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. , ,

,

-
57Fe 119Sn -

,  ( ),
, , ,

,
; , -

. ,
 ( ), -

,  3d- : V, Cr, Fe  Cu; 4d- : Nb  Mo; -
 5d-  Ta. 

.  1.  

. 1. 

/  ( . %) /  ( . %) 
1 Zr-1% Sn 10 Zr-0,31% Fe-0,3% Mo 
2 Zr-1% Sn-0,31% Fe 11 Zr-0,31% Fe-0,5% Mo 
3 Zr-0,63% Fe 12 Zr-0,31% Fe-1% Ta 
4 Zr-0,31% Fe 13 Zr-0,31% Fe-0,3% Cu 
5 Zr-0,31% Fe-0,3%V 14 Zr-0,31% Fe-0,3%V-0,3% Cu 
6 Zr-0,31% Fe-0,3% Cr 15 Zr-0,31% Fe-1% Mb-1% Cu 
7 Zr-0,31% Fe-0,5% Nb 16 Zr-0,5% Fe-1% Mb-0,5% Sn 
8 Zr-0,31% Fe-1% Nb 17 Zr-0,5% Nb 
9 Zr-0,31% Fe-2,5% Nb 18 Zr-0,5% Sn-0,5% Nb 

57Fe 119Sn  85%. 
-1,  - 3,  Cr - 99,85%, Nb - 99,85, Mo - 99,7%, Ta - 99,7%. 

.
 (  10  30 

).  1,3·10-4  50 
973  ( ).  

. -
- -4 . -

=80 =4,2 -118. -
57  Cr . -

.
 0,3 . -

-
. 57Fe -

- -
. -

 3000 Å. 
-

 1000-3000 Å. 
 [7].  

57Fe -
 ( -

) . :

 = (y/1-y)  (x/ 1-x), (1) 

x - 57Fe; y - 57Fe.

-3,0 -50  Cu k  Cr k . -
amebax MBX 268. -

-200 -
 15 Å  125 . -

 JEOL JSM-840. 
:

; ;
, , . -
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 Fe4+  = 300 .

. -
 SRIM-2003. 

-
: Nd3+ (  4-5 ,  30-50 ). 

Fe57 : Nd3+

 30 .
,  970  0,5 . -

 570  620 
168 . -

: DISTRIBUTION P(QS)  P(IS) - DISTR1 ; Harvard 
Chart XL 2,0; Mathematica 4.2. 

.

 Zr-Fe.  Fe -  (0,015 ± 0,001)%. -
, -

 (  10 – 100 ). -
 - .

 Zr-Fe -
-  [8] ( . 1, 2).  

.1. - .2.  Zr-Fe 

 Zr-Fe  5 : Zr4Fe, Zr3Fe, Zr2Fe, ZrFe2  ZrFe3.
-Zr  713-943 .  Fe -Zr

 (0,015±0,001)%  (943±10)  (0,004±0,001)%  (713±10)  [9]. -
 Zr4Fe  ZrFe3 .

 Zr80F 20 -
-Zr4F =5,045 Å =3,121 Å. 

 20% -Zr4Fe
=3,283 , =3,553 , =6,687 .  Zr3Fe [10] 

 (1100-1200° )  Re3B
=3,326 , =10,988 , =8,807 .  6 -

 ( . 3).  
 Zr2F  Cu l2 ( , 16) -

=6,39 , =5,60 , /c = 0,88 ( . 4).  Fe  8  Zr 
(  2,75 )  2  F  (  2,80 ) .  Zr -
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 11  Zr  4  Fe.  Fe-Zr (2,75 ) ,
 (2,87 ), , , -

. B Zr2Fe 2  8 -
;  Zr3Fe .

 Zr2Fe  Zr3Fe ,
.  Zr2Fe =0, eQVzz/2=-0,72 / ,  Zr3Fe =0,6

eQVZZ/2=0,80 / .  Zr2Fe  Ti2Ni -
,  96 , a=12,177  [11, 12]. 

.3.  Fe  Zr3Fe .4.  Fe  Zr2F .5.  Fe  ZrFe2

 ZrFe2  300  (TC=630 K)  C15, a=7,073 Å. -
 6  Zr (  2,93 Å)  6  Fe 

(  2,49 Å)  ( . 5).  Zr  4 -
 Zr (3,06 Å)  12  Fe (2,99 Å).  ZrFe2  “ -
”  Zr33Fe67  Zr27Fe73  Zr34Fe66.

, .
. -

,
.

,  [12-16]. 57Fe
4,2, 80  290 , -

 Zr-Fe-M (M=Sn, V, Cr, Mo, Nb, ), Zr–Fe, . -
 Zr-Fe  ( . 6,7). 

