 6,75 0,037

6,75
; 

4
7 6,75 0,037

6,75
. 

    ( ): 

6 7 4 3 5,0
4

Z ; 

2 2 2 21 2 1 2
3,33

4 1
D ; 

3,33 1,83 ; 

1,83 0,37
5

; 

1
6 5 0,2

5
; 

2
7 5 0,4

5
; 

3
4 5 0,2

5
; 

4
3 5 0,4

5
. 

    ,  

 ( )  ( ) 

, .  
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, . 

 

4.3.3.   
 

 

k
i

i k
i

r
r

. 

1=(7+6+6+6)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,19; 

2=(6+7+7+7)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,21; 

3=(6+3+3+5)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,13; 

4=(4+5+5+2)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,12; 

5=(6+7+4+3)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,16; 

6=(5+4+2+4)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,12; 

7=(3+4+1+1)/( 7+6+6+6)+(6+7+7+7)+(6+3+3+5)+(4+5+5+2)+ 

+(6+7+4+3)+(5+4+2+4)+(3+4+1+1)=0,07 . 

        = 0,80;  1 >  > 0,80,   

:  

K = (k1, k2, k3, k4, k5), 

       = 1+ 2+ 3+ 4+ 5 = 0,19+0,21+0,13+0,12+0,16 = 0,81 > 0,80 . 
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: 

F1 – ; 

F2 – ; 

F3 – ; 

F4 – ; 

F5 – . 

 

4.3.4.   
 

. 

4.7÷4.11. 

  

. 4.7.   

 

 

. 4.8.   
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. 4.9.    

 

 

. 4.10.    

 

 

. 4.11.    
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   : 

1 = (0,05; 10; 100; 7; 4); 

2 = (0,1; 5; 50; 9; 4); 

3 = (0,05; 0,5; 3; 0,3; 7); 

4 = (0,05; 1; 2; 0,5; 8). 

   : 

1

0,55 0,15 1 1
0,05 0,1 0,05 0,05F ; 

2

0,2 0,7 1 0,9
10 5 0,5 1F ; 

3

0,5 0,9 0,6 0,5
100 50 3 2F ; 

4

0,35 0,3 1 1
7 9 0,3 0,5F ; 

5

0,9 0,9 0,8 0,6
4 4 7 8F  . 

 

4.3.5.   
 

 

: 

1 2
1 2 ... min in F j

n
j

a
F F F

a ; 

i = i ·m,  

 m – , , 

m = 5. 

1 = 0,19·5 = 0,95; 
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2 = 0,21·5 = 1,05; 

3 = 0,13·5 = 0,65; 

4 = 0,12·5 = 0,6; 

5 = 0,16·5 = 0,8. 

1 = min (0,57; 0,18; 0,64; 0,53; 0,92) ; 

2 = min (0,16; 0,69; 0,93; 0,49; 0,92) ; 

3 = min (1; 1; 0,71; 1; 0,83) ; 

4 = min (1; 0,9; 0,64; 1; 0,66) . 

max{0,18; 0,16; 0,71; 0,64}. 

   ,  

 3 – . 

 

4.4.   
 

,  

,  

.  

 10÷15 . 

 

 300 ,  

.  

, ,  

, ,  

, « » .  

, 

. 
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. 

 

: 

 02

2

2

2

2

2

dt
ydS

dx
ydEI

dx
d

z  ,                               (4.17) 

   – ; 

m = S – ; 

Iz –  (  Z), 

 [75].  

: 

y = X (x) cos t ,                                      (4.18) 

  ) – . 

 (4.4.2)  (4.4.1) :  

02
2

2

2

2

SX
dx

ydEI
dx
d

z  .                          (4.19) 

,  

. 

 

4.4.1.   
 

. 

 

: 

1 2
1,758

2
r E
l

 ,                                     (4.20) 

  r – , l – .  
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4.4.2.   
 

 

.4.12, )  Y,  

.  Y  

,  X  

.  ·I . 

. 4.12.  dx,  

, . 

 
. 4.12.   

 V   

, . 

 

,  Y, :  

2

2 0V yV V dx Fdx
x t

 ,                               (4.21) 

:  

Y 

X 

 y 

x 
 x 

 V 

 M 

M+( M/ x) x 

V+( V/ x) x 

F x( 2y/ t2) 

) ) 

 l 

x 
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0MVdx dx
x

 .                                                    (4.22) 

 V  (4.22)  

(4.21),   

2 2

2 2
M ydx Fdx
x t

 .                                       (4.23) 

 

2

2
yM EI

x
 .                                              (4.24) 

 (4.23),  

2 2 2

2 2 2
y yEI dx Fdx

x x t
 ,                                (4.25) 

 

.  

 EI  

,  ,  

4 2

4 2
y yEI dx Fdx

x t
 .                                  (4.26) 

: 

4 2

4 2 2
1y y

x a t
 ,                                       (4.27) 

                                                     
EIa
F

. 

,  

,  
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: 

y = X(Acos t + Bcos t) .                                 (4.28) 

,  i,  i  

.  (4.28)  (4.26),  

4 2

4 2 0X X
x a

 .                                    (4.29) 

  

,  

2
4

2 k
a

, 

 (4.29)   

4
4

4 0X k X
x

 .                                    (4.30) 

 (4.4.14)  X = enx,   

4 4( ) 0nke n k  .                                   (4.31) 

  

1 2 3 4; ; ; .n k n k n ik n ik  

 (4.31): 

,kx kx ikx ikxX Ce De Ee Fe                                   (4.32) 

: 

1 2 3 4sin cos sh ch .X C kx C kx C kx C kx                  (4.33) 

 

. 
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 1 2, 3  4,  (4.33),  

 

, . ,  

,  

X = 0;  X" = 0. 

, 

,  

X = 0;  X' = 0. 

 

.  

X" = 0;  X'" = 0. 

,  

,  

 1 2, 3  4, ,  

.  

: 

             = 0;  = 0;  X" = 0; 

            x = l;   = 0;  X" = 0. 

 (4.33)  

: 

2 + 4 = 0;  1sinkl + 3shkl = 0; 

– 2 + 4 = 0;  – 1sinkl + 3shkl = 0, 

      2 = 3 = 4 = 0, 

                1sinkl = 0, 

,  1  0,  

sinkl = 0. 
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 sinkl = 0  

,   

kil = i ,    i
ik
l

 ,                                      (4.34) 

  i = 1, 2, 3… . 

   
2

4
2 k

a
                   

2
4 i
i

Fk
EI

 .                                 (4.35) 

 (4.34)  (4.35)  

  

2 2
2

2i i
EI i EIk
F Fl

 ,                                  (4.36) 

: 

2 2

22 2
i i EI

Fl
 .                                         (4.37) 

  

1 2
3.512

2 2
i EI

Fl
. 

,   
2 2( )
12

hb b hI F h b  , 

  b – ; 

h – , 

:  

2 2

1 2
1.014

2 2
i b h E

l
 .                                (4.38) 
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4.4.3.   
 

  

2 4 4(2 )
64 64 4z
D y yI , 

      ry X
l

  ,  –  

 . 

,  

4
4

4z
rI X
l

 .                                      (4.39) 

  

2
2 2( ) rS X y X

l
.                              (4.40) 

 (4.39)  (4.40)  (4.17), : 

4 22
4 2

2 0
4

d r rE x X x X
l ldx

 .                   (4.41) 

  
2

4
E r

l
   

22
2 4 l

E r
, 

                                (x4 X – 2Xx2 = 0.  

 x2,  

2 IV III II 28 12 0x X xX X X  .                   (4.42) 
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 (4.42) ,  

.  

,  

1 2
4.359

2
r E
l

 .                                  (4.43) 

 

4.4.4.  . 
 

 

, ,  

,   

2 2
42 6.5

2 2 2
r E r E
l l

 .                         (4.44) 

 

4.4.5.   
 

 

 

 

. 

 

 

 (  –19). 

 –19:  = 0,55 – 0,85 1011 2 (  0,7 1011 2);  = 1,771 / 3. 

 

  

r = 8; 10; 15 ,  ( ) h×b = 
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12×17 ; 15×21 ; 22×32 ,  

, ,  

. 4.13 ÷ 4.16. 

,  

 

. 

,  

. 

 

 

 

 
. 4.13.    

,   
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. 4.14.    

,  

 
. 4.15.    

