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 1  

 ( ) 
 

1.1  Zr 

 

, ,  

, ,  

, ,  

, .  

,  

 [2, 3, 4].  

 

 1953  [5].   

, ,  

,  

 

 [6]. ,  

.  

,  Nb, Sn, 

Fe, Cr  Ni,  

.  

,  

,  0,5%),  

.  

, ,  

,  

 [7]. 

 

,  
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,  

. : Sn  Nb [2].  

, :  

• Zr-Sn ( ), ; 

• Zr-Nb ( ). 

 

 Zr-Sn 

,  

.  

 Zr-Sn  

 300  

 " ".  1.1  

. 

 

 1.1 -   

 
, .% 

Sn Fe Cr Ni 
Zry-1 2,5 - - - 
Zry-2 1,5 0,12 0,1 0,05 
Zry-3 0,25 0,25 - - 
Zry-4 1,5 0,22 0,1 - 

 

 Sn  

 Fe, Cr  Ni,  

[8]. Zry-2  Zry-4  Westinghouse ( )  

 1950-  [7]  

.  Zry-2  BWR,  

 288 ,  Zry-4 -  PWR (  

 330 ) [7, 9, 10].  
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 Zr-Nb 

,  

.  Zr-Nb  

 300 C,  Zr-2,5%Nb.  

,  

CANDU ( ). 

, 

.  

, ,  

 

.  

.  (  

) ,  - ,  

.  

.  

 Zr-Nb  

 300-350 ° .  1950 . . 

, . . . .  (  " ")  

 Zr-1%Nb  Zr-2,5%Nb.  

. .  Zr-1%Nb ( 110)  

,  Zr-2,5%Nb ( 125)  

 

,  

 [7].  

, 110, 

 

5. 

 (Zr-Nb),  

.   1971  

635 (Zr-1,2Sn-1Nb-0,4Fe). . 
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. , . . . . .  

, , 110,  

110. , 

 

 ( ) [11].  

635  

 ( , )  

. 

 

 ( , ),  

 70 U, 

 

. , , 110 

 ( 110  

 50 U),  1990-  

110.  

110 635,  

, , 110 ,  

 PWR [12].  

 1.2. , 

 Nb  Fe.  

-Zr  

. ,  

Nb  Fe , . .  

R,  R=Fe/(Fe+Nb-0.3),  Fe  Nb  

.  Nb  0,3, . 

 (0,3  

 Nb  Zr ).  

 [13]. 
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 1.2 – , 

 

 
, .% 

R 
Nb Sn Fe 

110 0,9 – 1,1 – <0,05 < 0,08 

110  0,9 – 1,1 – 0,12 0,15 

125 2,4 – 2,7 – <0,05 <0,02 

635 0,9 – 1,1 1,1 – 1,3 0,3 – 0,4 0,27 – 0,4 

635  0,8 0,8 0,3 0,38 

 

 Zry-2  Zry-4  

,  

. ,  

 ZIRLO  NSF  

635.  ZIRLO  

 

 [9].  

 

,  

.  

, ZIRLO, NSF 635, , , ,  

 

.  Zr-Sn-Fe-(Cr,Ni,O),  Zr-Nb-Sn-

(Fe,O). 

, ,  

: Zr-Sn, Zr-Nb  Zr-Sn-Nb.  

 Fe, Cr, Ni, Cu . , 

: 

Zry-2, Zry-4, M5, ZIRLO, 110, 125 635 [14].  



16 
 

 

 

 300 ,  

, ,  

, .  

, ,  

, , ,  

.  

 

, -

 

.  

,  

.  

 

,  

.  

,  

, . , , 

 

 

 [15]. ,  

 [16].  

 

.  

 

 ( ).  

 

,  

,  



17 
 

,  

 - .  

 

. ,  

-Zr , 

-Zr  

-Zr -Zr  ( )  

 [8]. ,  

 Zry-2  Zry-4 : Sn, Cr, Fe, Ni (  

Zry-4 ).  

,  

: Zr2(Fe,Ni)  Zr(Cr,Fe)2.  

.  Zry-2  

 Zr(Cr,Fe)2  Zr2(Fe,Ni),  Zry-4  

 Zr(Cr,Fe)2 [17]. 

110 (Zr-1%Nb) ,  

, : 

'-  - .  

, -Zr -

Nb. 

-Zr - ,  

.  Nb  60 (  970 )  20 .% (  

610 ). -Zr -Nb. 

 - .  

-Zr .  

-Zr -Nb. 

-Nb -  Nb 

 85-90 .%. ,  

, . 



18 
 

, : ', -Zr .  

 

, .  

.  

110  

 580  3  

 5-6  

-Nb.  

,  Nb  Fe,  3 : 

 Zr(Nb,Fe)2 -  - 635; 

 (Zr,Nb)2Fe ( ) -  

 Fe (  0,4 .%); 

 -Nb –  Zr-Nb. 