Zr-Fe  Zr2Fe  Zr3Fe,  Zr-Fe-V  Zr-Fe-Cr 
 Zr(Fe,V)2, Zr(Fe,Cr)2,  Zr-Fe-Mo  (Zr,Mo)2Fe  (Zr,Mo)Fe2,  Zr-Fe-Nb -  (Zr,Nb)2Fe 

(Zr,Nb)Fe2,  Zr-Fe-  –  (Zr,Ta)Fe2. -
.
-

, , = + , - .

.
-

57Fe  ( )
-  ( . 8). ,

, . -
, . 8, . -

, =-0,8 +0,3; =-2,2 ;
=-2,87 –0,2. 

Zr-Fe .
 Fe . -

-
.

 ( )  Zr-Fe -
-

. -
 3D– – – (  -  - 
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),  Harvard 2.0 ( . 9). -

, -

=300 , -

. -Fe.  Zr2Fe  Zr3Fe

.

.6. :

 – Zr-Fe;  – Zr-Fe-V;  – Zr-Fe-Mo. 

. 7.  Zr-0,31%Fe-0,5%Nb  

 - ,  -  970  15 .

 (« »  « »),

 Zr-Fe. -

, , .  Zr-Fe -

 « »  ( . 9) , ,

, .

 0  10 .%

 ( =0,05 / , =0), –Zr4F

–Zr4Fe , -

.  Zr  33 .%  Fe , -

.  Zr  60 .%

 Fe. .
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0,8
0,9

1

C, . %

/

/

. 8.  

: 1 – ,

2 – , 3 – .

. 9. 

«  -  - »

 Zr1- Fe .



 spline- -

 Zr-Fe, : Zr4Fe, Zr3Fe, Zr2Fe, ZrFe2.

 Zr-Fe . -

, -

, , . -

-

.

.

,

, , -

.  - -

 (n, ).

,

. ,

, -

-

, .

, -

 Zr,  (Nb, Sn, 

Ni, Fe, Cr),  ( , Si, S, H) , -

. -

-

, , , . -

-

, , , Fe  Ni. -

-

, , , , , . -

.

-

 [17]. ,

,

.

, , -

 ( , , , . .) -

. -

, . -

,

-

, , .

-

. -

, .

: –  (

V/V  Zr  -0,34), Y (+0,448), Sr (+0,426);  (150-

160 . .m.  6 -1000);  (+0,22) –  (-0,34), Y(+0,448), Zr (0); 

 (4-9 . .m.);  (-0,512) –  Mn (-0,464), Co (-0,512); 

 (-0,488) –  V (-0,413), Mn (-0,464)  Fe (-0,512);  (-0,533)  –  o (-0,512),  Fe (-0,512),  Cu 

(-0,488);  (-0,413) -  Cr (-0,488); ,

.

 ( . 2). 

 Zr-Fe- , . 2, , -

 Zr-M . -

 V, , .

 ZrM2,  M -Zr .

 ZrM2  V, , . -

, , . , -

 Nb , .  Nb -Zr ,

 Zr  Nb - . -
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. - , -

 Zr-Fe  Zr-M. - , , -

 Zr, Fe  M. , ,  Fe-M. 

. 2. 

 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 

. 10 .  Zr-Fe 

,

 ( .10- ). , -

.

 80  4,2 .

,  Zr3Fe.

 Zr-Fe :

 ( . 11- ). 57Fe

 ZrV2  ZrCr2.

.  Zr-V  Zr-

Zr-Fe .  ZrV2  ZrCr2 15 (MgCu2),

, , 16, -

 Zr2Fe.  Zr4Fe  Zr3Fe  ZrV2

ZrCr2.  ZrV2  1230° ,  Zr4Fe  Zr3Fe  Zr-Fe -

 880  1100° ,  [16]. ,

 ZrV2  ZrCr2 .

. 10. :

 - Zr-1,03%Fe;  - Zr-0,51%Fe-0,5%Cr;  

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

. 11.  Zr-Fe-V. 

 – 300 ,  – 80 ,  - 4,2 .

 80  4,2  Zr-Fe-V ( . 11- , ). -

. ,  ZrV2 -

 121 . ,  Zr(FexV1- )2 ,

Fe57 , -

 x.  Zr-Fe-  ( . 10- )

 80  4,2 , , -

 Zr(Fex r1- )2.
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 Fe, V, Cr ,  Zr(Fe V1- )2  Zr(FexCr1- )2

 Fe  V  ZrV2 ZrCr2.  V 

. , ,

 Zr .

 V . , ,

.  ( . 10- ),

 Zr-Fe ( . 10-a), . ,

 Zr-Fe- - , , - -

(Zr1- )2Fe  (Zr1- )2Fe.  V 

 Zr-Fe .