,   

 

0

10

20

30

40

50

60

70

80

90

, 

 
, 

1 82,8 20,73 8,28 5,18 3,31 2,3 1,7 1,3 1,02 0,83

2 55,2 13,81 6,14 3,45 2,21 1,53 1,13 0,86 0,68 0,55
3 44,2 11 4,91 2,76 1,77 1,23 0,9 0,69 0,55 0,44

1 2 3 4 5 6 7 8 9 10
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0

20

40

60

80

100

120

, 

 
, 

1 97,3 24,3 10,8 6,08 3,9 2,7 1,99 1,52 1,2 0,97

2 64,9 16,2 7,2 4,05 2,6 1,8 1,32 1,01 0,8 0,65

3 51,9 13 5,77 3,24 2,08 1,44 1,06 0,81 0,64 0,52

1 2 3 4 5 6 7 8 9 10

 
 

. 4.16.    

,   

 

4.5.   
 

. 4.17. 

 1,  2, 

3, 4, ,  

 X, Y, Z.  

5  4.  6  

1 .  6  

 7.  5  7  

,  

 8. 
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.  

 1  2  

 Y.  

 3  X.  

 4  6  

 Z, ,  5  7,  

 4  6,  

 8.  

 

 

 

. 4.17.   

 

 



 125

4.5.1.   
 

 

-19. ,  

,  

. 

. 4.3  

. 

 4.3   

 – 19. 

  dik ·1012, ,   
d31 100 
d33 200 

   ,   290 

  ,  ,   3,0 

  33

0
 1500±350 

 0,035 
  

 100±5 ,    1·1010 

  k  0.43 

  fr ·106,  1  150 

   ·10-11,  2
 0,55÷0,85 

  Q  ,   50 

 v  ·10-3,   3÷3,6 

  

,  2 ,   3000 

,  %,   0,2 
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4.5.2.   
 

 

 « »  

. 4.18. 

 

. 

 – .  

 

 

. 

. 

 

. 

, 

. 

, 

 4  6 ( . . 4.17)  

.  
 

 

. 4.18.  : 

 Ri – ; 

 Fj – ; 

 Uk – ; 

 Xi –  
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 2 ,  20 

 20 .  40 . 

 3 ,  20 

 10 .  – 20 . 

 4  6 ,  

 10  10 .  20 . 

 

  
 

: 

i in n in nE g h ; 

n kn kd E ; 

n nE ; 

0r x
n

n

FC
l

, 

  i  Ek –  i  k ; 

n –  n 2; 

n –  n; 

 – 2; 

gin, dkn, hin – , . 

 

:  

hin = 1,14·109, ;    dkn = 200·10-12, ;     = 0,7·1011,  2; 

 n:  

n=10–3 

,  

. 
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 i:  

9 31,14 10  10  i in nE h . 

 n: 

11 3 8
20,7 10  10 0,7 10  n nE . 

 

 
  

 

 (4.14)  (4.16), 

. 4.19,  

. 

: 

2
33

max
334c

d D UF
S h

. 

 

 

 

. 4.19.   
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33
33 2

4 cnS hFnd U
D

, 

  d33 – ,  

 

, ; 

h, D – , ; 

n – ; 

U – , ; 

S33 – , ; 

Fc – , . 

,  

, U = 300 .  Fc =  ½ Fcmax . 

 2: 

D = 20 , n = 20, h = 40  ;  

212 32
33

max 11 3
33

200 10 20 10 300
33,7  

4 4 1,4 10 40 10c
d D UF

S h
;  

33
33 2

11 3
12 6

23

4

4 20 1,4 10 40 10 16,85  20 200 10 300 0,6 10 .
20 10

cnS hFnd U
D

 

 3: 

D = 10 , n = 20, h = 20 ; 

212 32
33

max 11 3
33

200 10 10 10 300
16,8  

4 4 1,4 10 20 10c
d D UF

S h
; 
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33
33 2

11 3
12 6

23

4

4 20 1,4 10 20 10 8,4  20 200 10 300 0,6 10 .
10 10

cnS hFnd U
D

 

 4(6): 

D = 10 , n = 10, h = 20 ; 

212 32
33

max 11 3
33

200 10 10 10 300
16,8  

4 4 1,4 10 20 10c
d D UF

S h
; 

33
33 2

11 3
12 6

23

4

4 10 1,4 10 20 10 8,4  10 200 10 300 0,3 10 .
10 10

cnS hFnd U
D

 

 

  
 

,  

 

1 2
1,758

2
r Ev

h
, 

 r – , h – . 

 2: 

11

1 2
1,758 10 0,7 10 174,9  

7,02 40
v . 

 3: 
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11

1 2
1,758 5 0,7 10 349,7  

7,02 20
v . 

 4(6): 

11

1 2
1,758 5 0,7 10 349,7  

7,02 20
v . 

 

  
 

 

,  

1 1

0 0

x

x x

dU d d P dS
dP dP C C C C

, 

 C0 (  

) . 

U = S·Px. 

 n 

, ,  

 – .  

,  Px, 

1

00
x x

nQ dU P S PCnC C C
n

. 

,  0 

, ,  S  > S. 

, 

. 



 132

. ,  

: 0 = 15,0·10-10 ,  r = 1500. 

 2: 

n = 20, ln = 2 , D = 20 ; 

212 3* *
100

3

1500 8,85 10 10 10
20,9 10  

2 10
r x

u

FC
l

; 

12
33

10 10
0

200 10 0,056
20,9 10 15,0 10

dS
C C

; 

12
33

10
0 10

200 10 0,09
15,0 1020,9 10

20

dS CC
n

. 

 3: 

n = 20, ln = 1 , D = 10 ; 

212 3* *
100

3

1500 8,85 10 5 10
10,4 10  

1 10
r x

u

FC
l

; 

12
33

10 10
0

200 10 0,079
10,4 10 15,0 10

dS
C C

; 

12
33

10
0 10

200 10 0,18
15,0 1010,4 10

20

dS CC
n

. 

 4(6): 

n = 10, ln = 2 , D = 10 ; 

212 3* *
100

3

1500 8,85 10 5 10
5,21 10  

2 10
r x

u

FC
l

; 
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12
33

10 10
0

200 10 0,099
5,21 10 15,0 10

dS
C C

; 

12
33

10
0 10

200 10 0,298
15,0 105,21 10

10

dS CC
n

. 

,  S  > S,  

. 
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 5.   
 

 

5.1.   
 

 

 

, . 

,  

, , 

. , 

 

. 

 

: ., ., ., 

., .,  B.B.,  E.A.,  

.,  H.M.,  A.B., .,  A.A., 

 A.H.,  H.M. , : . , . , 

. , . , . . 

 [17],  

 " ",  

, ,  

, .  

 

.  

 

, , .  

: ,  
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, ,  

 

. 

: 

F  = F  + F  =  + N + fN,                            (5.1) 

 

  –  

; 

 – ,  

; 

f - ,  

. 

. .  [18, 19],  

, ,  

.  

 

,  

,  

.  

 

,  

 [18]. 

 

 

,  

. 

 

, ,  
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.  

. 

 [20]  

,  ( .5.1, , , ). 

 

 ( .5.1, ), . 

.  

 ( .5.1, ),  

.5.1, ) . 

 

 

 
. 5.1.   ( ), 

 ( )  ( ) 
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. 5.2.   

 

 

, ,  

, . 

, 

 ( . 5.2). 

, ,  

,  

 

 [21]. 

 

, . 
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5.2.   
 

 
 

 [22]  

.  

 

, 

. 

 

: 

q  = q  – q  + q  + q  ,                           (5.2) 

    q  – , ; 

q  – , ; 

q  – ,  

; 

q  – , ; 

q  – ,  

. 

 

. 

,  

, : 

1.  

. 

2.  

. 
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3.  « »  

, . 

4. . 

,  " "  

: 

ta = 2b/V  ,                                           (5.3) 

     b – ;  

V  – . 

 [22] ,  

,  

, .  b =  b2, ,  

 S.  

: 

mn qqq ,                                       (5.4) 

 nq  – , ;  

     mq  –   , . 

,  

 

, : 

rba
n AAtaq , ,                                  (5.5) 

 bA  – ;  

    rA  – , Ar = 4r2; 

    a – , . 
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: 

a = S h,                                                 (5.6) 

    S – ; 

)(1

0
nRTn SepSS .                                  (5.7) 

 n – ; 

       S  – ; 

       0S  – ; 

        p – . 

 [23],  « »  

, ,  

» – , . 

h = LJh – ,  Jh –  

; L – .  

a = S h = SLJh = SV tJh ,                                (5.8) 

h
m JSV

dt
daq ,                                      (5.9) 

    V  – .  

, ,  

 [23]: 

dx
dSDq ,                                                 (5.10) 
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   nRT
QDD Dexp0  – , 

D0 – ; 

n – ; 

QD – . 