 R,  

. , ,  

110  (R=0,15) -Nb, 635 

(R=0,27 – 0,4) – .  

635 ( , , ), 

 

 1 .  

 

 Fe [18]. 

,  Nb 110 635  

-

. 

 (270-370 ) 

 

, ,  [19]. 

, 110  

635,  



19 
 

,  

.  

.  

 

 

. 

 

1.2  Zr(Cr,Fe)2  

 

 

 Zr(Cr,Fe)2  Zr,  

Cr  Fe (  Zry-2  Zry-4).  

 ZrCr2 ( 14  MgZn2)  

 Cr  Fe.  30% (Zry-

2)  70% (Zry-4)  Cr  (  Fe)  

 [20].  

,  

2,   -   Zr,   B  -   Cr   Fe.  

 Zr(Crx, 

Fe1-x)2,  0< <1. , =0,42  Zr(Cr0,42, Fe0,58)2,  

   66,6·0,42=28%,  66,6·0,58=39%, Zr - 

, . 33%.  

 XFe=Fe/[Fe+Cr]. ,  XFe=0,53  

Fe=0,53·66,6=35%,  Cr=(1-0,53)·66,6=0,47·66,6=31%. 

,  

.  

,  

 ( . Fritz Laves).  

 

, .  
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,  

 [21]. 

, ,  

, 2,  

: 

 14:  MgZn2  ( -) 

 15:  MgCu2  ( -) 

 36:  MgNi2  ( -) 

 2/3  

15 [22].  

 

,  

  

 ,  

 ( , MgCu2  CaMg2) [23].  - ,  - 

 [24].  12,  – 16 [25]. 

, ,  

,  

.  

,  R /R = 3/2 1,225. 

 1,05  1,68 

[23].  

, ,  

,  

,  

 [22]. 

 

. , 

, .  

, ,  [25]. 



21 
 

,  Zr(Cr,Fe)2,  

 Fe/Cr.  

, 

:  

1. ,  

. 

 

. 

2.  EDX .  

. 

 Fe/Cr ,  

[26].  Fe ,  

 (  1.3).  (  

Fe)  Fe/Cr  0,5  2,5.  

 1.3  

 Fe/Cr  Zry-2  Zry-4. 

 1.3 -  Zr(Cr,Fe)2 

 Fe , 
.% 

Fe,% 
 

, .% Fe/Cr Zr Cr Fe 
Zry-2 0,12 - 0,17 33 - 53 33 36 31 0,7 

Zry-4 0,18 - 0,23 58 - 70 33 25 42 1,9 

,  Zry-4  

Zr(Cr,Fe)2  50  300  [27],  120  150  [28]. 

 ( ) (  1.1). 

 Zr(Cr,Fe)2,  ZrCr2, : 14 ( ) 

15 ( ). 15 , 14 - 

. 15 14 

 [29]  

,  

 [30].  



22 
 

=0,71  [31],  -  

=0,505 =0,8243  [16].  

 Fe/Cr [16].  

 
 

 
 

 1.1 –  Zr(Cr,Fe)2  Zry-2 [10] ( )  

Zry-4 [32] ( ) 

 

 80 , 

 (LWR),  270  370  (543-643 ), 

,  

 Zr(Fe,Cr)2. 

 

.  

,  

 (  1.2).  Zr(Fe,Cr)2  

, ,  

: Griffiths M. . (1987 .) [33], Meng. X. (1989 .) [34], Pecheur D. 

(1993 .) [35], Taylor . (1999 .) [36]  Bajaj . (2002 .) [26].  

, : 

. 



23 
 

 

. ,  

 ( , .  

),  (  

). 

 

 80 °  

,  

 80  

, . . 

 

.  

 

 ~2  [20].  

 (5 ) ,  

.  

 [33].  

 

 

 ( )  Fe  Cr . ,  

.  Fe  Cr  

.  

 502  602 °  1 .  

,  

 

.  

 [33]. 
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 1.2 –  ( )  (b)  

 Zr(Fe,Cr)2  Zry-2  

,  6·1025 -2 (E>1 )  77 

. ,  

.  

 [33] 

 

 270 – 370  

 270 - 370  

 Zr(Cr,Fe)2,  

, .  

 270  370  

.  

. 

 

.  

Zr(Cr,Fe)2. , .  Cr  Fe 

, ,  

 [33].  

 Fe  Cr.  
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 Fe  Cr ,  

.  

 Fe  100  

[36].  Fe  Cr,  

 Zr(Cr,Fe)2  

 [37].  

 Fe  Cr ,  

.  

 

 Fe .  

 Fe,  

 

 [39].  

,  

,  

. ,  

 

 [20, 33]. 

, ,  

, . ,  

 Fe  

.  280-

300  

 1·1026 -2 (E>1 ),  

 50 U.  PWR, , 

 [40].  

 

 

.  

