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.
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.
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10
–13 ,dT ( )Tν

10
–11

-

(T),

10
–8

-

.
,m

iE ,mEν
tT . .

. -

-
.  40 -

u u ( ), Fe  W ( ),  Ni 
 300 .

, -
.

-
, -

. -
. -

 –  – 
( - ),

,

ˆ( )
,

2 2d d

k E Q kE

E E
ν 2 / ,dE E k  (2.7) 

ν  – ; k  – 

(0,8 ); Q  – -

; dE  – ,

 25  50 ;  AISI-316, 
-847  30–40 .

ν  ( , )d T Eσ

, , -



35

K, , -
.

:

max max

0 0

( , ) ( )
( ) ,

E T

d

d T E d E
K T dTdE

dT dE

σ Φ
ν σ Φ  (2.8) 

dΦ  – ;dE

dσ  – ; Φ  – .

-

. -

-

.

, -

-

.

-

, -

:

• , -

, ;
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N  – , ; P  – 

,  ( ,

); dN  – ,

.

 ( )P N -

, , -
,

.
, -

 100  200 .

 ( ) ,
, -

, .

,
.

- -
, -

 ( )iε  50–60 %. -

.
 ( ) - -

.  (  ~30–
40 %) -

.
-

.
-

. ,
- - . - -

, -
-  – , -

. -
, -

.
-

.
- , -



37

-  1000 ,
, .

. 2.5. 

-

,  2–3 /

( . 2.5). ,

.

-

 1/2<110> -

, 1/2<111>  <100> – -  1/2<1120> – - .

-

; -

.

,
/

,
/

1251007550250
1,0

1,0

2,0

1,5

2,5

3,0

0,4

0,6

0,8

 2.5.

:
 – 1/3<111>- ;

 – <111>- ;

 – 



38

-  (1/3<111>- 

) -  (1/2<0001>- -

), - , -

.

 (  <112>) -

. -

.

, -

. -

,

,

 ~0,02–0,05 . -

,  ~300 

 1/2<111>  ~120  1/2<110> .

 ( . .

), -

-

, -

 ( ),W T , ,

 ,T -

:

0 0

( , )
( ) 1/ / ( ) ( ).

E T
d E T

W T dE S E dT T
dT

σ
ν ν  (2.10) 

ν  – , dT

; )(ES  – , ; ( , ) /d E T dTσ  – 

T ′
 ;E  ( )Tν  – ,

 .T

 2.6 )(TW ′

. ,

-

- - . -

-

, -

.

T1/2,  ( )W T = 0,5. 

T1/2,  – T1/2.



39

W

1 2 3
4

5
6

7

T’,

1,0

0,8

0,6

0,4

0,2

0,0
10 10

2
10

3
10

4
10

5
10

6

 2.6. ,

,T :

1 – 1 - ; 2 – 1  H; 

3 – 2  He; 4 – 2  Li; 5 – 3  Ni; 

6 – 3,25 · ; 7 –  (E > 0,1 )

-

, , -

, .

, -

, ,

, , -

,  10
–11

.

,  ,ν -

, , ν

β ( ), -

 ~0,5 ( . 2.7). 

 ( . 2.7, 1) -

, -

 ( . 2.7, 2) -

.

, , , -

, -

,

, .
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, -

, -

. . 2.8 -

.

-

 ( ) -

 (i), , -

 ( n, in). -

,

,

- -

. .

.

,  ( ) -

:  (  i,ν), -

,  (  i,ν)

 2.8.

 2.7.

 (1)

 (2)

 Cu
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, -

. ,

 = i + i + ν + ν.

,

, .

2.2.

-

. -

, ,

-

, , -

.

, -

 – , -

.

-

( . 2.9) , ,

 <100>, -

, . -

 <100> -

.

- , -

, ,

 <110> ( . 2.10). 

- -

-

 ( . 2.11, ). -

:
m

iE  = 0,1 .

 (100) -  (110) -

-

 ( i
mE = 0,21 , i

RE  = 0,25 ). -

-

. 2.11, .
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 2.9. - :
 – ;  – ;  – ;

 – (100)-  ( );  – (111)- ;  – (110)-

 2.10. - :
 – ;  – ;  – ;

 – (100)-  ( );  – (110)- ;  – (111)-

 2.11. :
 –  (100) - ;  –  (110) -
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- -

 (100)  ( . 2.12, ).

.

. -

.

 <001>. 

-

 ( . 2.12, ).

,

.

, . 2.12, , -

, . 2.12, , -

. -

:
R

iE3  = 0,1 , 3
m
iE -

: ~0,2 .

- -

,  (110) ( . 2.12, ),

, - ,
b

iE2  = 0,9 .
m

iE2  = 0,18 , . .

, - ,

.

- - . 2.13  2.14. 

u, Ni, Fe, Cr 

 0,8  1,3 .

,

,  ( )

.

 2.12. -

-  ( , , ) -  ( )
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 2.13. - :
,  – ; ,  – ;

,  – ; ,  – 

 2.14. - :
 – ;  – ;

 – ;  – 

- -

.

2
bE ν  = 0,2 ,  50 % , -

.

, -

-  (Zr) . -

 <1120> - - , -

 [0001] – - .  (0001), ,

 {1010} 

( ) .

- . 2.15. 
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/ :

(8/3)
1/2

 = 1,633, - , -

. , - -

 – Mg – -

. , -

, mEν

 6–8 kT , fEν -

 7–10 kT  ( kT - . 2.2). 

. -
i
fE -

 ~14–36 kT  ( - ,

, -

, -

, -

).

-

. -

,  ( ) -

, , -

, , -

.

[ ]0001
1/3 <1120>

1/6 <2023>

{1010} (0001)

a

c

a
T

BC

BO
O

C

S
BS

 2.15. -  ( )

-  ( ): 
 – ;  – ;  – ;

 – ;  – ; S – ;
BS – 
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 2.2 

-  (k – )

/ , k ,

Be 1,568 1560 0,135 

Hf 1,581 2500 0,216 

Ru 1,582 2523 0,218 

Ti 1,587 1940 0,167 

Zr 1,593 2125 0,183 

Re 1,615 3453 0,298 

Co 1,623 1768 0,153 

Mg 1,623 922 0,080 

Zn 1,856 693 0,060 

Cd 1,886 594 0,051 

,  ( ) -

, i
fE  25, 22  25 kT  Mg, Ti  Zr, -

, -
.  « » ,

, -
/ ,  1,580,  1,625, 

10,2  8,9 kT , -
/ . .

- , mEν / ,

,  (
i

fE  + mEν ), /

14,4 kT . - , , -
-

/  = 1,580, 
i

fE  = 19,0 

 20,0 kT , /  = 1,625 
i

fE  = 24,5  25,3 kT

, -
 – . -

. 2.3. 
i

fE  3,7–4,6  Zr, 

/ < 1,663. /  = 1,663 
, -

 – .
, , , -
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, / , -
. ,

: -
 – , -

,  – -
.