,  dx
daS , : 

2

2

dx
adDq .                                           (5.11) 

,  

, : 

ma
aq 1 ,                                         (5.12) 

    µ – ;  

T – . 

mkTfp 2 ,                                         (5.13) 

  am – ,  

;  

f –  

; 

m - ; 

k – , k = 1,37·10-23 /K; 

p – . 

, , : 
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aaq /1 ,                                       (5.14) 

    a – ; 

RT
Qa

a exp0 ,                                       (5.15) 

 0  –  

; 

aQ  – ;  

R – ;  

T – . 

, ,  

m
h

aa a
a

dx
adDJSV

t
aa

dt
da 1)1( 2

2

.          (5.16) 

, 

, ,  

,  02

2

dx
adD .   

m
h

aa a
aJSV

t
aa

dt
da 1)1(              (5.17) 

 

FBa
dt
da

,                                       (5.18) 
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h
maa

JSVF
at

B ;1
                 (5.19) 

: 

B
Fe

B
Faa Bt

m .                              (5.20) 

 t = 0:  = am;  t = :  = F/B. 
   

(3.4.16) : 

2

2

x
aDFBa

t
a

.                             (5.21) 

 B
FUea Bt

,  U(x, t) - ,  

: 

2

2

x
UD

t
U

.                                   (5.22) 

, .  

: 

)()(),( tTxXtxU .                                   (5.23) 

,  V2 = D, : 

xCxCeCtxU

xCxCXeCT

XXTVT

const
TV

T
X
X

tV

tV

cossin),(

;cossin;

;0";0'

;'"

321

321

222

2
2

22

22                    (5.24) 
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312211

21

;
,cossin),(

22

CCKCCK
xKxKetxU tV

                   (5.25) 

,  BtBe
FaBU ,  : 

B
FxKxKea tBV cossin 21

)( 22

.                 (5.26) 

 « »   

, .  

. 

 

: 

t = 0, x = 0, a = am; 

 am = 2 + F/B, 

 2 = am – F/B,  
 (5.26) :  

tBV
m e

B
Faa )( 22

.                                   (5.27) 

  

:  

t = 0, x = 0,  = S0d, 0S
x
a

; 

t = 0, x = l, 0S
x
a

, 

    l – ; 
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S0 – ; 

d – . 

:  

S0d = K2 + F/B.                                    (5.28) 

 

 K2 = S0d – F/B 

xKxKe
x
a tBV sincos 21

)( 22

.                 (5.29) 

 t = 0, x = 0, S0 = K1,  K1 = S0/ .   

: 

x
B
FdSxSe

x
a

B
Fx

B
FdSxSea

tBV

tBV

sincos

;cossin

00
)(

0
0)(

22

22

.           (5.30) 

 t = 0, x = l  

 = 2 n/l,  n = 0, 1, 2,.... 

 

B
Fx

l
n

B
FdSx

l
n

n
lSea

tB
l
nD 2cos2sin

2 0
0

2 2

.   (5.31) 

 

,  

.  
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Bt
m e

B
FaB

dt
daq ,                              (5.32) 

 t = 0: 

FBa
dt
daq m ,                              (5.33) 

 

x
l
n

n
lSeB

l
nD

dt
daq

tB
l
nD 2sin

2
2 0

22
2

 

x
l
n

B
FdS 2cos0  ,                           (5.34) 

 t = 0, x = 0 : 

B
FdSB

l
nDq 0

22
                           (5.35) 

,  

,  

. 

 

: 

S
qp  ,                                             (5.36) 

    S  – . 
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, . 

 

. 

 

5.3.   
 

 

 

 [24].  

, ,  

 

. ,  

.  

.  

 

.5.3.  

  

 

.  

.  

: 

RR V
E

VW *
*2

*
2
* 2

 .                           (5.37) 

: 

RR V
C

VW *
*2

*
2
* 2

, 
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. 5.3.   

 [24] 
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   –  

, ; 

,   –  

; 

E,   –  1-  2-  

, ; 

VR – . 

 

 X,  Y,  Z  

: 

Rzzyyxxzzyyxx VddddddW
b b

0 0
 .          (5.38) 

 zyxzyx ,,,,,  – ; 

zyxzyx ,,,,,  –  

,  

 R ( . 5.4). 

 

zyxzyx ,,,,, . 

 

 

.  

,  

. 

b

dVW R
0

*  ;                                              (5.39) 
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. 5.4.   

 R: )  

; )  

b

dVW R
0

*  .                                              (5.40) 

 

,  
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. 

 

 

 

 

 T1  2  

2

1

2

1

*****
T

T
V

T

T
V dTVcdTmcu  .                           (5.41) 

.5.5,  

.  

,  Vc  

. 

,  

, : 

2

1

2

1

***
V

V

M

M

dVdmu ;                    (5.42) 

2

1

2

1

***
V

V

M

M

dVdmu ;                         (5.43) 

2

1

2

1

***
V

V

M

M

dVdmu ,                         (5.44) 

 , ,  – , 

; 

, m, V – , . 
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. 5.5.  

 (  – 

;  –  

;  – ) 

 

,  

: 

,* sTFu                                           (5.45) 
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     F – , . ,  

; 

T*s – , . ,  

, ; 

s – . 

 

 

 –  

.  

 

,  

. 

,  

 

, ,  

t: 

t
dX
dTAkQ *** .                                 (5.46) 

 const
dX
dT

: 

t
X

TTAkQ *** 12
 ,                                (5.47) 

. :  

k – ; 

 – ; 

2 – T1 – ; 
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dX
dT

 – ,  

; 

t – . 

 

 

 

8÷400 -

 

tTTAW s *
100100

**
4

1
4

2
,                  (5.48) 

  cs – ;  

 – ; 

t – .  

 

 

 

, , , . 

 

hnVW F *** ,                              (5.49) 

     – ,  

; 

nv –  (  

) ;  

hv – ; 
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VF – , . 

 

 

 

.  

; 

,  

: 

F
F

F VDEW ***
2 .                                  (5.50) 

 F  – ,  

; 

E  – ; 

D  – ; 

FV  – , . 

 

 

 

 

, , .  

 

, : 

JV
MJ

EW *
*

**
,                                (5.51) 

  – ,  

; 



 156

J  – ; 

E  – ; 

 – ; 

M  – ; 

JV  – . 

 

  

 

 

 

V
MJ

E
W *

*
**

,                                (5.52) 

  – ,  

; 

E  – . 

 

 

 

 

, ,  

,  

: 

1. . 

2. . 

3. . 

. 



 157

, ,  

 

WWW ,                                (5.53) 

    W  – ,  

; 

W  – ,  

. 

 [24],  

nEPW ** ,                                  (5.54) 

)(**
2
1 22 bRRFW .                      (5.55) 

: 

E  – , ; 

P  –  

 

: 

121221 PPP ;                              (5.56) 

n –   ; 

2
0 **4 rpF  – ,  

;  

b – ;  

0 – ;  



 158

r – . 

 (5.53)  

, .  

 

.  « »  

r
tv

r
hN

*2
*

*2  ,                                (5.57) 

v  – . 

, ,  

, : 

t
dx
dTAk

r
tvWWNWW ***

*2
**)(* ;    (5.58) 

v
Akr

WW
dx
dT *

***2 .                                                            (5.59) 

 A = *(R2 -x2),  x –  ( . 5.6), 

022 **
)(**222

Tdxv
xRkr

WW
T

R

bR
.                 (5.60) 

, : 

022

22

22

1

1
ln**

)(**2
T

R
bRR

R
bRR

v
xRkr

WW
T .        (5.61) 

 T0 –  b = 0. 



 159

 

R
bRR

R
bRR

22

22

1

1
ln ,  

, , , 

, 

 

: 

02

22

*
**2

))((
Tv

Rkr
bRRWW

T .        (5.62) 

 

. 

, . 

,  

 

. 

,  

 x.  

.  

 u(x,t),  

 x  t. ,  

 u(x,t). 
 

  

1. : ,  

,  

. 

,  A(x)  

(t, t t), : 



 160

 
. 5.6.   

 

t
dx
duAkQ *** ,                                (5.63) 

 k – . 

 

2. , , 

 u,  

uVcumcQ ***** ,                      (5.64) 

  – , m – ,  – , V – . 

 
. 5.7. ,  

 A(x)  A(x+ x)  x  x+ x 

  



 161

,  

A(x)  A(x+ x)  x  x+ x  ( .5.7). 