 Fe  (  1.3).  1.4  



26 
 

,  

 

) . ,  

,  

 Fe .  Zry-4  

 40 .% Fe,  

10 .% [41],  Fe/Cr  2 ,  0.5 [42].  

 Fe  

. 

 
 1.3 –  Fe  Cr  

 Zr(Cr,Fe)2  Zry-2 . 

 Fe , , ,  

 [41] 



27 
 

 
 1.4 – Zry-4  297  8·1025 -2 (E>1 ). ( ) – 

 Zr(Fe,Cr)2  
, ( ) –  [20] 

 

 Fe  Cr  

.  

,  



28 
 

 (  1.4  1.5) . 

,  Cr  

 ~1,5·1026 -2 (E>1 ).  Cr  

, . ,  [42] 

 Zry-4  13  

 310  200 .  

, ,  (  1.5).  

 
 1.5 –  Zr(Fe,Cr)2  BWR.  

 
 [19] 

 

,  

 Fe,  

.  Fe,  

 [33].  

,  

 Fe . 

 370 - 440 °  

 

, 

. ,  

 



29 
 

 Zr(Cr,Fe)2  (  1.6). ,  

, ,  

.  

 Zr(Cr,Fe)2  

 

 [26, 33].  

 

 1.6 –  Zr(Fe,Cr)2  4,9·1025 -2 
(E>1 )  397  ( ) [39] 

 

1.3.  Zr2(Fe,Ni)  

 

 

 Zr2(Fe,Ni)  Zr,  

Fe  Ni  Zry-2.  

 Zr2Ni (  Al2Cu [37, 35])  

 Ni  Fe.  Zry-2  Fe  

 14  20 .%  17 .% [43, 20, 44], . Fe 

 Ni.  

 Zr2(Ni0,5Fe0,5) (66:17:17).  Fe/Ni 

 1.  

 Fe  Ni [37].  

 ( ) =0,65 =0,53 - 0,55  [45, 46, 

37].  0,2  0,3  [37]. 



30 
 

 

 (  80 oC)  

,  Zr(Fe,Cr)2, .  

(~1,5 ) .  

 5 

.  

[33]. 

 (247 - 327 )  

,  

.  Fe  Ni  

,  

.  Fe/Ni  (  1  0,8), 

, , . 

 Fe (VFe), Cr (VCr)  Ni (VNi) , 

 VFe>VNi>>VCr (  

,  [47]).  

 Zr2(Fe,Ni) , 

 Zr(Fe,Cr)2.  

,  (  1.7).  

 [33, 47]. 

 

 
 1.7 –  Zr2(Fe,Ni)  Zry-2  

 [47] 



31 
 

 (367 - 437 )  Zr2(Fe,Ni) 

,  

.  Fe  Ni .  

 [33]. 

 

1.4 -Nb  

 

 

-Nb ,  

Nb  85-90% [48].  Zr-Nb, 

 Nb  0,5 .% ( 110, 125, 5),  

 ( 635).  

 Nb -Zr,  

 0,3  0,6 .% [49, 50].  Nb  

,  

. 

-Nb  85-90%  Nb,  

, .  

 ( ) -Fe ( 2)  

 Im3m.  

 Zr  10-15 .%  0,3319  

[51, 52].  

110 5  

,  35  60 ,  

 1·1020 -3 [39, 53, 54].  

, ,  Zr-1%Nb  

 0,5 .%, .  Nb,  

[51]. 

 

 



32 
 

 (40 - 80 ° )   

 [55]  

125 . ,  

 1,5  Nb -Nb  

90  70 .%.  3 -

 

-Nb  

.  

. 

 290 - 330 °  

-Nb  

 35 .  

,  (  1.8) 

[39, 51, 56]. 

 

 
 

 
 

 1.8 –  ( )  ( )  
-Nb .  

,  
150  [51] 

 
 290 - 330  

 Nb  85 - 90 .% ( )  50 - 55 .% 

 1.9), , ,   [51].  

30

35

40

45

50

55

60

65

70

0 5 10 15

, 

1025 2
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10
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,  (580 , 3 ). 

,  Zr , 

 [57].  [58]  

-Nb  

,  

 Zr  

. 

 

 
 1.9 –  Nb -Nb,  

 (ATEM),  
 (  T-XRD). 

 30  [51] 
 

 Nb  

.  Nb  

 Zr, ,  

-Zr ( ).  

 -Nb  1.10. 

 

40

50

60

70

80

90

100

0 5 10 15

N
b,

at
.%

Fluence 1025 n/m2 (E>1MeV)

M5 by ATEM

Zr-1%NbO by ATEM
M5 creep test by ATEM
M5 by T-XRD
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 1.10 – -Nb  Nb. 

 Nb  0,33 , -Zr – 
0,35878  [59] 

 
1.5  Zr(Nb,Fe)2  

 

,  Nb  Fe,  

 Zr(Nb,Fe)2.  Nb 

 Fe  150 ppm [60].  Fe -Zr 

 120 ppm.  

