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.
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-  ( ) -

 ( , , ):

-440 - 15 2  ( -0,11-0,21; Si-0,17-0,37; Mn-0,3-0,6; S-0,012-0,018; -0,009-0,0038; Cr-2,5-3,0; 

u-0,09-0,17; Ni-0,19-0,27; Mo-0,6-0,8; V-0,25-0,35);

-1000 - 15 2 , 15 2  ( -0,13–0,18; Si – 1; Mn – 1; S< 0,035; <0,01; Cr-1,8–2,3; Ni – 

1,0–1,5; Mo - 0, 5–0,7; V- 1,1–0,12);

WR, BWR - 533- (  < 0,25; Si - 0,15–0,30; Mn - 0,15–1,50; S - 0,040;  - 0,035; Ni - 0,40–0,70; Mo - 0,45–

0,60).

 1 ,

.

. ,

 240-290 °  1022 / 2  20-

40% [13]. 

 1. : , PWR, BWR (  440 - 1200 Mw) 

 2,7 – 4,4 10-13  / 2

    1,9 – 4,0 1014

  10-7 /

 285 – 290 0 ( )

 320 – 325 0

 1·1017 / 2

 ( > 0,1 )  40 t = 5·1019 – 1·1020 / 2

 ( ) 10-10 /

 40  0,1 

, , -

 ( ). 

 (270-300 ° ) ,
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, .  – ,

, .
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1,2 – 1,7; Cr-0,05 – 0,1% ))  - 4 (Fe-0,18 – 0,24%, Sn-1,2 – 1,7%; Cr-0,07 – 0,13% )) 

, , .

-110 (Zr-1%Nb), -125 (Zr-2,5%Nb), -635(Nb -1,0%; Fe- 0,3 – 0,5 %;
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. .
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 PWR, 

.

-1000, 

,  PWR. 

 460° ,

.

,  335°  75 

 10%, .

.

 ( , , ,

, , , ,

.).  

,

,  – 

.

 ( -600, -800, .) 

.  2040 .

 2100 .  240  50 .  /  ( .12), .

. 12.  2100 . [24] 

 (  2) , -

,

, ,

.

 2. 

 3·1015 – 1016 / 2c

 20 – 30 appm/

 100 – 200 /

 400 – 6500

 ( ) (  3). 

, ,

 [25].  

-

 ( .13), 
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, -

,

.

 3. , .

, % *

Ni Ti Nb Si V S Mn .

1 2 3 4 5 6 7 8 9 10 11 12 13

AISI 316, 
10,0- 

14,0 

16,0- 

18,0 

2,0- 

3,0 
0.08 - - 1,0 - - - 2,0 B 0,0002

D9, 
14,0- 

16,0 
14,0 

1,4- 

2,3 
-

0,2- 

0,35 
-

0,8- 

1,0 
- - -

1,8- 

2,3 
-

PNC316, 13,8 16,5 2,5 - 0,098 0,07 0,93 - 0,031 - 1,78 B 0,0044

15/15Ti, 
14,5- 

15,0 

14,5- 

15,0 

1,3- 

1,5 
-

0,45- 

0,5 
- 0,5 - 0,007 -

1,4- 

1,6 
B 0,0065

15/15Si, 
14,5- 

15,0 

14,5- 

15,0 

1,3- 

1,5 
- 0,5 - 0,085 - 0,007 -

1,3- 

1,5 
B 0,004 

1.4981, 
15,5- 

16,0 

15,5- 

16,0 

1,6- 

1,8 
-

0,4- 

0,5 
0,7-0,85 0,45 - - -

1,3- 

1,4 
-

FV-548, 16,0-

17,0 

11,5-

12,0 
1,1-1,2 1,4-1,5 0,9-1,0 -

0,3-

0,4 
- - -

09 16 15 3

( -847), 

14,0- 

16,0 

15,0-

17,0

2,5- 

3,0 
0,09 - 0,8-0,9 0,8 - - - 0,8 -

16 15 3

( -172),  
14,5- 

16,0 

15,0- 

17,0 

2,5- 

3,0 

0,04- 

0,07 
-

0,35-0,9

Nb/C=

=9-13

0,3- 

0,6 
- 0,02 -

0,5- 

0,9 

B 0,008

Ce 0,15 

08 18 10 , 9,0- 

11,0 

17,0- 

19,0 
-

0,07- 

0,1 
5×C,

 0,8
- 0,80 - 0,025 0,015 

1,0- 

2,0 
-

16 15 2 2

( -68),  
14,0- 

15,5 

15,5- 

17,0 

1,9- 

2,5 

0,06- 

0,08 

0,2- 

0,5 
-

0,3- 

0,6 

0,1- 

0,3 
0,014 0,004 

1,1- 

2,0 
0,005

-99,  15,0- 

16,0 

15,0- 

16,0 

2,0- 

2,5 
-

0,2- 

0,4 
-

0,2- 

0,4 
- 0,010 -

0,9- 

1,3 
B 0,005

* –  – 

,

 ( , ,

) .