. 

t
x

txuxAkxQ *),(*)(*)(                          (5.65) 

– ,  A(x)  

 t; 

t
x

txxuxxAkxxQ *),(*)(*)(             (5.66) 

– ,  A(x+ x)  

 t.  
, ,  

 t, : 

).(**),()('*

**),()(*

)(),(),(*

*)()(')(*),()(*

*),(*)(*

*),()(*)()(

2

2

2

2
2

2

2

xOtx
x

txuxAk

tx
x

txuxAk

txOx
x

txu
x

txu

xOxxAxAkt
x

txuxAk

t
x

txxuxxAk

t
x

txuxAkxxQxQQ

            (5.67) 

 

 



 162

 (5.67)  Q  

 

tx
x

txuxAktx
x

txuxAkQ **),(*)('***),(*)(* 2

2

. (5.68) 

,  (5.64): 

t
utxAcQ ****                            (5.69) 

– , .  (5.68)  (5.69), 

: 

t
uc

x
txu

xA
xA

x
txuk **),(*

)(
)('),(

2

2

.          (5.70) 

 **
2

c
ka , : 

x
txu

xA
xAa

x
txua

t
u ),(*

)(
)('),( 2

2

2
2

.              (5.71) 

 A(x) :  R, ( ) –  

. 

.
)2(

)(2
)(
)('

);(2)('
);2(**)()(

2
22

xRx
xR

xA
xA

xRxA
xRxxRRxA

 

 (5.71) : 

x
txu

xRx
xRa

x
txua

t
u ),(*

)2(
)(2),( 2

2

2
2

.              (5.72) 



 163

 x<<R : 

x
u

xx
ua

t
u *1

2

2
2

. 

,  

)(*)(),( tTxXtxU . 

2
2 )(

)(*1)("

)(
)('

xX

xX
x

xX

tTa
tT

 .                   (5.73) 

 taectT ** 22

*)( . 

 )(xX : 

0)(*)(*1)(" 2 xXxX
x

xX  .                   (5.74) 

 0- ,  

 [25]: 

)()( 0 xJxX . 

 –  

 N0 – ,  

 x = 0. 

, 

 0)(0 RJ . 

,  

R
k

k ,  k  – . 

µ1 = 2,4; µ2 = 5,52; µ3 = 8,65; µ4 = 11,79. 



 164

 k  

  

)(*),( 0
** 22

xJetxu k
ta

k
k ,                             (5.75) 

 

1
0

** )(*),(
22

k
k

ta xJetxu k                              (5.76) 

 

1
0

**
)(*),(

2
2

k

k
ta

R x
R

Jetxu
k

                             (5.77) 

 

 µ1  µ2. 



 165

 6.   
 

 
 

 
 

 

,  

. 

6.1.  
 

 

 ( .6.1)  1, 

 2  6,  3 

 12.  

 4, ,  

.  

 13  

 8. 

 6 , 

 10. , 

,  7,  

 8.  

 11  2,5 . 

 2 ,  

 8. 

 M2,5  

.   



 166

 
. 6.1.  

 

 10, 

 14 . 

 12 -

,  

 13  8. 

,  13  

 

9, ,  8 ( ,  

).  



 167

 13.  

 2, : 

  

 13 ,  

 

; 

  

 13,  

 8. 

: 130x86x25 . 

 

 15 . 

 
. 6.2. , :  

1 – ; 2 –  



 168

: , 

.  2 ±10%. 

:  1,5 .  

: 25x50 . : 65 . 

 

.6.2.  

.6.3 

 

 

 
. 6.3. : 

1 – ; 2 – 

;  

3 –  



 169

,  

, .6.4.  1, 

 2,  3,  

 4,  5 

 6 ,  

 6  8.  6  

 9,  10  6,  

 11 .  3  12  

,  

9,  11,  0,1 .  

 9,  12  

 6  13.  

 ( , ),  

, ,  29,8° ),  

, ,  

.  

 
. 6.4.  



 170

, 

.  

 13  4  

 6  « » , , 

. 

. 

 2 ,  3 

. ,  4 

 5  6, 

,  

 8. 

6.2.  
 

 

 

 

,  

.  

 

. 

 

 

rPLc 3
1

,                                             (6.1) 

 

     L – , .; 

Pr – , H.  



 171

 ( .) 

: 

610
60 hnLL ,                                              (6.2) 

    n – , ; 

Lh – , .  

: 

arr KKKKYFXVFP )( ,                                (6.3) 

 X,Y – ; V 

– ; K  – ,  

; TK  – 

; K  – ; CK  – 

; ; ,r aF F  –  

. ., , [26]. 

 1  (  Delphi), 

. 

6.3.  
 

 

 

 

,  

.6.5. 

,  

B FFF  – , , 

: 



 172

;
;

AL

AL

FFF
FFF

                              (6.4) 

 

,
;

LLL

B

F
F

                                        (6.5) 

 L,  –  

, ; LB ,  –  

, . 

 (6.4)  (6.5) : 

.

;)(

;

L
AL

LLLA

LLB

                                        (6.6) 

 

 
. 6.5.  

 



 173

,  

.sin

;cos

;

||

||

BL

BL

LLB

FF
FF

FFF

                                        (6.7) 

LL FF ||,  –  BF , 

 L   

.6.5);  –  

 . 

,  

.
3

3

EJK
LFL

L  

E -  1- , 2; J –  

,  – . 

 
. 6.6.  

 



 174

 .
3
cos

cos

3

EJK
LFBL  : 

.
3
cos 32

EJK
LFB

L                                         (6.8) 

 (6.8)  

: 

.
cos

3
32 L

EJKFc
L

B
L                                         (6.9) 

. 

 ( . . 3.7.2),  
t

LLL , 

.tgL
t
L                                             (6.10) 

 

 

. 

 (6.4)  (6.6),  [27]: 

;LLLB cFF  

;, DVm
cc

ccFF AA
LB

B
LLB                 (6.11) 

.DVm
cc

ccFF
LB

B
LLB                             (6.12) 

 D – , , V – , , m –

, . 



 175

 (6.10).  (6.6)  

: 

tg
cc

ctg
LB

B
AL

t
L                           (6.13) 

 

tgDVm
cc

c

LB

Bt
L                                (6.14) 

 ( ) : 

,
30
nRv t

L                                     (6.15) 

 n – . 

 R
n

t
L30

– . 

,  (6.14), : 

tgDVm
cc

c
R

n
LB

B30
 .                              (6.16) 

 1  (  Delphi), 

. 

6.4.  
 

 
 

 

 [62]: 



 176

1/2
21maxmax ))/1/1)(R-2(4(7,0 EERRpRb , ;       (6.17) 

 – , H/ 2; max, RR  –  

, ; 21 , EE  –  

, H/ 2.  H ,  

 HP ,  [22]: 

HPH b
RRpR

2
maxmax 26

, H/ ;                   (6.18) 

,  

 b  

. 

 b  

: 

H
RRpRb )2(4.1 maxmax , ,                   (6.19) 

 H  – . 

 

 H . 

 

[22]: 

maxmax

22
6

2
7

2
4110

8 RRR
bRRbfJ

HP

H
, ,                  (6.20) 

 f – . 



 177

, 

 –  

. 

: 

32

2
22

222 bRRbbRRW , 3.           (6.21) 

 

: 

maxminR RL , .                           (6.22) 

 

: 

ntRL maxminR ,                             (6.23) 

 maxmin ,R R  –   

, ; n – 

 , ; t –  

, . 

 

: 

LJh h , .                               (6.24) 

 

: 

lbS , 2,                                  (6.25) 



 178

 b  – , ; l  –  

, . 

 

: 

ShV , 3.                               (6.26) 

,  

, : 

W
V

N ,                                       (6.27) 

,  

, : 

HLW
bV

N
2

,                                       (6.28) 

 b – ; HL  –  

, ; 

H bL .                                          (6.29) 

,  

, : 

W

SLJ
N )(

, 1/ ,                         (6.30) 

 L  – , . 

nRRL maxmin ,  .                          (6.31) 



 179

,  

 , : 

HL
b

W

SLJ
N 2)(

, 1/ .                     (6.32) 

 

: 

 
KbL 1 , .                                      (6.33) 

 

: 

ntKbL , ,                                       (6.34) 

 n – , ; t –  

, . 

 

: 

LJh , .                                       (6.35) 

 

: 
2
min

2
max RRS , 2,                                  (6.36) 

 minmax , RR  –  

, . 

 

: 

ShV , 3.                                       (6.37) 

,  

, : 



 180

W
VN .                                             (6.38) 

,  

, : 

HL
b

W
VN 2

,                                        (6.39) 

 b – ; HL  –  

, ; H bL  

,  

, : 

W
SLJN )(

, 1/ ,                               (6.40) 

 L  – , ; 

nKbL , .                                    (6.41) 

,  

, : 

HL
b

W
SLJN 2)(

,1/ .                      (6.42) 

 1  (  Delphi), 

. 