,

. -

,  (n, ) -

.  100-500 .  1. -

=3 /(4r),  - 

, r - . ,

. ,

,

, .

, , ,  Zr-Nb, -

, -

 Zr  Nb. -

.

, , , -

. -

-

.  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

 (Cr V)  Zr(FexV1- )2 ,

, , V Cr. , -

. , -

, Fe, Ni, 

 V, n, u, ,

, , , -

.

.

, -

, ,  3d- :

V, Cr  Fe,  4d- : Nb  Mo  5d-  Ta. , -

, -

, -Zr , -

 [18-21]. 
57Fe  ( . 7).  [12] 

.

( . 7) . -

 (Zr1- )2Fe (1),  -  (Zr 1-

)Fe2 (2)  = Nb,Ta,Mo,Cu.  Zr-Fe-V  Zr(V1- Fe )2.

 ( =573-1073  - 
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0,4-30 .),  1 2,  1 -

 ( . 7).  1 2 -

 (  Nb, Ta, Mo, Cu, Cr) 

673 ,  1 

2, . .  ( . 12). -

-  Zr-0,5%Nb-0,31%Fe  573–973 K -

 (  1 2) .

-  1 2.

.12.

 Zr-0,31 .%Fe-

(1 - =0,5 .% ; 2 - =1 .%

. 13.

2

1

3,1
ln1

I
I

n

 t=15 .

. 14. 

lnln(1/(1-y)) lnt.

- =770 K,

- =970 K. 

, ,

- .

. , -

,  (Zr1-XNbX)2Fe, , -

, -  (Zr1-XNbX)Fe2. , -

,

>670 , , , -

. , , -

.  1  2 

, ,  (5  15 ),

n . -

, - - .

- :

nAt)(
1

, (2) 

 — ,  1; A - ,

 T; t - . n  0,3 =770  0,44 =970 ,

n =1/3, .

A~ (– / )

( . 13) =(1,5±0,2) . -

 Fe -Zr (2,06 ), .

- -

,

, .

, , -

- :

y=1- (- t)n, (3) 

 y - ,  1 2; - ; t - ; n -

.  lnln(1/(1-y))  lnt n  ln .

K~ (–Q/kT),  Q – ; k – ;  – ,
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 ln =770 K =970 K  Q.

. 14  Zr-0,5%Nb-0,31%Fe(dtc/%). ,

 1 2 .  (a) -

: 0,2-3 . =770 K  0,2-1 . =970 K,  (b) - -

.  Nb  1  2,5%(dtc/%)  2 

 Zr-0,5%Nb-0,31%Fe (x =70%  80%  1%  2,5%, 

0,5%Nb =43%),  1 2.  Nb 1%  2,5% 

.  Nb  Qb.

 1 2 ,  Qa=0,5 ,

, .  Qb =1,3

 1 2  Zr-0,5%Nb-

0,31%Fe, -  (1,5±0,2)  [4]. 

 Qb  Fe -Zr (2,06  [6]), 

 Zr-Fe.  Fe -Zr 

Fe  Zr  Fe . , -

, . -

- , -

 Zr-0,31%Fe-0,5%Nb ( . 15). -

, ,

 1 2, .

.

 [8, 22-25] 

 [26-27]. -

 [28].
57Fe  (  0,3 ) Zr-57Fe -

. -

 570-1070 -

.

 770–970  Zr3Fe

.  720 . -

,  650-700 , -

, ,

 0,3  ( . 16). 

 ( . 17) 57Fe,

, ,

, - , -

.

. 15. -

 c -

 Zr-0,31%Fe–0,5%Nb 

 t: 

1 - t=15 , 2 - t=5 .

. 16. ( .%Fe) –  - t 

Zr-0,31 .%Fe, 

 0,3 

.

. 17. - -

.  - -

Zr-Fe  (1) 

 62% (2), 78% (3), 88% (4).  

 - -

 Zr-Fe (1)  Zr-Fe-  (2). 



 Zr, Fe, O, C -

 Zr-Fe , -

 Fe 

 ( . 18, 19), . -

.

, , ,

 [14]. -

. , -

, -

-

. -

.

,

. ,

, , - , -

. -

,

.

,  d- ,

.

. 18.  Zr 

 Zr-1,03 .%Fe .

. 19.  Fe 

 Zr- Zr-1,03 .%Fe 

,  Zr-Fe-V. 

 Zr-Fe.  2, 

>10 [22]. 

 d- . -

  d- -

 Zr-0,31%Fe- .  Zr-M 

 Zr-M. -

 Zr-Fe  Fe -

. -

, -

,

, ,  [29]. ,

, . -

,

- -

.

. , -

, -

 [29]. -

, ,

. -

, , , .
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[29] -

. .