:

/3<111> /2<110>  ( . 14a, , , , ), 

.

 20-40  8-9·1010 c -2.

-  [2]. 

,

,

. ,

, , .
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. 13.  [2] 

a

.14. -847 ( r3+, = , =823 ,

=10-3  / ),

a) D=0,5 , ) D=2 , ) D=10 , ) D=15 , ) D=25 .

 a/3 <111> 

 a/2 <110> ,

.

, , ,

:

,

 – .  MC (  TiC, NbC, VC),  Fe2P,

Ni3Ti ( .15 , );

, , ( -  Ni  Si) 

- M6C  G-

 ( .15 ).

, ,

, .

Fe2P

70

)

TiC 

10

) )

. 15. :

 –  Fe2P;  –  TiC;  – G- a ((Ti, V, Nb, Mn)6(Ni, Co)16 Si7))

: 1) ; 2) 

; 3)  ( )  (

)  (  / )  ( .16). 
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. 16.  M  (  - , : , N)  [26] 

 [2]: 

.

 c :

 (

) .

,

.

 (TiC)  (Fe2P) (

 G-

- .

 G- -

 Ni, Si  P, .

 “ ” ,

,  (G 6 ).  « »

- .

, , ,

. ,

, ,

- .

.

-

-  9-12% 

, ,

,  (

.17, 18) ,

 (  4). 

,

 4 , .

- ,

, 100...200  650-7500 ,

.

. 17.  Fe:  

1- -Fe (D=100 ); 2- -450 (D=150 ); 3- Fe-12%Cr (D=100 ); 4- 01X13M4, Cr3+ (D=100 ); 5- 01X13M4, Ar3+

(D=100 )
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. 18.  ( -172, -64) (Cr3+, D=140 )

 4.  9-12%  [27] 

, % 

/
Si Mn Cr Ni Mo V W Nb B

-

1 2 3 4 5 6 7 8 9 10 11 12

EM12,

/
0,08-

0,12

0,30-

0,50 

0,90-

1,20

9,0- 

10,0 

1,.9- 

2,1

0,25-

0,35

0,35-

0,45 

F82H, 
0,10 0,20 0,50 8,0 0,20 2,0 0,003

Ta-0,04; 

N  0,01

JLF-1, 
0,1 0,05 8,0 0,2 1,95 

Ti-0,002, 

Ta-0,09,

N-0,023

ORNL9Cr, 
0,1 0,21 8,8 0,18 1,97 

Ti-0,01,  

Ta-0,07,

N-0,023

EUROFE

R,

0,10-

0,12
0,05 

0,4-

0,6

8,0-

9,0

0,20- 

0,30 

1,0- 

1,2 

0,004-

0,006

Ta-0,06-0,10;

N-0,02-0,04

2 12 2, 
0,20 11,6 0,5 2,20 0,30 0,5 

9,
0,20 12 1,0 

0,25- 

0,40 

FV48,
0,10 0,46- 0,86 10,7 0,65 0,60 0,14 0,26 N-0,05 

 - 450, 0,10- 

0,15 
0,60 0,60 

11,0-

13,5 

0,05- 

0,30 

1,2-

1,4 

0,10- 

0,30 

0,30- 

0,60 
0,004

 - 823, 0,10- 

0,18 

1,15- 

1,3 

0,5- 

0,8 
11,3

0,5- 

0,85 

0,6-

0,82
0,32 

0,5- 

0,8

0,26- 

0,4 
0,006 Ti-0,004, 

-852, 
0,13 1,19 0,31 13,15 0,27 1,69 -  - - P-0,017 

-900, 0,14- 

0,18 

1,0- 

1,3 

0,6- 

0,9 

10,0-

12,0

0,5- 

0,8 

0,6-

0,9

0,2- 

0,4 

0,5- 

0,8 

0,2- 

0,4 
0,006 N-0,06-0,10 

MA957, 
0,01 0,05 

0,05- 

0,11 
14 0,13 0,3     

Ti-1,05; 

Y2O3-0,25; 

O-0,015-

0,22; 

P<0,005 

1DK, 
0,045 0,019 0,013 12,87 0,16 -  2,81   

P<0,005, 

S-0,001, 

Ti-0,52,  

N-0,015, 

O-0,186, 

Y2O3-0,34 
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,

.