6.5.  
 

 
 

 

, ,  



 181

, ,  

. 

 

,  

, 

.  

 ( )  ( )  

. 

 

 

 

. 

 

: 

1.  BF , 

 BBB cF . 

2.  BF , 

 (6.12). ,  

,  

BfFF 0 ,  BF ,  

BB FFfF ,   

B

B

B

BB

B F
Ff

F
FFf

F
F

f 1 ,              (6.43) 

B

B

F
Fff 1 .                                     (6.44) 

 1  (  Delphi), 

. 



 182

6.6.  
 

 

 - ,  

, .6.7. 

: 

dt
dII

dt
dIM BB

BB ,                           (6.45) 

 I , I  – , 
2;  – , . 

, , 

: 

B

BB

MM
nIt 105,0 ,                                  (6.46) 

 Bn  – , ; M  –  

, ; BM  – , . 

: 

B

BB

M
nIt 105,0 ,                                       (6.47) 

 

: 

o
B

t
I
B

BBBB t
B

Me
B

IM
B

IM o
B

22 ,                 (6.48) 

  – . 

 : 

BBB  .                               (6.49) 

 – ,  –  

. 



 183

 
. 6.7.  

:  –  15 ; 

 – ; V – ;  – ; 

-551 – ; -1 –  

; T – ;  – ;  

 –  
 

 

. 

 

: 

1.  

. 

2.  

: 

,1

;1
;

maxmax

max

max
max

B

B

MMB

MM

BMM

                          (6.50) 

 max  –  

;  – . . 



 184

, 

. , . 

, 

, . 6.1. 

 6.1 
 

  

 
 

, 
 

 
 

, 
 

 
 

,  
 

 
, 

t , c 

 
, 

t0, c 

 
,  

 

139400 480 0,01 0,03 0,015 0,5 

135000 475 0,01 0,02 0,02 0,6 

134500 460 0,01 0,025 0,02 0,7 . 

138600 465 0,01 0,03 0,02 0,7 

133000 450 0,01 0,03 0,018 0,7 

66300 348 0,01 0,025 0,018 0,6 

66400 349 0,01 0,025 0,015 0,5 

66300 348 0,01 0,028 0,02 0,5 

66200 350 0,01 0,03 0,02 0,6 

6700 345 0,01 0,025 0,015 0,5 



 185

6.7.  
 

 

 

 ( .6.8),  

 ( )  

 0,1 . 

 

.  

, ( .6.10),  

-2  

-551, 

 10 c.  

 100  

 0,5x20 .  

,  

. 

, .  10 .  

 

.  

.  

.  

. , 

,  No = 10f,  f – 

 1 .  

 tNoT .,  t  –  

.  

 



 186

 
. 6.8.    

 

:   –   15B;   –   

; -1 – ;  – 

 0,1 ;  –  

 

 

 

 

 

 
. 6.9.  

:  – , 

15 ;  – ; V – ;  – 

; -551 – ; -1 – 

;  –  

 



 187

 

 
. 6.10.  

:  – ; 

 – ; -1 –  

;  – ; -551 – ;  – 

 

 

 

: 

N0360  .                                            (6.51) 

: 

T .                                           (6.52) 

, .  

, : 

T

T .                                          (6.53) 

 , .  

 t  

  

t ,  
oN . 



 188

 
. 6.11.  

 

 

 

:  

 10-3 . .  

.  

, , .  

. 

6.8.  
 

 

 

,  

. 6.12. ,  

, . 



 189

 
. 6.12.  

 – 

,  

:  – ;  – ; 

V – ; -551 – ; -1 – 

; M –  

 

 

: 

t
IMMMM ,                          (6.54) 

 p III  – ; 

tp – , ;  – , ;  – 

, . 

 

: 

MM
MM

3,1
8,1

 .                                             (6.55) 

  – ,  – . 

   

. 6.2. 



 190

 6.2 

 

  

 
,  

 
 

, 
 

 
 

, 
 

 
, 

 

. 
, 

 

. 
, 

 

15 

138500 

140000 

133000 

139600 

134800 

470 

475 

456 

459 

460 

1,5 

1,7 

1,6 

1,5 

1.6 

1,0 

1,1 

1,05 

1.0 

1.05 

1.3 

1,4 

1,3 

1,25 

1.4 

20 

66300 

65900 

65800 

66300 

345 

335 

339 

348 

8,1 

8,5 

8,6 

8,3 

4,7 

4,9 

5,0 

4,8 

6,9 

7,0 

7,0 

6,9 

15 

66400 

65800 

66300 

66100 

65900 

345 

335 

345 

351 

341 

16,1 

16,5 

17,0 

15,1 

16,9 

8,7 

8,9 

9,0 

8,8 

8,6 

13,6 

14,0 

14,0 

13,8 

13,6 

 

 

, . 6.13. . 6.14.  

 - . 



 191

 
. 6.13.  

 ( ): n – , 

;  – ,   

 

 
. 6.14.  

 ( ): n –  

, ;  – , 

 



 192

6.9.  
 

 
 

 

 

 ( .6.15). 

,  

. 

 2  

, -2  

 

-551 , 

 10 .  

. 

 

 50 ,  0,5x10 . 

 

,  6, 60, 600 .  

 – 60. 

 

-20  H-500 ,  

. 

,  

 

.  

. 

 

. 



 193

 
. 6.15.     

 

6.10.  
 

 

 

,  

).  

. 6.16.  

45 .  

. 6.17. 



 194

,  

,  

.  

 

. 

 

 (MoS2), 

 ( )  –  ( ). 

 
. 6.16.    

 (  

 – c 



 195

 
. 6.17.     

 

 –  45) 

 



 196

 6.   
 

-  
 

 

6.1.  
 

 

 
6.1.1.   

 
 

 

 

. 

 ( . 7.1) 

 1  2, 3, 4.  

 1  2, 3 

 4, 5, 6.  1  

 2  3,  

 X, Y, Z,  

,  7. 

 8  

 1,  

 X. 

 

.  7  

 1, 2, 3  

 X, Y, Z .  



 197

 7  8  

 X,  

 X. 

 

 

. 
 

 

. 7.1.   



 198

 

6.1.2.   
 

 ( . 7.2)  

 1,  2 

 3.  1  

 4  dn,  

 5.  

 4  6.  

6  0,2÷0,4 . 

 3  

 4, 

 5, 

 4.  

 – 0,2÷0,4 . 

 4      

       6.  

 

 ( . 7.2 ). 

 
. 7.2.   



 199

 

, 

. 

 

6.1.3.   
 

 

 

. 

 ( . 7.3)  

1,    2, 3, 4  

,  

 X, Y, Z.  5  

 4.  6  1  

 7.  

 
. 7.3.    



 200

 6  8.  5 

 8 ,  

 

 9. 

 1  2 

 Y.  

 1  3  

 X.  

 1  4  6  

 Z, ,  5  8,  

 4  6,  

 9.  

 

6.1.4.   
 

 

 ( . 7.4)  

 1  

 2,  3.  

 4,  5,  

 6.  2  

 3  7.  3 ,  

 8,  

.  

.  

 9, 

 

 4  10. 



 201

 10  11  

 1. 

 

.  2,  

,  

 3  7.  

 9,  

 4,  

 4.  

 10,  

 9.  

 

 
. 7.4.    

 



 202

 

,  

 

,  

.  

. 

 

6.1.5.   
 

 

 

. 7.5)  1,  2  

 3,  

 1.  

 

 

. 7.5.   

 



 203

 4.  

 1  2  

 5,  6, 7.  

 8, 9 

 5  

. 

 2  10  

 4.  2  

 11,  l- . 

 

. 

 2  

 11  

 10  4  

 10  4  

 5  6, 7.  

 8,  

 9  

. 

 

 

,  

.  

 

6.1.6.   
 

 

 ( . 7.6), 

 1  



 204

 2.  1  

,  2  

.  3, 

 1. 

 2  

 4  5. 

 

. 

 

 2  

 1.  

 

.  3  

 

 2 

 

. 7.6.   



 205

 4. 

 

. 

 

6.1.7.   
 

 

 ( . 7.7)  

 1,  2 

 3,  4.  

 1  5,  

 1  6.  

 5,  7.  

 5  

 8.  

 5 « » :  

 5, 

 7 .  

 6,  

 5  5  7  

.  5 . 

 

.  1  

 5. 

 7  3 

 

 5  8. 

 



 206

 

. 7.7.   

 

 

 

,  

,  

. 

 

6.1.8.   
 