 <2023>, .
- -

, ,

. -
i

mE . 2.3. 

,
i

mE , -

, -

 (0001), ,

. , , -

,

.

,

,

, . . -
.

 2.3 

 Zr 

/
e
fE (in)mE (out)mE

i
fE (in)i

mE  (out)i
mE

1,633 8,7 6,6 6,0 21  4,4 2,7 

– – – – 22  2,7 1,6 

1,633 – – – 25  – – 

1,580 10,2 4,2 4,3 19  – – 

– – – – 20  – – 

1,625 8,9 5,5 5,8 25  – – 

– – – – 25  – – 

. kTm.  «in»  «out» -

 (0001) .
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jF -

( ) :

 4 ,j jV FΔ πΓ  (2.11) 

Γ  – : 3((1 ) /(1 )),Γ ν ν ν  – .

. 2.4 -

, .

,

- -

: rel
iV  = 1,6 ± 0,3 . rel

iV

, -

. -

, -

.

-  (Mo, -Fe) -
rel

iV  = 1,0 ± 0,2 , . . ,

- , - -

 ( . . 2.4). 

, -

, , .

,

.

 2.4 

, rel
iV , relV ,

-

Cu 1,55 ± 0,20 – 0,25 ± 0,05 

Al 1,9 – 0,05 

Ni 1,8 – 0,2 

Pt 1,8 – 0,2 

-

Mo 1,1 – 0,1 

Fe 1,1 – 0,05 

-

Zn 3,5 – 0,6 

Co 1,5 – 0,05 

Zr 0,6 – 0,05–0,18 
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, -

. , , -

, , , ,

.

.

-

:

,

(1 ) sin
,

3 (1 )
i

b
E V

R
ν

ν μ θ
Δ

π ν
 (2.12) 

ν  – ; μ  – : b – ;

,iV νΔ  – ; R – -

.

iVΔ

1–2 , vVΔ  = – (0,25–0,50) 

,  (2.12) , -

, , -

 ( . 2.16). 

R

θ

 2.16.
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2.3.

-

, . -

,

, . -

, , -

, .

. . 2.17 -

-

, .

 ( . 2.18). -

-

, -

-

 III  IV , . .  (0,2–

0,4) .

 III -

:

1) -

:

2 ,i i i

 0;i ν

2) :

2

2 2 4

2 2

2 3

,

,

......................

,

;

n n

i i

i i i

i i i

i i i p

ν

β
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rp riν

fcorr = 2 rν /rp

   

                               rii

 ( )

rit

,
,

. .

 He 

 2.17.
:

* – ;  – ; rp – 
;

: riν – ; rii – ; rνν – 
; rit – ; rid – . .

rνν
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 2.18.
- -

3)
II , ,

:

2

3 2

1

2

,

,

,

.................

,

;

p

n n

i p

i i

i i

i i

ν

ν

ν

ν

ν ν ν

4) -
:

2 3

2

2 2 4

2 2

2 2

,

,

,

0,

.................

;n n

ip p

i

i i

ν ν ν

ν ν

ν ν ν

ν

ν

5) ,
 III, -

:

1

0,

.n n

i

i i i

ν
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 IV  – 
, .

, :

2,

2 3

1

1

,

..................

,

.

n n

n ni i

ν ν ν

ν ν ν

ν ν ν

ν

 V -
. -

 (  – ,
 – ), -

, -
.

, , -
,

.
,

.
-

, ,
.

 –  (  – 
,  – ) -

.

 ( )  ( ).
,

, -
. , -

, . -
, -

,  (100), -
, .

, , ,
. -

, .
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. 2.19 -

-847, -

 (~100 ).

 «black dots». 

 3 . , -

 FeCr – Ni - , ,

 «black dots» 

 « » .

-

, -

, ,  Ni  Cr. , -

, -

 1 %,  Ni  Cu -

-

 (  25  50 %). ,

.

,

, : , -

.

30 30

 2.19. -847 ( )  Ni ( ),

 Ni
+

:
 – D = 40 ;  – D = 20 
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2.4.

.

10–20  ( -

 10
–2

–10
–1

) . - -

-

. , -

 – .

-

,

 – . -

,

Nli

 ( , K)  (K) :

21 2 1 2 1 2 ,miE kT
li i i iN K P Kα α  (2.13) 

iα  – ,

; iP  – ; miE  – -

; k – .

-

b -

-

( ) 21 2 1 2 .mi bE E kT
li i pN C Kα  (2.14) 

 ( / )lidr dt -

:

1
( ) ,lli

di i i d

dr
Z D C Z D C C

dt b
ν ν ν ν  (2.15) 

2
.0 exp ,

yl
F b

C C
kT

ν ν

γ
 (2.16) 

i Cν – -

 (i)  (ν)  (
-
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); lCν  – ;
0Cν  – ; Fy  – -

; .γ  – ; b – -

; Zdi, Zdν – , -
-

; Di, Dν  – 
.

-

( ) -

 (ZdiDi i > ZdνDνCν). -

-

.

-

 ( )

.

-

.

- -

 {111}, 

/3 [111]. 

 ( -

 100 ) ,

, . . -

,

 ( . 2.5). , -

-

, ,

, mi bE E

( . . 2.5). 

 2.5 

,

miE , miE + bE ,

Au 0,04 0,19 

Al 0,03 0,08 

Fe – 0,26 

Mo 0,05 0,18 

V – 0,21 
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10
23

10
22

10
22

10
23

10
21

ϕ ⋅, /e
2

Nli , 
–3

W

Fe

Au
Cu

0

0,5

1

1

2

3

4

5

10

30

200 400
t,

Nli  10 , 1/⋅
–21 3

5
Mo

 2.20.  (Nli)

 ( )  273  (1);  298  (2);

 298  (3)  448  (4);  393–473  (5)

 ( )  298 

 (  0,3 ), -

, , -

 ( . 2.20, ).

 (

) -

; -

 ( . . 2.20, ).

 ( )

-

 ( )

: Nli ~ 
1/2

 (Nli ~ K
1/2

) ( . 2.20,  2.21). 

,

, -

: , , , -

, . .
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6

4

2

0 1 2 3

Cli  10 , ⋅
– 322 –

g
1/2 19 3/2

(8,8 )  10  ⋅
–

 2.21.

,

,

(g = KN0, N0 – )

, , -

, , -

,

, , ,

.

-

,

,

, , .

-

. -

,

.

.

-

, -

, ,

. . , -

.

-

- . -
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-

, - - ,

,

.

-

, ,

, - ,

- , -

.

-

 (

, ),  – 

, -

. -

.

- -

,

, , -

. -

, - .

. -

.

, ,

, / ,ldr dtν -

-

:

1
( ) ,llr

d di i i

dr
Z D C C Z D C

dt b
ν ν ν ν  (2.17) 

2
.0

( )
exp .

yl
F v b

C C
kT

ν ν  (2.18) 

 (2.15). 

-

- -

; -

.

-

, -

.
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-
. ,

,
. , , -

,
.

