
 669.295: 539. 

. . , . .
. . . , ,

61108, . , . , 31, E-mail: kirichenko@pht.univer.kharkov.ua 

 25  2006 .

.

, ,

, , , .

- . ,

, ,

. ,

, ,

.

 Zr-Fe  Zr3Fe  Zr2Fe;  Zr-Fe-V  Zr-Fe-Cr – 

 Zr(Fe,V)2  Zr(Fe,Cr)2, ;  Zr-Fe-Mo –  (Zr,Mo)2Fe  (Zr,Mo)Fe2;
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.

, ,

.

: , , ,

, , .

, ,

, .

,  ( )

,

,  ( ), ,

 ( ). ,

 ( ).

 [1-3 .

,

, ,

.

.

 Q.  (n, )  Q  ( 3  N14).

(n, ), ,  Q  (Li6 10).

,

.

 -  (n, ) [4]. 

,

 ( )

.  ( . 1) 

- -110 (Zr-1%Nb) -125 (Zr-2,5%Nb), 

.

 570-590 

-

 ( ).  (

)

. ,

,

,

.

66
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 744,  2006 Â.Ã. Êèðè÷åíêî, À.È. Êèðäèí

ñåð³ÿ ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /31/ Ìîäåëèðîâàíèå ÿäåðíûõ òðàíñìóòàöèîííûõ ...



 ( ) ,

 ( ), -

, . ,

- , ,

, , -

.

, , .

. 1. 

 - 3 

( .%)

-1 -2

a b c 

-4

 – 2 

 635 

Sn 2,5 1,5 (1,2-1,7) 0,25 0,50 0,50 1,5 (1,2-1,7) 1,5 (1,2-1,7) 0,5 1,3 

Fe - 0,12 (0,07-0,2) 0,25 0,40 0,20 0,15 0,20 (0,18-0,24) 0,1 0,4 

Cr - 0,1 (0,05-0,15)    0,1(0,07-0,13) 0,1 (0,05-0,15)   

Ni  0,05 (0,03-0,08)   0,20 0,1 0,007 0,1  

(Fe+Cr+Ni) - (0,18-0,38)      0,2 0,4 

Nb - - - - - - - 0,1 1,0 

O - 0,1-0,14 - - - 0,04-0,1 0,1-0,14  0,07-0,1 

, ,

-Zr ( ), 

.  [5-7] 

,

, .

(  10-30 )

.

,

.

, , ,

.

.

 ( ), 

 Zr, 

 (Nb, Sn, Ni, Fe, Cr),  ( , Si, S, H) 

, .

, ,

, .

,

, , , , Fe  Ni ( . . 1). 

, , ,

, , . .

. ,

,

.
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, ,

, , .
-

.
, .

, , ,
. ,  [8], 

, Fe, Ni, .
-

 ( ).  - 
-  - 

- .
,  Fe57  Sn119,

, ,
.

. 2  ( ) .
 16 ,  Nb, Fe, 

Hf, Cu, Ni, Ti, Mo. 
.

, . 3.  Fe57

85%. -1, r - 99,85%, Nb - 99,85%,  - 99,7%,  -99,7%. 
.

 1,3 10-4  50  973 .
.1. 

. 2. 
.  31. 

. 3. 

/  ( . %) 

1 Zr-0,51%Fe 

2 Zr-1,03%Fe 

3 Zr-0,51%Fe-0,5%Nb 

4 Zr-0,51%Fe-1,0%Nb 

5 Zr-0,51%Fe-0,5%Cr 

6 Zr-0,51%Fe-0,3%Mo 

7 Zr-0,51%Fe-0,5%Mo 

8 Zr-0,51%Fe-0,5%V 

 3.0 u k  - .  a

 c

.

 5 10-4 Å. 
,

-  Zr. 
-Zr

, .

/

1 Zr  99,76 

2 Nb 0,3 0,03 

3 Fe 0,1 0,02 

4 B 0,01 5·10-5

5 Ca 0,03 <0,01 

6 Si 0,05 0,006 

7 Hf 0,07 0,05 

8 Cu 0,1 0,004 

9 Ni 0,1 0,01 

10 Ti 0,2 0,02 

11 N2 0,01 0,005 

12 Mo 0,1 0,007 

13 C 0,05 0,02 

14 Al 0,05 0,005 

15 O2 0,05 0,02 

16 Sn 0,2 <0,01 

-95-67-67.  « ».
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-118. 
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=970 ,  50 .

  1

, = 970 , 3 .

  0,6 

, =970 , 3 .

 0,3
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,

320-970 , 1-20 .

, = 970 , 3 .

. 1. 

- 57  Cr 

.

-200. 

 "Camebax 

MBX 268".  

.

,

. ,

:

 Zr –  ( V/V  Zr  -0,34), 

 Y (+0,448), Sr (+0,426);  (150-160 . .m.  6 

-1000 );

 Nb (+0,22) –  (-0,34), Y(+0,448), Zr (0); 

 (4-9 . .m. );

 Sn (-0,037) –  In (-0,055), Sb (+0,019), Te (-0,372); 

 Fe (-0,512) –  Mn (-0,464), Co (-0,512); 

 (-0,488) –  V (-0,413), Mn (-0,464)  Fe (-0,512); 

 Ni (-0,533) – o (-0,512), Fe (-0,512), Cu (-0,488); 

V (-0,413) –  Cr (-0,488);  Si –  S, P, 

, .