 

 ( . 7.8) 

 1,  2  

 3,  4,  5.  2 



 207

 6,  

 2.  6  2  

 4  7,8.  6  1,5-

2  2,  - 35  2,  9 

 2  10  6  0,5-1 .  

 11  

 6. 

 

. 

 1  2,  

 5  4,  2 

 4 . 7.8 ). 

 

. 7.8.   



 208

 2 ,  4 – 

.  6  11  

.  

 9  2  4  

 9  2  

. 

 

 

 

. 

 

6.1.9.   
 

 

 ( . 7.9)  1, 

 2  3  

 1.  1  4, 

 5  6,  7 

 8  3, -

 – . 

.  

 4 .  

 3,  

 

 3, .  

 

 3 .  

 3 -

 4 .   



 209

 
. 7.9.    

 

 4  3 

. 

 

 

. 



 210

 

6.1.10.   
 

 
 

 

 3÷9 Å. 

 

 ( . 7.10)  1,  

2  3,  4 , 

 5 ,  6, 

 7  8. 

 6  8 

,  

 

.  6  8  3  

, , 

,  

.  

, .  

 7, ,  

, ,  

 3. 

 

 

 

 3÷9 Å,  

. 

 



 211

 
. 7.10.    

                      

 

6.1.11.   
 

 

 ( . 7.11)  

 1,  2,  

 3  4,  

 1.  2  

 3  5,  

 6, 7, 8,  9  10  2 

 11,  12  

 13.  

 14  15  1.  

. 



 212

 

. 7.11.  

 



 213

 3  

 1  4.  1,  

 14  15,  

11,  15  9,  

 5,  6, 7, 8  13 

 15  1.  

 12  15  1  

 14.  

 1,  

. 

 

 

 

. 

 

 [28÷42]. 

 

6.1.12.   
 

 

 ( .7.12)  

 1,  1  

2,  3,  4,  5  6  

 7,  4  5,  8  

 9  10 .  

3  11  12,  

 13, , 

,  14  11, 

 15. 



 214

 

. 7.12.    

 

:  

 3  7 

,  3 . 

 3  (  

 11),  

 11,  

 7  4,  5 .  

 3  (  

11),  

 11,  

 7  4,  5  

.  5. 



 215

6.2.  
 

 

6.2.1.   
 

 

 

 

 

. 

 ( . 7.13)  2,  

 1  3,   5,      

 

. 7.13.    

 



 216

 4.  

,  

 8,  6,  

,  

 7.  

,  

.  

 7  

 2,  3,  

. 

 

,  

. 

 

6.2.2.   
 

 ( . 7.14),  1, 

 2  3,  4, 

 5.  1  

,  

, ,  

 6,  – ,  7.  

 1  3,  

.   7  

 8,  9  

. 

 8  

 6,  

 1. 



 217

,  

,  

 

. 

 

 [43÷45]. 

 

 

. 7.14.   

 

 



 218

 
 

. 

 

.  

,  

,  

 

.  

, , 

;  

.  

 – ,  

.  

, 

 

, , . 

 

- , , 

 

,  

. 

 

. 

 

,  

.  

 

. 



 219

 

,  

. 

 

,  

, . 

,  

, 

. 

 

 

,  

. 



 220

 

 
 

1. . .  .  

 – .: 

, 2003. - 164 . 

2. . . : 

 

. – . : . 

, 2004. – 110 . 

3. Howland Rebecca, Benatar Lisa. A Practical Guide to Scanning 

Probe Microscopy / Project Editor and Booklet Designer: Christy 

Symanski // Copyright 1996 by Park Scientific Ihsnruments. – 76 p. 

4. .  

. – 

.  .  .  .  .,  –  .:   

. , 2000. – 393 .  

5. .  

.  2- . . 1. . . – .: , 1985. – 608 

. 

6. ., . . 

.:  « », 1971. – 200 .  

7. .  

 

. – . . . . . – .:  

. , 2003 – 291 . 

8. .  

 / . , . , .  – 

.: , 1982. – 328 . 



 221

9. .  

. – .: , 1987. – 159 . 

10. ., ., .   

 

 R—Fe // 

. . . 3, 1993, . 34,  1. – . 55÷71. 

11. . .  

  : .  

.  22.07.1999  2385- 99. – : , 

1999. – 155 .  

12. ., ., .  

 / 

 “  

”. – .: , 

1989. 

13. ., .  

 

 

. – .: , 2004. – 223 . 

14. . . .  

. – .: , 1982. 

15. . .  

 // .: 

. – .: 

, 1978. – . 48÷82. 

16. ., ., .  

 / 

. –  

, 2005. 



 222

17. . . - M.: 

, 1973. - 216c. .  

18. ., .  

. , .; .  

, I960. - 

.92-97.  

19. 9. ., .  

. 

, .: .  

, I960, .103-107.  

20. . . . - M.: 

, 1977. -526c., .  

21.  E.H., .,  

. - M.: 

. . 900 83. 1983. -5 ., .  

22.  E.H.  l -  

 

. - . . . . 

., -M.: , 1993 - 420 c., . 

23. . : .- M.: 

, 1982. - 207c., .  

24. . . M. , 1969. -681 

c., .  

25. ., .  

. - M.: , 1964.-286 c., .  

26. :  H.A. 

, . , B.M. , .  M.: 

,1974 - 57c. 



 223

27. . , E.H. , H.H.  

,1964 . 

28. ., .  

. 36924. . 

27.03.2004, . 9. 

29. ., ., ., . 

.  

40537. . 10.09.2004, . 25. 

30. ., ., ., . 

. 40538. . 

10.09.2004, . 25. 

31. ., ., ., ., 

. . 

40539. . 10.09.2004, . 25. 

32. ., ., ., . 

.  

40540. . 10.09.2004, . 25. 

33. ., ., ., . 

.  

40542. . 10.09.2004, . 25. 

34. ., ., .,  

. . 

97864. . 20.09.2010, . 26. 

35. ., ., . .  

.  

104508. . 20.05.2011, . 14. 

36. ., ., ., . 

. 106448. . 

10.07.2011, . 19. 



 224

37. ., ., ., . 

. 106467. . 

10.07.2011, . 19. 

38. 117. ., ., . 

. 2086417. . 

10.08.1997, . 22. 

39. ., ., .  

.  

 29926;  10.06.2003 .  

» 16. 

40. ., . ., .  

.  

30041;  10.06.2003 .  

» 16. 

41. ., ., .  

.  

30033;  10.06.2003 .  

» 16. 

42. ., ., .  

.  

32639;  20.09.2003 .  

» 24. 

43. ., ., . .  

. 37580. 

. 27.04.2004, . 12. 

44. ., ., . .  

. 42696. . 

10.12.2004, . 34. 



 225

45. ., ., . . 

.  

42697. . 10.12.2004, . 34. 



 226

.  « »  
 

: 

 

unit main; 

interface 

uses 

 Windows, Messages, SysUtils, Classes, 

Graphics, Controls, Forms, Dialogs, StdCtrls,      

ExtCtrls;  

type 

 TfrmMain = class(TForm)  

  Panel1: TPanel;  

  Label1: TLabel;  

  btnTh1: TButton;  

  btnTh2: TButton;  

  btnTh3: TButton;  

  btnTh4: TButton;  

  btnExit: TButton; 

  procedure btnExitClick(Sender: TObject); 

  procedure btnTh1Click(Sender: TObject); 

  procedure btnTh2Click(Sender: TObject); 

  procedure btnTh3Click(Sender: TObject); 

  procedure btnTh4Click(Sender: TObject);  

private 

 {Private declarations}  

public 

 {Public declarations} 

 end;  
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var 

 frmMain: TfrmMain;  

implementation  

usesTh1,Th2,Th3,Th4;  

{$R *.DFM} 

procedure TfrmMain.btnExitClick(Sender: TObject);  

begin  

 Close;  

end; 

procedure TfrmMain.btnTh1Click(Sender: TObject);  

begin 

 frmTh1.Show;  

 Hide;  

end; 

procedure TfrmMain.btnTh2Click(Sender: TObject);  

begin 

 frmTh2.Show;  

 Hide;  

end; 

procedure TfrrnMain.btnTh3Click(Sender: TObject);  

begin 

 frmTh3.Show; 

 Hide; 

end; 

procedure TfhnMain.btnTh4Click(Sender: TObject);  

begin 

 frmTh4.Show; 

 Hide; 

end; end. 
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1.  