,
, , -

, , -
. -

- - - -
, , -

, . -
-

. -
. -

-
: -

-
; , -

, - -
;

; .
-

.
-

 ( 100 ).
, , -

0.
,

 (  1,5–2 ),
. , u

+
u 0 = 6 .

 ( ),
,

,
.

-
-

.
 ( -

) , , -
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-
. -

 – , -
, kε  ( / ),k lN νε ϕ -

,
( , , / ,n kn nνε

nn – , nk – ), – 
, , -

.

- -

, - . -

.

.

AISI 316,  Cr
+

 40–200 , k = 0,08–0,11. 

 0 E0,

E0 Es Es. , -
+

u
+
, k  ( k = 1) 

 50 . ,  Cu
+
, k = 0,5 E1 = 

= 30 k  = 1,1 1 = 90 . ,

Sb
+
, k = 0,29 E1 = 120 k = 0,35 1 = 180 .

u
+
 (10–70 )

ν = 0,5  10 

ν = 0,25  70  ( . 2.22). 

u
+

: ν = 0,045 E1 = 20 

ν = 0,017 E1 = 70 .

 2.22. ν (1)

nν (2),

,
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100

50

0 25 50
E,

N /N Nl l  li+ , %ν ν

 2.23. ,
,

 (T = 300 , t = 3·10
17 –2

)

. ,
r

+
, ,  30 

 ( -
 90  40 % -

 25  50 ) ( . 2.23). 
, -

,
. -

 80  (T = 298 K) , -
,  0  Fe

+

0,2  W
+
 ( . 2.24). 

-
.

,
40

r
+
,

84
r

+

132 +
E1 = 50 ,

 30, 50  80 % 
r

+
, r

+ +
.

,  Cu
+

E1 = 50 
 120–720 , :

•  620 
-

 630–670 ;

•  200 
.
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 2.24. ,

, -

, -

-

, :  (Rk); -

 ( / ,k an nνρ na – 

).

, , -

,

 ( . 2.6). ,  ( . 2.6) 

Rk k, -

- .

 2.6 

 (εk)  (Rk) ,

, , εk Rk,

Au Au
+
, 70 1,0 3,5 

Cu Au
+
, 70  0,9 3,7 

Al Au
+
, 70  0,2 6,5 

Cu Au
+
, 35  0,6 2,0 

Cu u
+
, 35  0,2 3,3 

Au Xe
+
, 35  1,0 2,7 

Au Kr
+
, 35  0,6 3,2 

Au Ar
+
, 35  0,3 7,5 
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, -

. -

 ( 0 1 aE nθ = , 1 – )

 ( νρ )

,

, .

- -

, ,

 10–150 , , -

, , -

0 ,θ 0θ  = 2 / -

, ,

.

, , ,

, -

. , ,

-
+

 60 , , -

, ,

, . ,

 Al
+

 9 ,  3  373 -

; , -

1

1

2

3

T, K

0,8

0,4

0
273 473 673

N Ne e  / K)ν ν (293 

 2.25.

 293 

 (1)  (2),

;

3 – 
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 0,1–10 appm, -

,

 – .

. -

, . . . , -

, -

 523 -

 573–673  ( . 2.25). 

-

-

. Nlν -

 ( . 2.25) ,

-

,

. -

 – 

.

2.5.

 ( , -

, , ), .

rs,

 ( . 2.26). 

rars

 2.26.
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-

(r, t) -

0( , ) ( )exp( )sC r t C g r R t≈ − , r – ;

t – ; 0 – ; g(r) – 

; Rs – -

.

g(r) Rs -

. -

D
( . 2.7). 

 2.7 

RS,
–1

rs 4 s sr C Dπ Ω

rs ( )2 ln a sD r rπΛ

 (  2L)
2D L

,

, -

.

,

-

, . .

. , -

ν i  ( ,

, ) -

.

-

.

-
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,

.
, -

,
:

 0iν  ( ), (2.19) 

 ( , )i s sν  ( ), (2.20) 

ν, i, s – , .
,

,
:

2 2 ,i
i i i i i i

C
K K K D C C C

t
να

2 2 .i

C
K K K D C C C

t
ν

ν ν ν ν ν να  (2.21) 

Ki = K – 

; Kν = (1 – ) – ;

Cν, Ci – ; Dν – -
;  – :

,4 ( ) ,i ir D Dν να π Ω , , ,exp( ) ,m
i i iD D E kTν ν ν  (2.22) 

Di – ; ,
m
iE ν  – 

; k – ;

 – ; 2Kν , 2
iK  – 

.
-

:

2 2 2 2 2 2 2
. . . . . ;i i i i i i iK K K K K K K  (2.23) 

2 2 2 2 2 2
. . . . .K K K K K Kν ν ν ν ν ν  (2.24) 

,

2 4 ,i iK r C K rπ  (2.25) 

2 4 1 ,K r C K rν νπ  (2.26) 

r – ; – .
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2 2
exp ,K K D C P

kT
ν ν ν ν

γ Ω

Γ
 (2.27) 

Cν – ;  – -
;  – .

-
:

2
. . ,i iK Z ρ  (2.28) 

2
. . ,K Zν νρ  (2.29) 

iZ , Zν  – -

; . . .4 N rρ π ;

2
. . ,i iK Z ρ  (2.30) 

2
. . .K Zν νρ  (2.31) 

. . .2 .N rρ π

-
:

2
. 2 ln ,i i d diK Z r r Lρ π  (2.32) 

2
. 2 ln .d dK Z r r Lν ν νρ π  (2.33) 

:

2
. .2

. .

( )
exp ,e

F b
K K D C

kT
ν ν ν ν

γ
 (2.34) 

2
. .2

. .

( )
exp ,e

F b
K K D C

kT
ν ν ν ν

γ
 (2.35) 

.γ  – ; F – -

:

.

1
( );

2
F E

r rπ
 (2.36) 

b  – .



:

2 2 2
. ,  (2.37) 

2 2
.( ) 2 ;L d d – ; L –  (

«i»  « » , ).

2
.i i iD C K 2

. .{ }.D C K Kν ν ν ν  (2.38) 

-

.

:

:

1 2
,

(4 ),

(4 ) .

s s

i i

i

K r C
D C D C

KD r
ν ν

ν ν

Ω π

Ω π
 (2.39) 

 << 1 ,  >> 1 – 

.

2 2 24 ,i sA K K K Cα ν  (2.40) 

sC  – ;

,ir ν  – ,

.
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  3

-
( )

3.1.

, .

:

1. , ,

-

 ( ) -

. ,

.

,

.

2. -

, .

,

.

3. -

, , ,

. -

.

,  1  2 -

, , -

, - -

. -



71

.

D :

2
0 exp( ),D A a C E kTν ν= ν −  (3.1) 

 – ,  10 -

; 0 – -

; Cν  – ; E ν  – 

; k – ; a2 – .

Cν

exp( ),C E kTν ν= −  (3.2) 

Eν  – .