635,  

,  Nb  Fe,  

5, ZIRLO [52, 53, 61, 62]. ,  

 2,   -  Zr,   -  Nb  Fe.  Zr, 

Nb  Fe  158 , 143  124  [21]. , 

 1,183, ,  

 R /R = 3/2 1,225,  

 [23].  Nb  

Fe  

) Zr(Nb,Fe)2. 

 Zr(Nb,Fe)2  

=0,533 =0,874  [49, 63], 14,  



35 
 

P63/mmc.  

 150 . , -

 (  1.11 ).  

 

  
  

 1.11 –  Zr(Nb,Fe)2 
)  ED  ( ) 635 [64] 

 

635  Zr(Nb,Fe)2 : 35Zr-33Nb-32Fe 

.%).  

 Fe .  1.12, 

 Fe ,  

Nb .  

. ,  

 Zr(Nb,Fe)2 ,  

 Nb  

 [65].  Cr  Ni,  

 [66, 67]. 



36 
 

 
 1.12 –  Zr(Nb,Fe)2  

635,  Fe. 635  
 Fe  0,4 .% [68] 

 

 

 270 - 370  

 

 Zr(Nb,Fe)2. 

5  ZIRLO  

, . -Nb ,  

 [16]. ,  

, 

-Nb [51]. ,  Zr-0,5Nb-0,24Fe-

0,5Sn  6·1025 -2 (E>1 )  342 °  

-Nb [39].  

 " "  ("granite-like").  

. 

 

 [64].  

Fe.  

 (  1.13).  

,  



37 
 

.  

 [49]. ,  

Fe ,  Zr(Cr,Fe)2  Zry-2  

[10]. 

,  

,  Nb  

 [38]. 
 

 
 1.13 –  Nb  Fe ,  

Zr(Nb,Fe)2  Low Tin ZIRLO  ( ), 
 2,3  (b)  7  (c),  

 18  (d) [38] 
 

1.6  

 

 Zr-Nb-Fe ,  

,  0,4 .%  (Zr,Nb)2Fe. 

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

 Fe/Nb .  1989  

[69, 70],  Zr-Nb-Fe. 

 [Zr-Nb-Fe]  



38 
 

 Zr-Nb-Fe  Zr + (8 - 10) .% 

Nb + (36 - 38) .% Fe,  " ". ,  

"  « ». 

,  1  

[18]. =1,215  [63, 65]. 

 (Zr,Nb)2Fe  Zr2Fe,  

 Zr4Fe2,  

(Zr,Nb)4Fe2 [39, 71]. 

 60 .%Zr,  8  15 .% Nb  32  

35 .% Fe [60]. 

 

1.7  

 

,  Nb,  

 300 ° -

.  

110, 125, 5, Zr-1Nb-O [39, 51].  

. 

,  Zr-1%Nb  

)  2·1025 -2 (E>1 ) [9],  

 3 . , 

 Nb, , -Nb 

 

. , , 

,  

[39]. ,  

 

,  

 [58].  

 



39 
 

 

 (  ~3 ), . .  

~2·1025 -2 (E>1 ).  

. ,  

 

.  

.  

 (  1.14, 1.15 ).  

 3,5 ,  ~7 .  

 3,5 .  

 8·1025 -2 (E>1 )  15·1021 - 3  0,2%  

 1.15) [51]. 

 

 [0002] ;  

 < >- .  

 " " (  

 " " (needle-like)).  < >- ,  

,  " "  

 (platelets),  [0002]  

 (  1.14). 

,  

 – ,  V= L2h/4 (L – ,  h – ).  

 1.15. ,  

,  

 8·1025 -2 (E>1 ).  

 0,2 % 

[51]. 

 



40 
 

 
 

 
 

 
 

 1.14 –  
 Zr-1NbO  

2,8·1025 -2 ( ), 5,7·1025 -2 ( )   8,2·1025 -2 ( ) [39] 

 
 

 
        

 1.15 –  ( ),  ( )  
)  (E>1 ) [51] 

 

 T-XRD ,  

 0,3415 , 

-Nb,  60 .% . ,  

, -Nb . 

0

2

4

6

8

10

0 5 10 15 20 25

, 

, 1025 -2
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,  Nb  

 [51].  

,  Zr-1Nb  

,  0,1 

.% ,  [51]. 

 

.  

. 

.  

 50 .  

 20  30°.  

 

<0110>. ,  

. ,  

 [51].  

,  Fe  

 100  650 ppm  [51]. 

-Nb  

. ,  

 300  

 Nb  Zr [39]. 
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 1 
,  

 

.  

 

" .  

 

 Zry-2  Zry-4,  

 Zr(Cr,Fe)2, Zr2(Fe,Ni)  

.  

, ,  

.  

-Nb  

 290 – 330 ° ,  

, ,  

.  

-Nb  

. 

 (  100 ° )  

-Nb  Zr-2,5Nb  

3  [55],  

.  