: 

 

unitTh1;  

interface  

uses 

 Windows, Messages, SysUtils, Classes, Graphics, 

Controls, Forms, Dialogs, StdCtrls, ExtCtrls;  

type 

 TfrmTh1 = class(TForm)  

  Panel1: TPanel;  

  Panel3: TPanel;  

  Label1: TLabel;  

  lblPar1:TLabel;  

  edF: TEdit;  

  lblPar2: TLabel;  

  edR: TEdit;  

  Label3: TLabel;  

  edResult: TEdit;  

  Label2: TLabel;  

  Label4: TLabel;  

  Label5: TLabel;  

  Label6: TLabel;  

  Label7: TLabel;  

  Label8: TLabel;  

  Label9: TLabel;  

  edD: TEdit; 

  edV: TEdit;  

  edM: TEdit;  
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  edCv: TEdit;  

  edCb:TEdit;  

  edCl: TEdit;  

  edB: TEdit;  

  Button1: TButton; 

  procedure FormHide(Sender: TObject); 

  procedure btnF1Click(Sender: TObject); 

  procedure Button1Click(Sender: TObject);  

private 

 {Private declarations}  

public 

 {Public declarations }  

end;  

var 

 frmTh1: TfrmTh1;  

implementation  

uses main,math;  

{$R *.DFM} 

procedure TfrmTh1.FormHide(Sender: TObject);  

begin 

 frmMain.Show;  

end; 

procedure TfrmTh1.btnF1Click(Sender: TObject);  

var 

 f,r,d,v,m,cv,cb,cl,b, res: Real;  

 Code: Integer;  

 ResStr: string;  

begin 

 val(edF.Text,f,Code); 
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 val(edR.Text,r,Code); 

 val(edD.Text,D,Code); 

 val(edV.Text,V,Code); 

 val(edM.Text,M,Code); 

 val(edCv.Text,Cv,Code); 

 val(edCb.Text,Cb,Code); 

 val(edCl.Text,Cl,Code); 

 val(edB.Text,B,Code); 

 res:=30*f*r*d*v*m*cb*tan(b)/(pi*r*(cb+cl));  

 Str(res:1:2,resSTr);  

 edResult.Text:=resstr;  

end; 

procedureTfrmTh1.Button1Click(Sender: TObject); 

var 

 f,r,d,v,m,cv,cb,cl,b, res: Real;  

 Code : Integer;  

 ResStr: string;  

begin 

 val(edF.Text,f,Code); 

 val(edR.Text,r,Code); 

 val(edD.Text,D,Code); 

 val(edV.Text,V,Code); 

 val(edM.Text,M,Code); 

 val(edCv.Text,Cv,Code); 

 val(edCb.Text,Cb,Code); 

 val(edCl.Text,Cl,Code); 

 val(edB.Text,B,Code); 

 res:=30*f*r*d*v*m*cb*tan(b)/(pi*r*(cb+cl));  

 Str(res:1:2,resSTr); 
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 edResult.Text:=resstr;  

end; 

end. 

 

2. : 

 

unit Th2;  

interface  

uses 

 Windows, Messages, SysUtils, Classes, Graphics, 

Controls, Forms, Dialogs, StdCtrls, ExtCtrls;  

type 

 TfrmTh2 = class(TForm)  

  Panel1: TPanel;  

  Panel2: TPanel;  

  f: TLabel;  

  Fvs: TLabel;  

  Fvd: TLabel;  

  edf: TEdit;  

  edFvd: TEdit;  

  Label4: TLabel;  

  edResult: TEdit;  

  Button1: TButton;  

  edFvs: TEdit; 

  procedure FormHide(Sender: TObject); 

  procedure ButtonlClick(Sender: TObject);  

private 

 { Private declarations }  

public 
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 {Public declarations }  

end;  

var 

 rrmTh2: TfrmTh2;  

implementation  

uses main;  

{$R *.DFM} 

procedure TfrmTh2.FormHide(Sender: TObject);  

begin 

 frmmain.Show; 

end; 

procedure TfrmTh2.Button1Click(Sender: TObject); 

var 

 f,Fvs,Fvd,res: Real;  

 Code : Integer;  

 ResStr: string;  

begin 

 val(edf.Text,f,Code); 

 val(edFvs.Text,Fvs,Code); 

 val(edFvd.Text,Fvd,Code); 

 res:=f*(1-((Fvs-Fvd)/Fvs)); 

 Str(res:1:2,resSTr); 

 edResult.Text:=resstr;  

end;  

end. 
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3. : 

 

unit Th3;  

interface 

uses 

 Windows, Messages, SysUtils, Classes, Graphics, 

Controls, Forms, Dialogs, StdCtrls,ExtCtrls;  

type 

 TfrmTh3 = class(TForm)  

  Panel1:TPanel;  

  Panel2: TPanel;  

  Label1: TLabel;  

  Label2: TLabel;  

  edn: TEdit;  

  edLh: TEdit;  

  Label3: TLabel;  

  edresult1:TEdit;  

  Button1: TButton;  

  Label4: TLabel;  

  edresult2: TEdit;  

  Button2: TButton;  

  Label5: TLabel;  

  edresult3: TEdit;  

  Button3: TButton;  

  Label6: TLabel;  

  Label7: TLabel;  

  Label8: TLabel;  

  Label9: TLabel;  

  Label10: TLabel;  
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  Label11:TLabel;  

  Label12:TLabel;  

  Label13: TLabel;  

  Label14: TLabel; 

  Labell5:TLabel;  

  edX: TEdit;  

  edV: TEdit;  

  edFr: TEdit;  

  edY: TEdit;  

  edFa: TEdit;  

  edKb: TEdit;  

  edKt: TEdit;  

  edKv: TEdit;  

  edKc: TEdit;  

  edl: TEdit; 

  procedure FormHide(Sender: TObject); 

  procedure Button1Click(Sender: TObject);  

private 

 {Private declarations }  

public 

 {Public declarations}  

end;  

var 

 frmTh3: TfrmTh3;  

implementation  

uses main;  

 {$R *,DFM} 

procedure TfrmTh3.FormHide(Sender: TObject);  

begin 
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 frmmain.Show;  

end; 

procedure TfrmTh3.Button1Click(Sender: TObject); 

var 

 n,Lh,X,V,Fr,Y,Fa,Kb,Kt,Kv,Kc,l,res4,resl,res2,  

res3: Real; 

 Code : Integer;  

 ResStr1 : string;  

 ResStr2 : string;  

 ResStr3 : string; 

begin 

 val(edn.Text,n,Code); 

 val(edLh.Text,Lh,Code); 

 val(edX.Text,X,Code); 

 val(edV.Text,V,Code); 

 val(edFr. Text,Fr,Code); 

 val(edY.Text,Y,Code); 

 val (edFa. Text,Fa,Code); 

 val(edKb.Text,Kb,Code); 

 val(edKt.Text,Kt,Code); 

 val(edKv.Text,Kv,Code); 

 val(edKc.Text,Kc,Code); 

 val(edl. Text,l,Code); 

 res3:=(X*V*Fr+Y*Fa)*Kb*Kv*Kt*Kc; 

 Str(res3:l:2,resSTr3); 

 edResult3.Text:=resstr3; 

 res2:=(60*n*Lh)/1000000; 

 Str(res2:1:2,resSTr2); 

 edResult2.Text:=resstr2; 
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 res4:=Power(res2,1/3); 

 res1:=res4*res3; 

 Str(res1:1:2,resSTr1); 

 edResultl.Text:=resstr1; 

end;  

end. 

 

4.  

 

 

unit Th4;  

interface  

uses 

 Windows, Messages, SysUtils, Classes, 

Graphics, Controls, Forms, Dialogs, StdCtrls, Ex-

tCtrls; 

type 

 TfrmTh4 = class(TForm)  

  Panel1:TPanel;  

  Panel2: TPanel;  

  Label1: TLabel;  

  Label2: TLabel;  

  Label3: TLabel;  

  Label4: TLabel;  

  Label5: TLabel;  

  Label6: TLabel;  

  edE1: TEdit;  

  edE2: TEdit;  

  edp: TEdit;  
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  edR: TEdit;  

  edRmax: TEdit;  

  edf: TEdit; 

  Label7: TLabel; 

  edresult1: TEdit; 

  Button1: TButton; 

  Label8: TLabel; 

  Hm: TLabel; 

  edHm: TEdit; 

  Rmin: TLabel; 

  edRmin: TEdit; 

  Label10: TLabel; 

  edn: TEdit; 

  t: TLabel; 

  edt:TEdit; 

  gnp: TLabel; 

  Label9: TLabel; 

  edbupr: TEdit;  

  Label11:TLabel;  

  edlupr: TEdit;  

  edresult2: TEdit;  

  eds: TEdit;  

  Label12: TLabel;  

  edresult3: TEdit;  

  Label13: TLabel;  

  edresult4: TEdit;  

  Label14: TLabel;  

  edresult5: TEdit;  