 ( ), ,

. .m. , . 3, – 

.

. 3. 

 Zr,

( V/V)

,

Zr-0,51%Fe Zr  Mo Zr (0), Fe (-0,512) Zr-0,51%Fe-0,3%Mo 

Zr-1,03%Fe Zr  Mo Zr (0), Fe (-0,512) Zr-0,51%Fe-0,5%Mo 

Zr-0,51%Fe-0,5%Nb 

Zr-0,51%Fe-1,0%Nb 

Zr  Mo, Nb  Mo Mo (-0,34), Nb (+0,22) Zr-0,51%Fe-0,3%Mo 

Zr-0,51%Fe-0,5%Mo 

Zr-0,51%Fe-0,5%Cr Zr  Mo, Cr  V,  

Cr  Fe 

Mo (-0,34), Cr (-0,488),  

V (-0,413)

Zr-0,51%Fe-0,3%Mo,  

Zr-1,03%Fe,

Zr-0,51%Fe-0,5%V 

Zr-0,51%Fe-0,5%V Zr  Mo, V  Cr Mo (-0,34), V (-0,413),  

Cr (-0,488) 

Zr-0,51%Fe-0,3%Mo  

Zr-0,51%Fe-0,5%Cr 

 Zr-Fe- e, .3, 

,  Zr-Me 

, e - .  V, , .

 ZrMe2,

Me -Zr .  ZrMe2
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 V, , .
. ,  Nb ( ),

.  Nb -Zr , -
 Zr, Nb  Zr  Nb -  [7]. 

. - ,
 Zr-Fe  Zr-Me. - ,

,  Zr, Fe  Me. , ,
 Fe-Me.

. 2-5 .
Zr-Fe

,  ( . 2 ). ,
.

 80  4,2 .
,  Zr3Fe. 

-  Zr-Fe  Zr2Fe, Zr3Fe  Zr4Fe. 
 Zr2Fe 16 ( u 12)

: =6,39Å, =5,60Å.  Zr2Fe
 Ti2Ni.  Zr3Fe

 (1100-1200 )  Re3B
: =3,326Å, =10,988Å, =8,807Å.  

. 2. 
) Zr-1,03%Fe,  

) Zr-0,51%Fe-0,5%Cr, 
) Zr-0,51%Fe-0,5%Mo. 

. 3. 
 Zr-Fe-Nb 

) , )  (970 , 5 .),  
) Zr-Fe-  (  970 , 5 .)

 Zr80F 20 -Zr4F
: = 5,045Å = 3,121Å. 

 20% -Zr4Fe :
=3,283Å, =3,553Å, =6,687Å. -Zr4Fe

 Fe-Zr [9]. 
, .

 ( . 2 )  Zr3Fe  Zr2Fe -Zr4Fe.  
 Zr-Fe :
 ( . 4 ). 57Fe

 ZrV2  ZrCr2, .
.  Zr-V  Zr-

 Zr-Fe .  Fe 
V  Zr  1 .%, ,

 Fe  V  Zr-Fe-V 
.  Fe  V 

 Zr-Fe  Zr-V  ( , 0,27  0,32  2133 ). 
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 Zr-V  ZrV2,

15, , 16,

Zr2Fe.  

 ZrV2  ZrCr2 15 (MgCu2 ), ,

.  Zr4Fe  Zr3Fe

 ZrV2  ZrCr2.  ZrV2  1230° ,  Zr4Fe  Zr3Fe 

 Zr-Fe  880  1100° ,  [10]. 

,  ZrV2  ZrCr2

.

 80  4,2  Zr-

Fe-V ( . 4). . ,

 ZrV2  121 . ,  Zr(FexV1- )2

,  Fe57 ,

.

. 4. 

 Zr-Fe-V. 

) 300 , ) 80 , ) 4,2 .

. 5. 

 Zr-Fe- .

) 80 , ) 4,2 .

 80  4,2  Zr-Fe-

, ,  Zr-Fe-V, 

 Zr(Fex r1- )2 ( . 5).  

 Fe, V, Cr  Zr(Fe V1- )2

Zr(FexCr1- )2  Fe  V  ZrV2 ZrCr2.

 V . , ,

 Zr .

 V . , ,

.

 ( . 2 ),  Zr-Fe ( . 2a), .

 Zr-Fe-Mo  973-1273  ZrMo2  ZrFe2,

 25 .%(Mo+Fe).  ZrFe2

,

. . 2 ,

16,  Zr2Fe.  

,  Zr-0,51%Fe-0,3% Mo  Zr-0,51%Fe-

0,5%Mo ,

,  Fe57.

 Fe , , ,  (Zr1- )2Fe

,  Zr,  ZrMo2.  Zr2Fe

 Zr-Fe .

 Zr-Fe- .

 Fe  Zr  ZrMo2 - ,

 (Zr Mo1- )Fe2.