 

 Zr(Nb,Fe)2  

 290 – 330 °  Fe  

, ,  

 [72],  

 Zr(Nb,Fe)2,  

 

, .  
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, .  

 

 

 100 ° ) , -

.  

 

 290 – 330 ° 5 (  

110) .  

 

,  

.  [55] 

 

 (  100 ° )  Zr-

2,5Nb.  

110 635  

 100 °  290 – 340 ° . 

 

 

110 635. 

,  

 

, . ,  

,  

110 635  

,  

,  

. 
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 2  
 

 

 

 

-1000,  

-60,  

.  

 

 100 .  

 

,  

.  

110, 635 125  

 ( ), ,  

NSF,  Wha Chang.  

 0,1%, 110  

635 – 0,13%.  2.1. 

, 

-1000, ,  

,  

.  

 2.2.  

-1000  

 

 19-08-00799  «  

 Zr-1%Nb»,  2019-2021 

 ( )  

 « » (  

7(204)  28  2018 ). 
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2.1  

 2.1 – 2.4  

,  

 ( ). 

 350 °  240 

 Ø9,15 7,72  

-60,  

 380 °  468  

-1000 (  2.5)  

 

 2.1 -  

 
 

, % 
Nb Fe Sn 

110 0,9 – 1,1 0,01 ( ) - 
110 . 0,9 – 1,1 0,045 - 

110  0,9 – 1,1 0,12 - 
635 0,9 – 1,2 0,30-0,47 1,10 – 1,42 

635  0,8 0,35 0,8 
635 11 0,7 0,3 1,2 
635 2 1 0,3 0,6 
635 3 1 0,2 0,6 
635 4 0,8 0,24 - 
635 5 1 0,035 0,5 
635 6 1 0,3 0,4 
635 7 1 0,6 1,2 
635 8 1 0,4 1 

 

 

 

 

 

 
1  " "  
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 2.2 –  
-1000 

 

 
 

  
,  

 
,  

 
, 

 
110 2,5-6 2,0 – 12,7 290 - 340 
635 6 2,0 – 17,5 290 – 340 
110 2,5 3,5 - 14 290 - 340 

 635 3 7 - 10 290 - 323 
 635 5-6 2,5 - 16 290 - 323 

 
) 

635 6 17 310 

 

 2.3 – , -60 

  
, 

 
110  Ø9,15 7,72 10, 33 

110   Ø9,15 7,72 18 
110   Ø9,15 7,72 10 - 25 
635  Ø9,15 7,72 0,8  - 15 
635  23 - 33 
635  5,5 

635   Ø9,15 7,72 10 - 25 
635 6  Ø9,15 7,72 10 
NSF  57 
635 5  23 

 

 2.4 –  
 

 

 
 

 ,  
 

,  
110   40 - 70 35 

635  
Ø9,15 7,72 

-2 60 5,3 

 



47 
 

 2.5 –  

  
 

 
 

) 

 
 

,   
110, 125, 

635 
 

Ø9,15 7,72 
-60 

(10 ) 
350  

) 
240  

110 
 

Ø9,15 7,72 
-1000 

(18 ) 
380 
, ) 468  

, ,  

110, 110 , 125, 

635 635 , . 

, , , , 

, .  

 

,  

.  

 ( ) . 

 

-1000  

, ,  2.1. 

 
 2.1 –  ( )  

 ( )  ( ) 
-1000  (Z) [73] 
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2.2  

 

 

, , , 

,  

,  

, . 

, ,  

, ,  

U),  

.  

 

.  

. 

, ,  

 Nb. ,  93Nb  

(n, )  94Nb  2000 . 

 94Nb , ,  

 

.  

-1000 

.  

,  

, .  

 36 . 

 2 : 

 

 

-1000. 
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 ORTEC GEM10P4-70PL  

 ORTEC DSPEC jr 2.0.  110  

 

. 

 702,6  871,1 

,  94Nb.  

 ( ). ,  

 ( ) 

 ( ) . 

 

 SPECTER [74].  

, 

.  

 

 [75].  

 13%. 

 

 

 0,1  0,4 (  2.2).  

, .  

.  

 (  0,1  0,4)  

, ,  

 

.  

, , , 

.  

,  (  

). 
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 2.2 – ,  

,  (  

).  

,  –  

 

-

 

.  

 85,7 (  2.3). 

 

 
 2.3 –  

,  
-1000 

 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0 1000 2000 3000 4000
, 

y = 85,7x
R² = 1,0

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 5 10 15 20 25

 
, 

/

, 
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 2.4  

, ; 

 

 0,26.  

,  

.  

 
 2.4 –  

-1000 
 

, ,  

, , ,  

, , 

. ,  

 

-1000 (  2.2),  

.  

 

2.3  

 

 ( , , )  (  

, ).  

y = 0,26x
R² = 0,98

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80 90

 
, 

, U
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.  

,  

.  

 

3 -

40/28 .  

 0,3 ,  

 3 .  