  Label15: TLabel;  
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  edresult6: TEdit;  

  Label16: TLabel;  

  edresult8: TEdit;  

  Label17:TLabel;  

  edresult9: TEdit; 

  Label18: TLabel;  

  edresult10: TEdit; 

  Label19:TLabel;  

  edresult11:TEdit;  

  Label20: TLabel;  

  edresult12: TEdit;  

  Label21:TLabel;  

  edresult13: TEdit;  

  Label22: TLabel;  

  edresult7: TEdit;  

  Label23:TLabel;  

  edresult14: TEdit;  

  Label24: TLabel;  

  edk: TEdit;  

  Label25: TLabel;  

  edresult15: TEdit;  

  Label26: TLabel;  

  edresult17: TEdit;  

  edresult16: TEdit;  

  edresult18: TEdit;  

  Label27: TLabel;  

  Label28: TLabel;  

  edresult19: TEdit;  

  Label29: TLabel;  
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  edresult20: TEdit;  

  Label30: TLabel;  

  Label31: TLabel;  

  edresult23: TEdit;  

  Label32: TLabel;  

  edresult21: TEdit; 

  Label33: TLabel;  

  edresult22:TEdit; 

  procedure FormHide(Sender: TObject);  

  procedure Button1Click(Sender: TObject); 

 

private 

 {Private declarations}  

public 

 { Public declarations }  

end; 

var 

 frmTh4: TfrmTh4;  

implementation  

uses main;  

 {$R *.DFM} 

procedure TfrmTh4.FormHide(Sender: TObject); 

begin 

 frmmain.Show;  

end; 

procedure TfrmTh4.Button1Click(Sender: TObject);  

var 

 n,El,E2,res28,res29,res30,temp,p,Hm,Rmin,t,R,

Rmax,f,bupr,lupr,s,ss,s1,s2,k,b,b1,res1,res2,res3,res
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4,res5,res6,res7,res8,res9,res10,res11,res12,res13,re

s14,res15,res16,res17,res18,res19,res20,res21,res22,r

es23,res24,res25,res26,res27: Real; 

 Code : Integer; 

 ResStr1 : string; 

 ResStr2 : string; 

 ResStr3 : string; 

 ResStr4: string;  

 ResStr5 : string;  

 ResStr6 : string;  

 ResStr7 : string;  

 ResStr8 : string;  

 ResStr9 : string;  

 ResStr10 : string;  

 ResStr11 : string;  

 ResStr12: string;  

 ResStr13 : string;  

 ResStr14 : string;  

 ResStr15 : string;  

 ResStr16 : string;  

 ResStr17: string;  

 ResStr18 : string;  

 ResStr19 : string;  

 ResStr20 : string;  

 ResStr21 : string;  

 ResStr22 : string;  

 ResStr23 : string;  

 ResStr24 : string;  

 ResStr25 : string;  
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 ResStr26 : string;  

 ResStr27 : string;  

 ResStr28 : string;  

 ResStr29 : string; 

 

 begin 

  val(edn.Text,n,Code);  

  val(edEl.Text,E1,Code); 

  val(edE2.Text,E2,Code); 

  val(edp.Text,p,Code); 

  val(edHm.Text,Hm,Code); 

  val(edRrrtin.Text,Rnrin,Code); 

  val(edt.Text,t,Code); 

  val(edR.Text,R,Code); 

  val(edRmax.Text,Rmax,Code); 

  val(edf.Text,f,Code); 

  val(edbupr.Text,bupr,Code); 

  val(edlupr.Text,lupr,Code); 

  val(eds1.Text,s1,Code); 

  val(eds2.Text,s2,Code); 

  val(edk.Text,k,Code); 

  res28:=Power((4*p*R*Rmax*(2*R-

Rmax)*((1/E1)+(1/E2))),1/3);  

  Str(res28:1:9,resSTr28);  

  edResult28.Text:=resstr28;  

  res1:=0.7*res28;  

  Str(res1:1:9,resSTr1);  

  edResultl.Text:=resstr1;  

  res2:=(6*p*Rmax*(2*R-
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Rmax))/pi*res1*res1);  

  Str(res2:1:9,resSTr2);  

  edResult2.Text:=resstr2;  

  res3:=1.4*(sqrt(03*Rmax*(2*R-Rmax))/Hm));  

  Str(res3:1:9,resSTr3);  

  edResult3.Text:=resstr3;  

  if res2<=s1 then s:=res2 

   else s:=Hm;  

  if res2<=sl then b:=res1 

   else b:=res3;  

  res29:=s*sqrt( 1 +(4*f*f))/s 1; 

  Str(res29:1:9,resSTr29);  

  edResult29.Iext:=resstr29; 

 res4:=(pi/8)*0.0000001*res29*res29*res29*res2

9*res29*res29*((b*(R-(sqrt((R*R)-

(b*b)))))/(Rmax*(2*R-Rmax)));  

  Str(res4:1:14,resSTr4);  

  edResult4.Text:=resstr4; 

  res5:=(pi/2)*(R-sqrt(R*R-

(b*b)))*(b*b+((R-sqrt(R*R-(b*b)))*(R-sqrt(R*R-

(b*b))))/3); 

  Str(res5:1:14,resSTr5); 

  edResult5.Text:=resstr5; 

  res6:=pi*(Rmin+Rmax)*n*t; 

  Str(res6:1:14,resSTr6); 

  edResult6.Text:=resstr6; 

  res7:=res4*res6; 

  Str(res7:1:14,resSTr7); 

  edResult7.Text:=resstr7; 
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  res8:=bupr*1upr; 

  Str(res8:1:14,resSTr8); 

  edResult8.Text:=resstr8; 

  res9:=res7*res8; 

  Str(res9:1:14,resSTr9); 

  edResult9.Text:==resstr9; 

  res10:=res9/res5; 

  Str(res10:1:14,resSTr10); 

  edResult10.Text:=resstr10; 

  res11 :=2*b*res9/(res5*bupr); 

  Str(res11:1:14,resSTr11); 

  edResult11.Text:=resstr11; 

  res12:=pi*(Rmax+Rmin)*n; 

  Str(res12:1:14,resSTr12); 

  edResult12.Text:=resstr12; 

  res 13:=res 12*res8*res4/res5; 

  Str(resl3:1:14,resSTrl3); 

  edResult13.Text:=resstr13; 

  res14:=res12*res8*res4*2*b/(res5*bupr); 

  Str(res14:1:14,resSTr14); 

  edResult14.Text:=resstr14; 

  res25:=(6*p*Rmax*(2*R-Rmax))/(pi*b*b); 

  Str(res25:1:14,resSTr25); 

  edResult25.Text:=resstr25; 

  res26:=1.4*(sqrt<p*Rmax*(2*R-Rmax))/Hm); 

  Str(res26:1:14,resSTr26); 

  edResult26.Text:=resstr26; 

  if res25<=s2 then ss:=res25  

   else ss:=Hm; 
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  if res25<=s2 then b1:=res1  

   else b1:=res3;  

  res30:=ss*sqrt(l+(4*Pf))/s2; 

  res27:-

(pi/8)*0.0000001*res30*res30*res30*res30*res30*res30*

((b1*(R-(sqrt((R*R)-(b1*b1)))))/(Rmax*(2*R-Rmax)));  

  Str(res27:1:14,resSTr27); 

  edResult27.Text:=resstr27; 

  res15:=k*bupr*n*t; 

  Str(res15:114,resSTr15); 

  edResult15.Text:=resstr15; 

  res16:=res15*res27; 

  Str(res16:1:14,resSTr16); 

  edResultl6.Text:=resstrl6; 

  res17:=pi*(Rmax*Rmax-(Rmin*Rmin)); 

  Str(res17:1:14,resSTr17); 

  edResult17,Text:=resstr17; 

  res18:=res16*res17; 

  Str(res18:1:14,resSTr18); 

  edResult18.Text:=resstr18; 

  res19:=res18/res5; 

  Str(res19:l:14,resSTr19); 

  edResult19.Text:=resstr19; 

  res20:=res18*2*res27/(res5*bupr); 

  Str(res20:1:14,resSTr20); 

  edResult20.Text:=resstr20; 

  res22:=k*bupr*n; 

  Str(res22:1:14,resSTr22); 

  edResult22.Text:=resstr22; 
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  res21:=res22*res27*resl7/res5; 

  Str(res21:1:14,resSTr21); 

  edResult21.Text:=resstr21; 

  res23:=res22*res17*res27*2*b1/(res5 

*bupr); 

  Str(res23:1:14,resSTr23); 

  edResult23.Text:=resstr23; 

 end;  

end.