Cν ,

, D. -

, -

. -

, , , -

. , -

,

. , -

-

.

, -

,  10
–3

, , ,

0 ≅ 10
13 –1

, ≅ 10,
2 ≅ 10

–15 2
ν = 0,7 , -

:

D,
2
/c 10

–21,5 
10

–15,5
 10

–12,5

,  200 300 400 

D  400 

10
–24 2

/c, -

D = 10
–16 2

/ , ,  ~1 .

D -

-

. ,

n , -
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, ,

G0tn, G0 –  1 ,  1 , t – 

. L,

,

1 2
0( ) .L G tn a=  (3.3) 

-

, n .

.

.

n  ~10
10

, G0t,  10
–4

 10
–3

, ,  3 · 10
–3

 10
–4

.

-  ( ),

, , -

,

.

,

.

, , ,

, -

, -

,

, - -

 – .

.

,

, .

,

, , -

. ,

.

,

. -

, -

,  0,3–0,6 .

. ,

, -

. -
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-

. -

 –1/2 , – -

.

-

, -

. -

, -

-

.

, -

. -

,

-

. -

, ,

.

2( ) ( ) ( / 6) ( ),i iD D D i b Z C C∗
ν ν= ν + = ν + ν  (3.4) 

b
2
 – 

; Z –

; ν, i – -

; νν, νi – . -

-

.

-

:

2
0

2 2
( ) 4 ;i i

C C D
D P C C R ND C C

t x l

∗ν ν ν
ν ν ν ν ν ν

∂ ∂
= + α − − − π

∂ ∂

2

2 2
4 ;i i i

i i i i i

C C D
D P C R ND C C

t x l

∗
ν ν

∂ ∂
= + α − − π

∂ ∂
 (3.5) 

 ,i iD D C D C∗
ν ν= +

Cν  – ; 0Cν  – 

; i – ; – -
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- ; ∗α  – ,

; l – ; N – -

; Riν – ; Dν, Di, D
*
 – 

, -

.

-

:

1 2
2

0

2 2
.

4 4
i

ii i

D D PD
D C D

NRNR l NR l

∗
∗ ν ν ν

ν
νν ν

− − α
= + + +

ππ π
 (3.6) 

-

, -

-

, .

-

.

 ( , . .),

 (3.6) 

:

22D Pl∗ ∗= α . (3.7) 

( . 3.1). 

.

:

,iD PD NR∗ ∗
ν ν= α π  (3.8) 

2
0 exp( );M

DD g a H kTν ν= ν −  (3.9) 

g = 1/8; vD = (6
2
N)

1/3ν ; a0 – ; MHν  – -

; ν  – . -

,

.

, ,

 ( . . 3.1), -

, .
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10
–12

10
–16

10
–20

500

D
g

,
/

2

2 4 6 1000/ , KT

4

3

2 1

300 200 T, K

 3.1.

 – :
1 – ; 2 – ;

3 – ; 4 – 

, -

. , -

.

, ,

, -

,

.

 – , -

 (  – ,  – ,  – -

). .

 –  – -

,

. -

, ,

 ( ,  – ).

,

. -

,

. -

,  – -

 – , , -
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, ,

, . -

, .

-

-

, , -

, . . .

3.2. ,

. -  ( )

, , -

- . -

, -

,

.

-

.

 ( , -

, ),

 ( - -

). .

: - ,

-

, - , -

, -

.

- ( ). . 3.2 

-

 – r, Ni, Si, -

-847, 

, ,
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. 3.2.

-847 (T  = 440 ° ):
,  – Si; ,  – Ni; ,  – Cr ( , ,  – D = 8 ;

T  = 340 ° ; , ,  – D = 13 )

8 T  = 340 °

 ( . . 3.2). -

, T  = 440 °  13 , -

-

. ,  Ni , r,

.

r  Ni -

-

,

.

 ( . 3.3) -

. , -

. -

,

.
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D
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/
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–12

. 3.3.

-847

(Cr
3+

, = 3 , D = 25 ):
——— – ; , – ; ,  – 

,

 (> 70 %) , -

.

. 3.4 -

 ( -847, -

r
3+

 3 , T  = 600 ° , D = 80 ) -

, . ,

« » ,

. -

. -

 (~100 ) -

, ,

.

,

, .

 ( . 3.5) 

-

,

.
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. 3.4.

 (∇ – Ni,  – Cr) 

-847

(Cr
3+

, = 3 , D = 80 , = 600 ° )

8

6

4

2

0
180 150 120 90 60 30 0

0

53

1

2

10

15

20

25

–30
,

,
%

, 
%

. 3.5.

(

):
1 – Cr; 2 – Ni; 3 – Si ( -847( ), Cr3+,

= 3 , = 600 ° , D = 25 )

.  80 %  80 

,  40 

.
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- ( ). -

, ,

-

- -

.

. -

 – -450 

( . 3.6) ,  400 ° -

 Si, r

. -

 ( r
3+

,  = 4,5 )

 500 ° .

14
T D = 600 C,  = 41 

o

T D = 500 C,  = 38 
o
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o

14
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%
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 %

. 3.6.

-450

(Cr
3+

, = 4,5 , k = 5 · 10
–3

/ )
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. 3.7.

-450 (Cr
3+

, = 4,5 , D = 48 ,

= 575 ° ): 1 – Cr; 2 – Si

 ( . 3.7) ,
 <100> -

 Cr  (  1,12). 
, ,
, r .

 Cr -
 (  Cr , -

) -
-

.
- .

,
-

. -
-

. , , -
, , -

,
 ( . 3.8). 

 – -
. -

-
. -
, -

.
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. 3.8.

 ( . 3.8) -

, -

, .

:

,
i i

A A
i i
B B B

I D C

I D C
=  (3.10) 

,A A

B B B

I D C

I D C

ν ν

ν ν
=  (3.11) 

 ,AI ν
BI ν  – ;

i

AI ,
i

BI  – 

; ,ADν i

AD , ,BDν i

BD  – -

-

; AC , BC  – .

-

, -

.
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 – 
, ,

, -
 ( , Si). 

-
-

 ( -
) -

, .
- -

: - , -
,

- , -
.

-
, -

.

, -
- -

.
. -

, -
 Ni, Si, P, -

r, Ti / .
 316 ,

 Ni, Si  P ,
.

-
, -

;  – -
, ,

,
.

-
, .

-
:  – -

, .
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, -
.

: -

,  (

) . ,

. - -

, -

 (0,3–0,7  10
–6

/

 0,5 ),

-

.

,  – 

-

,

.

-

.

: -

,

. , -

 ( , ,  Ni  – -

 2,1 ). -

,

.

,

 ( -

),

. , -

,  – .

, -

-

. -

, -

.

-

, , , ,

- -
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. , -

 ( , , -

) . -

 (30  120 )

, ,  16 ; -

-

, -

. -

.

,

.

 (~1,3). 

, , -

,

. -

-

. -

, -

-

.

, -

-

 (10–50 ) -

,

.

-

-

.

-

.