 (TiO2)

/  (Y2 3). , , -

,  Y-O  Y-O-Ti 

 [28,29]. 

, ,

 « »  40-100 

.

,  – 

 [2]. 

,

.

 – 

 ( . 19): 

. 19. 

D +  n +  + ( ). (12)

 17,6 , -  (3,5 )

 (14,1 ) .

 5.  ( , DEMO) 

7·1014 / 2c

780 appm/

 200 appm/

 20 /

,  5 

. : ;

- ; - ;

( ),  ( ,

, . .); ,

.

 ( . 20)  ( . 21) 

 0,1  1,8  (0,1…0,8)

. 16. .

.

.

18
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 746,  2006 Â.Í. Âîåâîäèí, È.Ì. Íåêëþäîâ



. 20. 

 (  2 3 )

 (1–10 / 2· .). 

,  ( . 21) [30]. 

. 21. 

 (4 )

 (

)  100  1000  ( . 22). 

 100  (n,2n), (n,p)  (n, )

,

.

, ,

.  (t, d) ,

 ( ) .

. ,

,  - 

 ( . 22) [32]. 

 («spallation») 

,  Li (d, n) – 

 14  (RTNS).  

. 22.  “spallation”-ADS (2009-2012) [31] 
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. 23. -  ( ),

 ( )

:  ( ), –  ( ),

 ( ). 

1) 

...ZnCuNiFe (13)

2)  «spallation» 

NiCoFeMnCrV
nn 2, . (14)

,  (ADS). 

 6.  ( )

 350 -3

 1 -5 

 3500 – 4400 appm / 

 950 – 3500 appm / 

 4,6-40 /

 6 ,

,

.

,

“spallation’’  c :

1. .

2. .

3. , , .

4 .

5.  ( , ,  + ).

.

.24 LASREF ,  0,35 ,

27Al (n, ) 28 Al, (15)

Al 28Si + ,     2Mg + Si Mg2Si. (16)

) )

. 24.  “spallation”  Al 5052 (Al-3%Mg) 

) ; )  LASREF (D=0,35 , T =550C)
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.

 - 

.

 21  - 

.

:

1. , . .

, , ,  ( , ,

) .

2. - .

-

, ,  ( ); ,  (He, 

H),  ( ,  (“spallation”).  

3.  ( ,

 ( )).

,

– .

1. . – .: . . ,

2005. –  6. – . 3. 

2. . ., . . -

 – : , 2006 - 378 .

3. Torrens I.M., Robinson M.I., Norgett M. A proposal method of calculation displacement dose rate // Nuclear Engineering 

and design. – 1978. – V.33. – P.50–54. 

4. . ., . . . – .: , 1983. – 80 .

5. Heald D.T, Speight M.V. Point defect behavior in irradiated materials // Acta Metall. - 1975. - V.23. -  P.1389- 1399. 

6. Ehrhart P., Robrock K.N., Schober H.R. Basic defects in metals // Physics of Radiation Effects in Crystals. Eds. Johnson 

R.A., Orlov A.N. – Amsterdam: Elsevier Science Publishers, 1986. – P.3–106. 

7. Naundorf V. Diffusion in metals and alloys under irradiation // International Journal of Modern Physics B. – 1992. – V.6, 

18. – P.2925–2986. 

8. Waite T.R. General theory of bimolecular reaction rates in solids and liquids // J. Chem. Phys. - 1958. - V.28,  1 - P.103-

106.

9. Neklyudov I.M., Voyevodin V.N. Features of structure-phase transformations and segregation processes under irradiation of 

austenitic and ferritic-martensitic steels // JNM. – 1994. – V.212–215. – P.39– 44. 

10. Perks J.M., Murphy S.M. Modeling the major element radiation- induced segregation in concentrated Fe-Cr-Ni alloys // 

Proc. of the Conference "Materials for nuclear reactor core applications", British Nuclear Energy Society (BNES), London. – 1988. –

V.1. – P.165–170. 

11. . ., . .  // 

/ . . . . – : , 1990. - 468 .

12. . ., . ., . . .

 100  // . p.: . - 1990. - B .2

(53). - C.15- 21. 

13. English C., Hyde J. and Ortner S. Microstructural development in RPV steels // Fracture, Plastic Flow and Structural 

Integrity. – 2000 – V.11 - P.103- 127. 

14. Debarberis L., Acosta B., Sevini F. et. al. Role of nickel in semi-mechanistic analytical model for radiation embrittlement

of model alloys // JNM. – 2005. - V.336 – .210-216. 

21
ñåð³ÿ ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 4 /32/ Ïðîáëåìû ðàäèàöèîííîé ñòîéêîñòè...