 (Zr Mo1- )Fe2 15 >0,75 14 <0,5. 

 300 >0,5.  MoF 2 14
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,  WFe2  NbFe2  (
0,45 / ),  [7-9,11-12]. 

,  Zr-Fe- -  [13], ,
- (Zr1- )2Fe  (Zr1- )2Fe. 

 V  Zr-Fe 
.

 Nb  Zr-Fe  ( . ).
:

 ( . 3 ).  Zr-Fe-Nb,  15 .%
(Nb+Fe),  873-1373  Zr2Fe. 

-  Zr-13%Nb-5%Fe  [10,14-16]. 
. , -

.
 Zr-Fe- ,

(Zr Nb1- )Fe2, .
15 >0,65 14 <0,55. , , >0,7, 

 300  [11].  (Zr Nb1- )Fe2

15 14  (
 0,7  0,9 / ). ,  Zr-Fe-Nb 

-  (Zr, Nb)2Fe  (Zr, Nb)Fe2,
 Zr-Fe- . ,

 ( . 3 ).  Zr-Fe-Nb 
,

 Zr2Fe - Zr, )2Fe ( ,  Zr-
Fe-Nb),  -  TaFe2,  - (Zr,Ta)Fe2.

 ( . 6- 
7).  720-770  1-5 .

 100-200 Å. 
 670  (  50 )

. ,  970  15  Zr-1,02%Fe 
1100 Å,  Zr-0,51%Fe-0,5%Nb -  600 Å,  Zr-0,51%Fe-0,51%V -  700 Å.

.6.  Zr-0,51%Fe-0,5%Nb  
 770  5 .

.7.  Zr-0,51%Fe-0,5%Nb 
 970  15 .

, .2, 

, .
, ,
,

. ,
, ,

 [17]. 
, ,

 [12] 
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.

 Zr  Nb, 

 [3, 8]. 

, , ,

.

.  Zr-Fe 

 Zr3Fe  Zr2Fe;  Zr-Fe-V  Zr-Fe-Cr, - ,

 Zr(Fe, V)2, Zr(Fe, Cr)2;  Zr-Fe-Mo -  (Zr, Mo)2 Fe  (Zr, Mo)Fe2;  Zr-Fe-Nb -  (Zr, Nb)2Fe 

(Zr, Nb)Fe2;  Zr-Fe-  -  (Zr, )2Fe  (Zr,Ta)Fe2.

-

.

 Zr  Mo, Nb  Mo  (-0,344), 

,

 Zr-Mo  (Zr1- )2Fe.

,

 Zr(FexCr1- )2 ( . 5) 

 Cr  V  Zr(FexV1- )2 ( . 4) ,

, , V  Cr. ,

, Fe, Ni, 

 V, n, u

.

.

,

, , .

.

:

, ,

.

.

, ,

.

, , - ,

,

 [10,13-16]. 

, ,

[12,18].  

,

.
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SIMULATION OF NUCLEAR TRANSMUTATION EFFECTS AND THEIR INFLUENCE  

ON THE INTERMETALLIDE COMPOSITION IN ZIRCONIUM ALLOYS 

V.G. Kirichenko, A.I. Kirdin 

Kharkov National University, High Technology Institute, 

31 Kurchatov St., Kharkov, 61108, Ukraine. E-mail: kirichenko@pht.univer.kharkov.ua 

The results of physical metallurgy simulation of nuclear transmutation effects in zirconium alloys are stated. The source materials 

were the zirconium-based alloys produced by electron-beam melting with additions of iron, niobium and chromium, molybdenum, 

vanadium, copper and tantalum. The research of model alloys structure and phase composition was carried out with the use of 

nuclear gamma-resonance spectroscopy. It was found that the microstructure of ternary alloys, in which the transmutation effects

were simulated, differs from microstructure of source materials and it is determined by crystallization modes of zirconium binary and 

ternary alloys and phase formation peculiarities. It was shown that possible modes of phase formation in the modified alloys and the 

microstructure evolution of such alloys lead (in comparison with source alloys) to irregular and heterogeneous formation of phase

precipitates with different composition and structure. In Zr-Fe alloys the main part of iron atoms is bounded in Zr3Fe and Zr2Fe 

phases. In Zr-Fe-V and Zr-Fe-Cr alloys it is bounded accordingly in Zr(Fe,V)2 and Zr(Fe,Cr)2 mixed phases. In Zr-Fe-Mo alloys it is 

bounded in (Zr,Mo)2Fe and (Zr,Mo)Fe2 phases. In Zr-Fe-Nb alloys it is bounded in (Zr,Nb)2Fe and (Zr,Nb)Fe2 phases. In Zr-Fe-

alloys it is bounded in ((Zr, )2Fe and (Zr,Ta)Fe2 phases. The crystalline structure and type of the starting intermetallides and those 

formed after transmutation are different. The ensembles of both kinds of intermetallic particles are characterized by different type of 

bounding with the zirconium matrix. 

KEY WORDS: zirconium alloys, nuclear transmutation, physical metallurgy simulation, evolution of microstructure, phase 

transformation, intermetallides. 
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