 

 ~0,1 . ,  

, ,  

 ( ).   ~0,3  

2500.  

 

 Tenupol  Struers.  

 5%  

 1,5 3  35% . 

 20 ,  

 18 .  

,  

. 

 

2.4  

 

,  

,  

 

.  

. 
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. : 45%HNO3 + 

45%H2O + 10%HF.  -  

, , .  

,  

.  

.  

.  

,  10%  

.  

 

 (200 mesh). 

,  

.  

 

 2 

: 

  ( , , ,  

) ,  

 2  19 ,  

 -60  

 315 - 330  0,8  57 ,  

 ,  40 - 70  

 (  

5  35 ).  

  350 º  

 240 ,  380 º  

 468 . 

 

.  



54 
 

 

, : 

 ; 

 ; 

 ; 

 ; 

 . 

,  

-1000 

.  

. 
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 3  
 

 

, ,  

. 

 

3.1  

 

 JEM-2000 FXII (  JEOL)  

 120  TECNAI G2 20 STWIN (  FEI)  

 200 .  3.1  

. 

 

3.1 -  

 
 

JEM TECNAI 
,  0,5 0,25 
,  0,2 0,144 

 ±45  ±40  
 50 – 800 000 19 – 910 000 

 80 – 120  20 – 200  
 

 

,  

.  JEM-2000 FXII  

 EDAX GENESIS XM 2 60,  TECNAI 

G20 STWIN - Inca Energy TEM  X-MaxTEM 80mm2. 

 

 EDAX GENESIS XM 2 60: 

  Si(Li),  10 2 

  132  Mn K  1 000 ; 
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 :  Be  Pu; 

  1 000  200 000 ; 

  ( ); 

 :  (SUTW); 

  30 . 

 INCA Energy TEM: 

  Si(Li),  80 2 

  127  Mn Ka  20 000 

; 

 :  Be  Pu; 

  1 000  200 000 ; 

  ( ); 

 :  (SATW); 

  15 ; 

  ( ) ~4 . 

 JEM-2000 FXII  

 Mega View III  

Analysis v. 3.2,  TECNAI G2 20 STWIN  

 Orius SC200D 2  Digital Micrograph v1.9. 

 

, , ). 

 

3.2  

 

, . -

.  

, , .  

,  
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, . ,  

. 

 

.  

,  (  

)  300 . 

  

: 

=  ,                                     (3.1) 

 N – , di –  i .  

 

 15 , . 

.  

 300 000  400 000. 

-

 

.  

, 

 ( , ,  

.).  

[75],  5%, 

 (  

, , ). 

 [76]  

, ,  5%. 

,  

.  

, 

.  
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.  

 5%. 

,  

 

 10%. 

 

 

.  

.  

 20 .  

. 

 

3.3   

 - .  

,  t,  

: 

=
( )

,        (3.2) 

 N - ; 

S - ; 

t - ; 

d - . 

 + ,  

, ,  

, . . ,  

 +  [77].  

 

 30%,  

. 
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3.4  

 – , -

 (V1)  (V).  

 

.  100%,  

.  

 (Q, , , V  .)   

. 

1.  (3.3),  

. 

=       (3.3) 

, = ,   (3.4), 

  –  i- . 

2. ,  ( )  ( )  

. ,  

: 

 – =      (3.5) 

 – =      (3.6) 

 – =      (3.7),  

 h – . 

 

3.5  

: 

 ; 

  CBED ; 

 . 



60 
 

 

,  

.  

g  

.  g,  

 [76]  

 g.  

,  g.   g, 

 

 (15  50)  [76]. 

 

.  

,  

. .  

 

, ,  

: 

= 2 +  ,    (3.8) 

 d - ,  g;  

 -  (  120 =0,003348 , 

 200  – =0,00251 ); 

R R R  -  

,  ( .  3.1); 

R - . 
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 3.1 –  

CBED  

 

 R R R   R . 

,  

, , : 

=  ,                       (3.9) 

 R -  

.  

. 

 

, . 

 10%. 

 

. 

, , 

,  

,  

. , ,  

. 
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3.6  

 

 

.  

 (  SAD),  

 (  –  [78]).  

 

 ( ) . 

 

. 

 

 30 ,  

,  

.  

,  

. 

 

: 

= / ,           (3.10) 

 d –  ( )  

 

; 

R – ; 

L – .  

 L  

,  

 

. 

 L  

 ( -Zr).  
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 ( )  R  d,  

(3.10) -  L.  

. 

 

3.7   

 

.  

,  

,  

.  

, ,  

 GENESIS XM 2 60 (  EDAX) 

 JEM-2000 FXII,  –  

 INCA Energy TEM  TECNAI G2 20 STWIN.  

, 

.  

, ,  

,  Fe/Nb.  

 

.  

,  

 GENESIS  INCA. 

 

 (  3.2).  

 

,  

.  