,

, -

. -

, ,

,

.
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,

.
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, ,

, -
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, , -

, -
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.

, -

.

, -

.

.

-

-

 – -

. . 3.1 

-Fe, -

.

 3.1 

, -Fe

,

P

Si

Ni

Cr

V

Mo

Mn

–13,2

–7,9

+4,9

+4,4

+10,5

+27,5

+4,9
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, -

, , .

-Fe  (  = +4,4; . . 3.1), 

.

, , -

,

-

 – -

.

 (  = +27,5, V = 

= +10,5) ,

. -

-

.

, -

.  – -

-  (

 +1,1), ,

, -

- .

,

, - ,

-

, .

-

 (  <100>, 

, -

- ) , -

, .

, -

, -

,

.

-

.

, -

-
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-

.

 – , -

, .

-

, .

:

,

.

, -Fe  (  = –7,9), 

, . -

,

 – .

,

,

.  (~350 ° )

, -

. , -

, ,

. -

.

 (~450 ° )

, . -

-

, .

 500 ° , -

 600 °

- .

, , -

: -

,  – . -

.
. -

 ( -
)  ( ) . -

-
, , ,

. -
 ( , -

) -
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: , . -
 ( )

. ,
.
-

. , -
.

. ,
 (~0,1 ).

-
-

.
-

, -
. ,

.
: 1) :

E, j, ; 2) 
; 3) , -

-
. -

 ( -
). -

, -
. :

E = 2–10 ; j = 10–100 /
2
;  = 10

16
–10

17 –2
;  = 80–100°; -

 600–800 ° .
.  2 -

. , 10 ,
. , j = 10 /

2
, -

, , 100 /
2
, ,

.
 = 10

16
–10

17 –2
,

,  10
17 –2

.  80–100° -
: -

.
, -

.
-

. , -
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, -

. ,

, -

.

-

. - -

 ( ) , . . -

.

. - , -

-

: ,  – 

. - ,

 (0,2–0,3)R0, R0 – -

, .

,

 (  2000 / ), -

: -

 ( ),  – .

 40  (Ni – 50 %, Cr – 50 %) 

(E = 10 ; j = 60 /
2
)

-

 ~20 -

 99,9 %,  ~50 ,

 ~25  99,9 %. 

, - -

-

.

, -

 99,9 %. 

-

-

.

. -

.

-

( ), -

 ( ).

-

 ( ), -
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 ( ).

-

-

 – B, C, N, Ne, Si, Ar, H, He. -

-

-

.

, -

. ,

-

, -

.

, -

. -

-

, -

.

,

, -

.

.

~1  Si(100) 

 100 ,  3,2 · 10
16 –2

.

 70  3 · 10
15 –2

,

~0,1 . -

-

. ,

, ,  – -

 780 º  95 % .

,  780 º

-

,

~3 · 10
16 –3

. -

,

 Cu3Si.
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-

,  1,5 ,

: 1) -

; 2) 

-

; 3) -

-

, .

-

-

. -

-

.

-

, -

 (  SiO2). ,

-

. -

-

, . . -

 – . -

, -

.

.

,

-

.

, -

.
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3.3.

. -
 ( - -

, - - -
) -

.

, -
. , -

.
-

:
1) ,

( . . , , -
,

);
2)  ( . . -

), -
, , -

 – .
-

, ( )
, – 

'- , Ni3Ti, G- , .
, G-  ( - -

) -

6 12 7,  A = Ti, Cr, Mn; M = Ni, Fe; X = Si, B, C. 
 Fm3m  1,115  1,145 

.
'- , G- ,

'- .
, G- ,

-
. -

 ( -
).

G- -
. G-

, .
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G-  Ti-  Nb- -

.

G-  –  400 

 650 ° . , G-

. , -

. , G-

.

G- , -

, G-

 – -

.

 (NbC, TiC, VC . .) -

 – - ,

, -

-

.

-

 (

, -

, -

)

 ( ) . -

 (NbC, TiC, VC . .)  (

) -

, .

( )

, -

.

,

,  (  1 )  ( ) -

, -

 ( ).

 B1 Fm3m c -

a = 0,443 

(NbC),  = 0,442  (TiC),  = 0,445  (VC). 

, ,

. .  MX, 

X = [C, , N],

. , ,

.
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20 20

. 3.9. -847:
 –  Cr3+,  = 3 ,

 = 625 ° , D = 2 ;  – 

- -

 NbC 

, -

-

 ( . 3.9). 

, -

, -

.

18 10 -

,  ( -

- ) .

 ( -

)

.

,

,

.

. -
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.

 MC 

 (10–20 ).

-

, -

.

- .

- -

-  ( 6 ). -

, -

. -

, Fd3m, E93, -  (0,1), 

, -

.

. , -

- -

pax ( -

) .

, ,

, ,

.

-

,

, , - - . -

, -

.

,

.

.

,  316, -

,

-

- G- .

 40 , -

G- , . -

- , -

.
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G- , . . -

, -

G- , . . - .

, -

- -

. -

, -

 ( -

). -

, , .

, -

, -

.

, -

-

.

. -

-

, .

,  350  425 °  ( r
3+

,

 = 3 , D = 10 , -450) -

.  350 °

~5 · 10
17 –3

,  –  1,5  2 .

.

 (400 ° ) -

 (  10
17 –3

),  (  5–10 ). -

.

,

 ( . 3.10). -

.

'-  (

)  9  12 % 

r, ,

'- .

'- ,  300–350 °

~10

M2X,  Cr2N.  50 

 300 °  100  550 ° .

T  = 460 °  150 , -

 ~10
17 –3

.
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40 40

100

. 3.10. -

:
 – '- -450 (Cr3+,  = 3 , D = 150 ,  = 412 ° );

 – 2  ( -450, Cr3+,  = 3 , D = 80 ,  = 510 ° );

 – 6 -823 (D = 50,5 ,  = 365–385 ° )

 500–550 ° -

 (~5 · 10
13 –3

) , -

;

.  50–60 .

 550–650 °

23 6 6 ; -

- .
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-
'- -

- , ,

.
, - -

, -
. -

'-
.

-
r, r. -

, ,
, - - ,

. - , -
. ,

 50,5  365–385 °
-823 -

6 ,  5 
5 · 10

16 –3
, , . 3.10, ,

« » , .

-

( 93)

-

(F94, F95))

23 6

( )

2

23 6

23 6

/2

6

6

23 6

23 6

6

 +
+

. 3.11. -
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c  – 6 .
 465  535 °

2 .

23 6.
- . -

-
. 3.11. 

. -
, -

, -
. :

1) ; 2) ; 3)  ( -
)

( )  ( / )  ( . 3.12). 

- - - -

-

. 3.12.
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, -

-
.  – 

.
- -

.
 MC. , -

 (Ti, Nb), -
 Ti  Nb. -

 ( ),  MC 
.