, -Fe,

Fe57  Zr- 0,31 .%Fe- -

. 20.  –  Zr . -

, s-

 Fe57 . ,

.

d-  Fe . , ,

 Zr, V, Cr, Nb, Ta, Mo, Cu, Fe, Ni. 

. 21  -  Fe 

 Zr-0,31 .%Fe, Zr-0,63 .%Fe  Zr-0,31 .%Fe- 57Fe

-

 Zr, V, Cr, Nb, Ta, Mo, Cu, Fe. ,

.

. 20. 

.

. 21. 

 Fe 

.  Zr-

0,51 %Fe  Zr-1,03% %Fe

0,1 . . 22, 23 ,

,  Zr-1,03 %Fe. -

, ,

 v=10-9 / . :

FM , (4) 

F-  ( ). -

 10-15-10-16 4/( ) -

.

,  (0,5-0,7 ).

, -

 [30]. 

 V . 23 

 5·10-10  5·10-9 /  [21, 24]. -

. -

 573  773 -

. -

 1  10 . , -

,  50 .

.



.22. C-T-t  
57Fe  

 Zr-1,03 %Fe.

. 23. 
Zr-1,03 %Fe

 Zr-
57

Fe. -
, - , -

. ,
1000Å. . -

, -
-

-  [19,31-34].

                                                         
. 25.  Zr-0,63%Fe 

 1070 
 5  (  800).  -  Fe -

,  -  Zr 
.

.24.  Zr-0,63%Fe:  
 - ;  - ;  - 

 370 ;  - -
 970 .

.26.
 Zr3Fe

.

 Zr3Fe. -
 ( . 24- ). . 25 

 Zr-0,63%Fe 
, ,

Fe , .% 

9

       6

      3

                 12 

    t,       6                                                       900
                                                             700             

0   500       

                                                                      ,
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 Zr3Fe.  
-  Fe  2  6,5% -

 0,3-0,6% 
. -

.  – ,
-

.  (  90-98%,  770-
1070  1-20 .) -  2,5-
6,5%. . -

.  Fe4+.
 Fe4+ =300  2·1017 -2  Zr-0,31%Fe, Zr-0,63%Fe -

. . 24 -
 Zr-0,63%Fe ,

. -
 Zr3Fe  Fe  Zr76Fe24. -

 – 
 720-820  m-Zr3Fe  Fe  Zr3Fe -

 Re3B.  Zr3Fe 
 Zr-0,63%Fe . 26.  Zr3Fe

-
 lnx (  x-  Zr3Fe) . -

 n=1,  [27], 

Zr3Fe  770-970 ,  (1,2±0,2) . -
 c ,

. -
, . ,

 (  3000 Å), 
, -

.
-

. -
-

.

 [35]. 
57Fe . -

-
. , . -

- ,
. -

 Zr-0,63%Fe . 27.  
-

, . , -
 3000Å, 

,  500  (
),

,  – -

. -
, .

, -

, -
 ( . 28- )  ( . 28- ). -

.

,
- - . -
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,
.

-
.

. 27. 
,

. 28. 
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NUCLEAR-PHYSICAL METALLOGRAPHY OF ZIRCONIUM ALLOYS 
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he principles of nuclear-physical metallurgy of zirconium alloys by using nuclear gamma resonance (M ssbauer effect) were con-

sidered. The results of nuclear-physical investigations of hyperfine interactions and phase transformations in zirconium alloys under 

complex thermomechanical treatment, irradiation and corrosion were described. The results of physical metallurgy simulation of 

nuclear transmutation effects in zirconium alloys were stated. The microstructure of simulated transmutation effects ternary alloys 

differs from microstructure of source alloys and it is determine by crystallization modes of binary and ternary zirconium alloys. The 

ensembles of intermetallic particles formed after thermal and mechanical treatment with final isochronous ageing in temperature

range from 570  to 1070  are characterized by different connection type with zirconium matrix and increased intermetallic phases 

concentration in surface layers with depth up to 0,3 m. The obtained concentration–isomer shift–quadrupole splitting 3D-diagram 

and isomer shift dependences on quadrupole splitting enabled experimental data correct handling and surely identify the phases in

crystalline and amorphous zirconium alloys. High mobility of phase intermetallic particles in zirconium matrix are revealed. Zirco-

nium alloys corrosion in high parameters water leads to formation of heterogeneous phase oxide films contained iron in oxide amor-

phous phases and in intermetallic phases. Admixture electron structure in zirconium effect on structure and phase transformations

appears as transference of charge and electron density during intermetallic phases forming and as correlation of segregation factor, 

corrosion stability and admixture implantation energy dependences on Miedema’s electronegativity. 

KEY WORDS: nuclear-physical methods, hyperfine interactions, M ssbauer effect, zirconium, alloying, surface, electron structure, 

irradiation, corrosion. 
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