 20 . ,  

 

 3000  6000 ./ .,  " "  
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 100  200 .  

,  

. 

 

 
 3.2 – -Nb  

110 
 

 3 

 

: 

• ; 

• ; 

•  

 

; 

•  

); 

• , -

. 

 

 

, ,  

. 

 

0

20

40

60

80

100

0 50 100 150 200

, 
.%

. , 

Zr
Nb
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 4  

 
 

 

. 

4.1 -Nb 

4.1.1  

-Nb 110, 

110 , 110 125.  

 4.1) , 

 [81].  

,  200 . 

 

 35  50 .  

 

 4.1  4.1 .  

 18·1019 -3  35·1019 -3.  

, 110  

 4.1.  

-Nb  90 .% Nb  

 [82].  

50  (  4.2)  Nb  

. ,  Nb  

 Fe. , 110  

125, 110 ,  1 .%Nb  0,12 .%Fe (  

4.2 ).  

 
 -  (  4.3).  

,  
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 0,331 ,  
 [16].  

  
  

  
  

 4.1 – -Nb  ( , )  
 ( ) 110  

 ( , )  
 

 4.1 – , -Nb 

110 

 
 

 
,  

, 
1019 -3 

 
, % 

1 38 23 1,1 
2 34 35 1,2  
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 4.2 – -Nb  

110 ( ) 110  ( ) 

 

 
 

 
 

 4.3 – -Nb  
110 

 

4.1.2  40 - 70  

 40 - 70  

110,  37  [79, 89].  

 

 35 . :  

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200

, 
.%

, 

Zr

Nb

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200

, a
.%

, 

Zr

Nb
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. .,  

 

.  

-Nb  

. 

-Nb  

 (  4.4). ,  

, .  

, , ,  

,  20  40 .% .  

  
  

 4.4 – -Nb  
 ( )  ( )  37  

 40 - 70 °  
 

-Nb  30 ,  

 – 65 , .  

 2 .  

,  (  4.5).  

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200

, a
.%

, 

Zr

Nb

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200

, a
.%

, 

Zr

Nb
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 4.5 – -Nb  ( , ) 
 ( , )  37  

 40-70 °  
 

-Nb ,  

 40-70  

, .  

, , 

=3,307 Å. ,  

, =3,52 Å,  

=3,617 Å -Zr.  

-Nb , ,  

-Zr, . 

 100  
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-Nb -Zr  

. ,  

,  " -Zr",  " -

Nb". 

  
 4.6 – -Nb  

 35  40 – 70 °  
 

4.1.3  290 - 340  

 

-Nb  (  

4.7) .  

 Zr ,  Nb .  

,  Nb  

-Nb  50%, .  Zr/Nb  

 1. ,  

 300  [51].  

,  Nb  

 40 – 50 .% [83].  

,  Nb  

-Nb (  4.8) [81]. 
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 4.7 – -Nb  ( )  ( )  

 340 °  11,4  

 
 

 4.8 –  Zr  Nb ,  
-Nb 110  

-1000  11  
 

, -Nb 

 (  4.9).  

 Nb , . , 

 23  

150  55 .% Nb,  50  – 40 .%. , 

,  
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, ,  

 

.  Nb  Zr  

, . 

 4.10  Nb  

 50  150  

-60 -1000. ,  

 ( )  

-Nb. ,  

 0  20 .  

 Nb , 

.  "  – -Nb"  

, . 

 

  
2,7  11,3  

  
23  33  

 4.9 – -Nb  
 

0

20

40

60

80

100

0 50 100 150 200

, 
.%

, 

Zr
Nb

0

20

40

60

80

100

0 50 100 150 200

, 
.%

, 

Zr
Nb

0

20

40

60

80

100

0 50 100 150 200

, 
.%

, 

Zr
Nb

0
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100
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, 
.%

, 

Zr
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 4.10 –  Nb -Nb  

50  ( , )  150  ( , )  

-1000 ( , ) -60 ( , ) 

 
 Nb  Zr -Nb  

110 -

1000.  

.  

,  

-Nb.  

,  

, .  

 Nb  

-Nb  50 , 100  150  

 4.11. ,  

 2,3  ( )  

-Nb . , . 

,  

0
10
20
30
40
50
60
70
80
90

100

0 10 20 30 40

 N
b,

 
. %

, 
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.,  Nb , 

 

 (11 ). 

 
 4.11 –  Nb -Nb  50 , 100  150  

110,  
-1000  (  

1020  - 11,4 ) 
 

-Nb , ,  

 

 [58],  

 Nb.  Zr  

-Nb, -

 [39, 51, 56, 82].  

 30 .  

 

 (  300 )  

110.  

,  

,  

-Nb.  

,  

, :  

0
10
20
30
40

50
60
70
80
90

100

0 500 1000 1500 2000 2500 3000 3500 4000

 N
b,

 
.%

, 

50 100 150 
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 (D ),  

,  

(D ), .  