, , -847 -
 NbC -

 40 . ,
-

. ,
 (> 80 ) -

MX .  MC  >0,1 
.  –  Ti 

Nb,  Mo, Fe, Cr. -
,  Ni  Si, -

 ( . 3.2). 
 Ni  Si 

 MC  MC G
( . 3.13). 

, -

, , -
, :

) -  ( ). -

,

 3.2 

, % 

Nb Mo Fe Cr Ni Mn Si 

40

100

99

72

11

0,5

2

3

0,3

10

16

0,2

3

4

–

9

51

–

–

3

–

4

12

MC

MC

G-
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.

.

.
Si, Ni

G

MX

MX

MX

Ti (Ni, Fe) , Si6 16 7

. 3.13.

 MX 

;

) .

-

, ;

) - . -

- -

- ;

 « »

;

) . -

-

, . -

-

;

, .

 « »  « » -

,

 « »  « » -

-

.
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MC- . ,  MC- -

G-

MC- . -

, ,

, ,  MC- .

, -

- , , -

,

,  – 

 10 .

, ,

,

.

, , -

 MC- , -

 MC- .  MC-

 M6C -

, .

-

 MC- -

 MC G- ,  ( G- ) -

.

-

. -

 AISI-316 –  MC- -

G- -

.  100 

MC, , -

, , -

G- , -

, - -

, , G- -

.

-

 MC- .

,

.

. -

-
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. -

. -

, -

, , -

-

, , .

,

, -

.

-

. -

-

-

, . . ,  ( )

. -

 ( -

) .

,

-

-

.

-

, -

,

, . -

, -

-

. ,

, -

, . . .

,

 – -

.  ( -

)  ( -

, ).

-

 ( ) -

.

-

, - -
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(- ) . -

, -

. , - -

, -

. -

- -

-

.

,

. , -

.

, , -

, .

. -

. - ,

G- .

, -

. -

. -

.

-

.

 ( ) . -

-
- ( ) ( . 3.14). 

,

l1 .

l.
 (l1 – l) .

-

,

g(r) ( -

).

. , -

,

.
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. 3.14. -

, R

, JA -

2 2
14 4A

P R
A A

dR J
R R l K

dt C C
π π γ , (3.12) 

P
AC  – ; R

AC  – -

;  – 

; K – -

. -

:

2 2
1( ) ( )P R

A A

R

g r r dr Kl R C Cγ . (3.13) 

-

, -

 ( ) .

-

. -
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-

:

 0,ij jν  div ( ),Aj g r  (3.14) 

,R
A r R AC C ,n n nC C n = A, i, . (3.15) 

-

JA, , -

:

1 21
( ) ,

( )

Rirr
RA coh

A AR irr
A A A coh R

DdR r
C C g r r dr

dt RR C C D
 (3.16) 

irr
AcohD  – 

.

, dR/dt = 0, 

.

.

l/R -

( ) ( ),irr e P emix
A coh A A Airr

Acoh

D
C C C C

D
 (3.17) 

Dmix = 0,5 ll1 K

; e
AC  – .

 (3.16)  (3.17) , -

-

, . . , , .

.

:

 div ,nj K n = i, , div ( ),Aj g r  (3.18) 

,R
A r R AC C ,n n nC C n = A, i, .

, -

-

:

,e
r RC Cν ν 0.i r RC
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A << 1 dAν = dBν -

:

2 1
4 ( ),

1

irr
A AincP R

A A

JdR
R C C

dt C C

ν λ
π

ϕ
 (3.19) 

4 ( ),e
AJ Rd C Cν ν ν νπ

1

1

1 1 ( 1) ,
e

C

C

λ

λ
ν

ν

ϕ λ  (3.20) 

( )irr e P emix
A inc A A Ae

A

D
C C C C

d Cν ν

ϕ  (3.21) 

- .

.  > 1 

, -

 (  < 1).  (

(3.21)) .

, -

, .

,

.

, - -

-

 ( ). ,

-

.

-

, -

.

, -

, , , -

-

.

: ,
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. -

-

. ,

, -

.

, -

.

. -

,

. -

-

, -

, -

- .

-

. 3.15. 

,  ( ) -

, ,

.

-

,

.

. 3.15. -

( ) ,

:

J  – ; ,k mJ  – k m

; ,
i
k mJ  – k m
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,

-

, ,

.

. -

,  NbC, TiC, 

-

.

3.4.

 ( -

), -

, -
 – -

. -

-

 ( ) , , , -

, -

-

. -

, -

-

, .

,

:

1)  – 

;

2)  – 

,

;

3)  – -

,

.

-

,

 ( ,

, . .)

 ( , -
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, ),

.

, -

, , , -

:

( ) ( ),S f T J DΨ  (3.22) 

f (T) S ,

J – , (D) – .

.

 – , -

, -

.

-

 ( )

( )  – 

, ,

.

f (T),

:

1/ 22 1 1 1
( ) (1 ) 1 exp ,

2

Q
f T

k T T
ξ ξ

ξ
 (3.23) 

1 1
400exp ;mE

k T T
νξ  (3.24) 

Q – ; mE ν – .

,
-

J (3.22),
:

,J vN Kν  (3.25) 

v – r ; N  – 

; – ;

2 24 4 ,
( 4 )( 4 4 )

di d
v

di d v di d v p p

BKZdr
v r r

dt Z r N Z r N r N
ν

ν ν

ρ
π π

ρ π ρ π π
 (3.26) 
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d – ; rp Np – -
;  – :

.di d diB Z Z Zν  (3.27) 

 (3.26) ,  – 
, .

 4 rpNp = 0

2

2
4 .

( 4 )

di d

di d

BKZ
v r

Z r N
ν

ν ν

ρ
π

ρ π
 (3.28) 

 (3.28) , -

: Zdi d = 4 rνNν (
, J = 0,25 ).

Zdi d > 4 r N , -

, ,

. Zdi d < 4 r N

, .
-

 ( . 3.16) 
,

,
. ,

, -
, -

 ( ). -

 0,3–0,55  0,45 .
( )  ( ) -

 ( )
. -

-
, -

, . ,

 4 · 10
22 –2

 ( > 1 )  0,177 . -
-
-
-
-

.
, -

.
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Δ / , V V %

1

1

Nν

N , 1/
3

Nν

Nν

1

2

2

2

3

3

3

500 600 700
0

20

40

60

80

100

T C,
o

D,

. 3.16.  (N ), ( )D

 (S = V/V)  09 16H15 3 ,

 Cr
+
, D = 100  ( ):

1 –  = 0; 2 –  = 10 %; 3 –  = 30 % 

 ( -

) -

,

.

. -

,

,

.

. -

-

.

-

, -

 ( . . 3.16). 
1( )N f T −

ν →
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 .mjE -

/1
( );

2

mjE kT

mj mE E N eν ν≅ ≈ -

 0,5 .mj mE E ν>  0,43–0,50 : -

- - .

-

.

1/2 exp( / 2 ).mN K E kTν ν≈

-

.

-

.

, -

, , -

, , -

, , .

-

-

. -

, ,

,

 ( ) ,

.

-

, -

.