15. Fujii K., Fukuya K. Characterization of defect clusters in ion-irradiatedA533B steel // Institute of Nuclear. Safety System Inc., 64 

Sata, Mihama-cho, Mikata-gun, Fukui 919-1205, Japan Received 26 December 2003; accepted 4 October 2004. 

16. Eyre B.L., Maher D.M., Perrin R.C. Phys J. // F: Metal Phys. – 1999. - V.7, 77. – .1371- 1375. 

17. Ulbricht A., Bohmert J., Viehrig H.-W. Microstructural and mechanical characterization of radiation effects in model 

reactor pressure vessel steels // Journal of ASTM International. - November/ December 2005. - V.2-10- .151-164.

18. Kuleshova E.A., Gurovich B.A., Shtrombakh Ya.I. et al. Comparision of microstructural features of radiation embrittlement 

of VVER – 440 and VVER – 1000 reactor pressure vessel steels // JNM. – 2002. - V.300 – .127 - 140. 

19. . ., . ., . ., . . . - .: ,

1984. – 236c. 

20. Nikulina A.V., Markelov V.A., Voyevodin V.N. Irradiation induced microstructural changes in Zr-Sn-Nb-fe alloy // JNM. 

– 1996. - V.238. – P.123-127. 

21. . ., . ., . . . 18 10 ,

 //  6-

. – , 2001.– .3, .1. – .3–23. 

22. Neustroev V.S., Shamardin V.K. Russian viewpoint on swelling in VVERs // 1st International Workshop on Voids in In-

Core Structural Materials in LWR, December 2003, Kyoto, Japan. – issued in CD format, no page numbers. 

23. Garner F. A. Void swelling of austenitic internal components of PWRs and VVERS, and its possible impact on plant life 

extension // 5st International Conference on Nuclear and Radiation Physics, September 2005, Almaty, Kazakhstan – issued in CD 

format, no page numbers. 

24. . ., . .

 //  «

. », 24-25  2005, ,

 –  CD. 

25. Garner F.A. Irradiation Performance of Cladding and Structural Steels in the Liquid Metal Reactors, in Material Science 

and Technology. Eds: R.W.Cahn, P.Haasen and E. J.Kramer (VCH Weinheim) // Nuclear Materials. - 1994. – V.10A. – P.12-14. 

26. Voyevodin V. Research work report // Japan Nuclear Cycle Development Institute - TN 9400, O-arai, 2001.- P. 12-16. 

27. . . . - .: , 1976. - 216 .

28. Klimiankou M., Lindau R., Moslang A. TEM characterization of structure and composition of nanosized ODS particles in 

reduced activation ferritic-martensitic steels // JNM. – 2004. – V.329–333. – P.347–351. 

29. Miller M.K., Hoelzer D.T., Kenik E.A., Russell K.F. Nanometer scale precipitation in ferritic MA/ODS alloy MA 957 // 

JNM. – 2004. – V.329–333. – P.338–341. 

30. Ukai S., Akasaka N., Hattori K. The effects of phase stability on void swelling in P, Ti- modified 316 stainless steels during

neutron irradiation // Proc. of 18-th Intern. Symp. “Effects of Radiation on Materials”, ASTM STP 1325, 1998. – P.808–821. 

31. Vladimirov P., Moslang A. Irradiation conditions of ADS beam window // Seven International Workshop on Spallation 

Materials Technology, May 29- June 3, 2005, Thun, Switzerland – issued in CD format, no page numbers. 

32. Yung P. Radiation effects in structural materials of spallation targets // JNM. – 2002. –V.301. – .15-22.

PROBLEMS OF RADIATION STABILITY STRUCTURAL MATERIALS IN NUCLEAR POWER  

V.N. Voyevodin, I.M. Neklyudov  

National Science Centre “Kharkov Physico-Technical Institute”, 

Akademicheskaya st. 1, Kharkov 61108, Ukraine, e-mail: voyev@kipt.kharkov.ua 

Mechanisms of radiation damage of structural materials for nuclear power and problems of radiation-resistant materials development 

for operating and prospective reactors of new generations are examined. Analysis of state and of prospective of this problem solution 

shows that despite the considerable efforts of scientists round the world economically necessary levels of operation of existing

nuclear reactors are not attained. This is defined to a considerable extent by insufficient radiation resistance of the main structural 

materials of operating nuclear plants – of different classes stainless steels and of zirconium alloys. The key problem for material

science security of modern nuclear power and of future power engineering is the study of micro structure evolution and of its 

influence on degradation of initial physical-mechanical characteristics of materials. 

KEY WORDS: nuclear energy, structural materials, radiation-strength materials, radiation defects, thermal reactors, fast nuclear 

reactors, effect of transmutation, spallation systems. 
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