.

. , -

, : I – -

: S = 0–1 %, II – : S ~ (D–D0)
n
, n 1 ( ), n = 1

( ), III – : S ~ (D–D
'
n) ( ), n = 1, 1,

II 1, III ( . 3.17). 
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. -
, -

, -
. -

: -
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 – , , -
. , -
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, .
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–4

 10 .
 (D0), ,

. , -
 (290 /

2
), -

 673  4 · 10
17 –2

 (  3·10
–1

),
.  (
 20–30 /

2
)  2–4 .

 (D0) -
, -

-
.

-
 10

10 –2
.

S ~ (D–D0)
n
, n 1. -

( > 1), , ,
,

-
 ( -

, -
, ). -

-
,

 ( . 3.18). 
, ,

,

. -

( ).S D D -

S(D) -
, nD  ( . 3.17), ,

, Dn. -
.



117

D,

d ,

dd

N ,
1/

3

N

N N

10
16

10
15

10
14

120

100

80

60

40

20

0
20 60 100

0

28

S, %

S
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12

8

4
→
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 (S)  09 16 15 ,

 Cr
+

 923 

 ( ):

 –  = 0; Δ –  = 10 %; × –  = 30 % 

 ( )

, , , -

 ( ).nS R D D

-

 ( )nD

. ,  Fe – Cr – Ni, 

, , -

-

, -

-
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,

.

, , -

, -

 Fe – Cr – Ni 

(1–150 );  Fe – Cr – Ni 

 0,1–

1,0 % . -  ( , , ) -

.

 Fe – Cr – Ni, -

, -

. , -

1,4988  (S ~ Dn) . -

n, , .

-

: S ~ (D–D
'
n)

n
. -

- -

 ( < 1) 

, -

,

, .

:

1) -

 « » ;

2)

 « » ;

3) , -

 ( -

);

4) ;

5) -

;

6) ;

7) ;

8) , -

;

9)

.
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,  (
) . , -

, ,
 10

22 –2
, -

.
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, ,
, ,

, -
.

-
-
-

.
-

 ( m) -
-

. -
 ( 1 2, ) :

2

2 1 1

1 1
ln ,

m

k K

T T E Kν

 (3.29) 

1, 2 – -
.

 ( 1 = 10
–6

/ )  ( 2 = 10
–3

/ )
 100–250 .

:

• ;

• -
, -

, ,
, ,

.
,

, -
, . -

, ,  Ni
+

 2,8 
 8,1 , ,

 4 · 10
–2

 4 · 10
–4

/ -
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–4

/  898 
 4 · 10

–2
/ )  1,2  2,4 % ( . 3.19), 

, , , , -
. , , -

 N
+
 (500 )  723 1 = 2 · 10

–3
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–4
/ , -

.
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, -

, -

. -

, , -

. -

. ,

, -

,

.

2

S, %
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0,5

0
673 773 873 T, K

1

1

2

. 3.19.

 Ni
+

(2,8 , D = 8,1 )

:
1 – K = 4 · 10–4 / ; 2 – K = 4 · 10–2 /
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,

 – Nν

: Nν ~ 
0,5

.  (Ni
+
,

+
)

Nν ~
0,27

.

-

,

. -

, -

.

-

.

 ( ) -

,

. -

 ( )

.

-

-

, .

. -

,

-

:

1 ,e i d l di

i di d

D E Z E Z

D Z Z
ν ν

ν

 (3.30) 

i – ; lE ν  – ,

; Zdi, dZ ν  – , -

 (i)

 ( ) . ,  Zdi – dZ ν  = 0,08;

0,04,l di l diE Z E Zν D /Di = 0,5.

, ,

, -

, .

-

 ( ) -
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-

 673  773 ;  –  573  623 ,

-

 473 . ,
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. -
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, tg – ,

.

-

, -

-

,  .i e
p pt t ,  ,i e
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. -

-

-

.

,

. ,

 1 ,

-

. ,

 623–723 ,  (D0) -

,  Ni
2+

 (4 ).

(

, -
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• , -

;
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.
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:  ( , , , , -

, );  ( , ,

, , , );

( , , ) .

. -

, ,

, . , -

, - .

, , , - ,

.

 ( l, Ni, g, V, , W, F )

.

-

.

,

1 1 2 2 ,T T T T T1, T2 T 1, 2 – -

. / -

. -

-

.
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.
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2) -
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3)

;

4) , -

, , -

;

5) -

, ;

6) ,

,

 ( ). , ,

, , -

.

,

, -

; -

 ( . 3.20); 

7) -

, . -

,

.

. 3.20. -

,

 Ar
+
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16 –2
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Nν,
–3

10
14

10
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10
12

10
9

10
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ρd,
–2

. 3.21.
- :

 –  = 9,9 · 1012; • – 4 · 1013;  – 1,3 · 1014;  – 3 · 1014 –2·

, , -

.

-

. , , - - -

-

 ( . 3.21). -

: ,

.

. -

.

, -

, -

-

. , -

 2 · 10
8

 5 · 10
10 –2

-

 ( )  328  – 

 493  ( t = 5,4 · 10
20

–3,1 · 10
21 –2

, > 0,1 ).
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 863 , D = 25±5 , , -

, -
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, -

-

.

-

 – . -

, . -

pZ ν Zpi :

pZ ν  = Zpi = 4 rpN , (3.31) 

rp N – .

 – 

- . -

 –  ( '/ ) ,

 (  – ).

 0,25 

250 , -

, -

-
.  (–0,25 ÷ +0,72) 

(( ) ,d d dγ γ γ d – -
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'/ .
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,

, -

, . -

-

.

. -

, -

-

. -

 50–150 .

-

: ; -

; -

. ,

, . -

, -

.

.

-

,

- ( -

). ,

Zdj (j –

)

. , -

, Zdj , ,

.

- , -

, , , -
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( – - ). -
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.

-

:

0 ( )
,

1 ( )

n nM
n

D q T D
D

q T
σ

σ

σ
 (3.32) 

0[1 ( ) ],S S P Tσ σ  (3.33) 

1 2 3

1 1
( ) ,

3 2
θσ σ σ σ σ  (3.34) 

nD σ 0nD  – 

; nMD – -

; S0 S – -

; q( ) ( ) – ,

; , 1, 2, 3 θσ  – ,

 ( ).

 (3.32) , -

:

0 0( ) ( )n n n nMD D q T D Dσ σ  (3.35) 

 ( ) 1q T σ  .n nMD Dσ

-

:

n nMD Dσ ( ) 1.q T σ  (3.36) 

D , , -

. ,  F  – r – Ni -

 4–10 . -

 (3.36) , , -

, -

0 0 0,( ),n n n n nMD D D D Dσ 0n nMD D -

.
-
-
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 ( . 3.17, ).

yD -

.
D ÷ Dn0. Dn0

, -
.

-

,
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-
, -

-
. -

SAVN- (stress-assisted void nucleation – -
)

.  SAVN- , -

jZν

,
,

:
1/3 222

2

(1 ) 1 3 2 1
1 ,

36 (1 ) 56

G
j j

j

G V
Z

kT r r kTG
ν

ν ν

Δ αν γ
σ

π ν
 (3.37) 

 – ; jVΔ  – , -

j; r  – ; – -

; G – ; G
jα – .

( G
iα  = –150 ; G

να  = –15 ) -

.
-

, -
.

2

0

2
exp .gC C P

r kT

ν ν
ν

ν

γ Ω
σ  (3.38) 
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.
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.

 ( )
, , , ,

. -
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.
 748 

 848  ( )  ( ) -
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-
. -

,
.

, -
 (

) .
 ( ) , -
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+
 (50 , 823  (20 ) + 723  (20 )).

 823  573  323  20 
 20 .
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.
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.
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He;nN Cν
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n
dN dC
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= 0,5. . 3.22 -

ISI304,
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6+
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-
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 298 (1)  973  (2)

 Si
6+

 (3)

. 3.23.
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( 1) ( 1)He He He ,n j n j lLν ν Ll – -

l . -

.

-

 = 2 / g r ,  – ; g – -
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 c
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.
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140

(111)

(111)

(111)

(1
00

)

(001)

(001)

(001)

(001)

(110)

(1
1

0
)

(1
0

0
)

(001)

(010)

(010)

(0
10

)

(100)

(100)

(100)

(1
1

0
)

(011)

(011)

(011)

(010)

(0001)A

(0110)
(0111)

(101) (101)

(101)

(010)
(111)

(1
00)

(1
00

)
(100)

(110)

(1
1
0

)

c

. 3.26. -  ( – ); 

-  ( – ) -  ( )



141

- - -

.

- . -

, , ,

. -

, , - .

, , -

.

,

, -

. , -

;

, .

,

 0,4 ,

 2 ;  10 ,

.

.

, -

, ,

, ,

, .

. -

r , -

. , p/r

( p – ) ,

.

 5  15. 

, - .

. -

-

 –  – -

;

, ,

.

 – , .

-

;p pT T pT  – -



142

, pT  –

. , , ,

.

. 3.27 - , -

 (I),

-  (II)  (III) .

-

.  ( , , -

), ,

= , m = 0,032 / .

.

-

, -

.

. -

.

III

II

I

D,

500

200

100

50

20

10

5

2

1

673 873 1073 1273 T , K
0,5

. 3.27. -

 (I); -  (II)

 (III)

 10
–3

 · c
-1



143

.

.

,

-

.

, -

.

. -

:

• -

;

•
;

•
, .

-

.

-

-

: -

, , ,

; -

;

.

( ) , -

, , -

.

. -

. -

-



144

,

, -

, . ,

, -

 – . ,

 – -

, -

. ,

-

.

 ( -

, , ,

), -

.

.

3.5.

 (H
+
, D

+
, T

+
, He

+
, Ne

+
, Ar

+
.)

-

 (~ 10–50  % -
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(D = 2 · 1018 –2);  – 
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-
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.
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. , -
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.
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.

-

.

.

. ,

E < 40  (2–3)Rp, -

Rp. -

 0,1  3 / .

,  0,3 ,

,  ( ) -

 ( , ) -

 ( ) .

, . -

: 1) -

: GV
 *

, G2V
 *

, ..., GmV
 *

( G – ), m .

GmV
 *

GmV2
*

.

1 2

2 1 3

,m m

m m

G G V G V I

G G V G V I

∗ ∗
−

∗ ∗
+

+ → +

+ → +
 (3.40) 

. ., I – .

,  ( ), ,

-

 ( ), -

.

-

, -

PI, -

:



147

 / ,f
I IP E= Ω  (3.41) 

f
IE  – ;  – . -

 (3.41), 10
5

. -

-  ( ) -

Nn, ,

. , -

, r:

 (2 ) /nP b r= γ + μ , (3.42) 

 – ;  – 

; b – . -

Nn  25  100. 

-

.

. -

, -

.

T > 0,5 , -

-

. C 

r.

Pp  2 /r:

 2 / .pP r= γ  (3.43) 

 (3.43) , -

. , -

-

. -

[ ]0/ ( / )exp( / ) 1 exp(2 / ) / ,dr dt D r Q kT r P kT= − − γ − Ω  (3.44) 

Q – .

-

,  ( )

.

,
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M1 << 2 f  1,0). 



152

S S( )/ (0)ϑ

ϑ, . E2,

1

0,5

0 1 10
2

10
–6

10
–4

10
–2

E
–2

10
0

dN dE/ 2

10
430 60

Ag

Ta

Ti

Al

90

2

1,5

. 3.31.

 Ar
+

1 = 1 

,

, . 3.29, 

, .

-

. 3.31. 

, max,ϑ

, ϑ -

« » .

,

. -

 10
–5

/  ( -

),

. -

,

.

-

, -

.

-

-

, .



153

3.7.

E  1  · . . .
–1

 (dE/dx)e

10
3
–10

4

 (dE/dx)n. , (dE/dx)e  20–30  · 
–1

 100 . . . E  1  · . . .
–1

. -

, -
-

, , , ,
 ( , , -

). -
-

 – .
 «latent tracks». 

. , -
-

. , ,  Pb
+

E = 
= 1–5 ,

, -
. -

, -
, -

calc,
.

 = / calc. ,  Ti,  Pb
+

E = 4,484 , -
 21,5,  Fe60Co40,  Ag

+
E = 445 ,

= 22,8.

.  NiZr2

 (  4 ).
 (dE/dx)e

.
-

, -
. ,  NiZr2,

 40  · 
–1

,
(dE/dx)e

. -



154

, -
:

-
-

.
 ( , -

),
( ) . -

, -
 ( , , -

, . .).
 « », -

, , -
,

, . -
-

,
- - .

:
1) , -

,
K- . -

 (LiF, , ,
.). -

, - -
 ( -

). -
: , -

;
2)

Ed.
Ed , -

;
3) ,

-
- .

 ( ). -
,

-
. ,  NiZr2, NiTi  Ni3B,



155

.  Ni3B  NiZr2, -
-

, NiTi -
,  300 ,  ( -
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.
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.
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. . 3.32 ,

. -
.
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 12 -

. -
-

 300 .

. 3.32. :
 –  NiTi, T = 300 E = 0,84 ,

(dE/dx)e  52  · –1  1011 –2;  –  NiTi, 

T = 80 E = 0,76 , (dE/dx)e  57  · –1

 5 · 1010 –2 ( T = 300 ).

,
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. maxR , , -

1

1 1 0,5
max 0 1 0

0

( ) 2 ( ).

E

e eR n S E dE E n k  (3.45) 

0,5
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Se ke ,
. ,

-
, , -

. ,

1( )eS Z∗ ,

. -

 50 %, eS∗ -

 10. , , ,
-

. , , -
0,5
1E .

1
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e eS k E∗ ∗= Z1, -
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C
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Ni, -

-
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5958 1 1
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10 1 4 7
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