: 

= · 100%                                                        (4.1) 

 4.12 .  

. 

 

,  

-Nb ( >0).  

 

 
 4.12 – -Nb  

 
 

-Nb  

.  4.2  

-Nb  

-1000 . ,  

, , . 

 

 ( ).  

0%

5%

10%
15%

20%

25%

30%
35%

40%

45%

50%

0 5 10 15 20

 D
, %

, 
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,  

-Nb.  

.  

 

 (  4.3). 

 

 4.2 - -Nb  
 

 

   
, 

% 
, 

1020 -3 
 

,  
, 

1020 -3 
 

,  

1 2 0,6 1,7 4,4 15 
2 0,9 2,2 0,7 9 22 
3 1,3 1,2 1,2 10,7 8 
4 1,1 2,8 0,8 11,4 27 
5 1,2 2,5 0,8 11,1 33 
6 1,3 1,8 1,2 14,3 8 
7 1,8 4 1,2 16 33 
8 2,1 5 1,2 19 43 

 

 4.3 - -Nb  
 

 
   

 
, % 

 
, % 

 
,  

 
, % 

 
,  

1 1,1 0,6 1,7 4,4 55 
2 1,1 2,2 1,3 9 18 
3 1,1 1,2 1,2 10,7 9 
4 1 2,8 1,2 11,4 20 
5 1,6 2,5 1,9 11,1 19 
6 0,8 1,8 1,2 14,3 50 
7 1,3 4 1,5 16 15 
8 1 5 1,4 19 40 

 

 (  30 – 40  
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 2.1), -Nb  

.  

-Nb  

, -1000, 

.  

 20 ° .  4.13 

 Nb  

, .  

 315 °  335 ° . ,  

. 

 
 4.13 –  Nb -Nb  

 14,8  315 °  

335 °  

 

 Zr -Nb  

. ,  

,  

 Zr, ,  Nb.  

 [21],  Zr  0,32 ,  Nb – 0,29 .  

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200

, 
.%

, 

315 °C 335 °C
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0,332 , -Nb (90%Nb-10%Zr) ,  

0,352 , -Zr (20%Nb-80%Zr).  

 4.14.   

 30  0,345 . 
 

 

 4.14 – -Nb  
[80] 

 

 Zr -Nb  

 [84]. -Nb  

,  (  4.7  4.15 ).  

,  

 (  4.7 ),  

 –  (  4.15 ).  

 

-Nb , ,  

 

, . 
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 4.15 – -Nb  
-1000. ( ) –  

 2,8 ), ( ) –  (  
16,3 ) 

 

4.1.4  

 

 Zr-Nb .  

-60  325  2·1026 -2 

 0,1 ),  10 .  

 350  240  [85].  

110,  

-1000,  ( ). 

,  

 380 .  

 468  [84, 86]. 

 4.16  

-Nb 110  

. ,  

 350  380 .  

 Nb ,  

.  



80 
 

,  

. 

  

  
  

 
 

 
 

 4.16 – -Nb  
-60 ( , ) -1000 ( , ) 

110  ( , )  ( , ) 
 

,  

 350 °  Zr-Nb  

, -Nb  

.  

 

 (  4.4).  

 

 

 

0

20
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80

100

0 50 100 150 200

, 
.%

, 

10 , 

Zr

Nb
0
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100
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, a
.%
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 350  240 

Zr

Nb

0
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, 
.%
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18 ,  

0
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40
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80

100
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, 
.%
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380 , 468 .
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 4.4 – -Nb  
110 125  

 
 

110 (10 ) 125  (10 ) 110 (18 ) 
D ,  , 1019 -3 D ,  , 1019 -3 D , , 1019 -3 

 46 10 74 10 54 12 
 42 17 62 17 43 22 

 

4.1.5 -Nb  

, ,  

 290 - 340  

) ,  " -Nb"  

.  

:  

, , .  

 ( )  

 [58],  290 - 340 °  

 

.  

-Nb 

. 

 

 Nb  Zr -Nb.  

. , 

. 

,  

Nb  Zr, ,  

, , , . 

 Zr -Nb 

.  Zr  

,  

, .  
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 Nb  

 40 - 50 .%,  

 Nb, ,  

 ( ,  

, ).  Nb  Zr, 

,  

.  

,  

,  

, .  

-Nb ,  

,  

.  

,  Nb  

 Nb,  

.  EDX  

-Nb  

. 

, 

 37  40-70 ° .  

 Nb  

-Nb  20-25 .% ,  2  

,  290-340 °  (  

).  

 

 40-70 ° . ,  

-Nb  

,  290-340 ° , 

. 

 - 37  (  



83 
 

 290 - 340 °  6 ).  

,  

, .  

, ,  

Zr  Nb  40 - 70 °  

-Nb. 

-Nb  

, -Zr,  

-Nb,  

.  

 

4.1.6  4.1 

,  

 40 - 70 °  290 - 340 °  

, -Nb,  

 ( )  

, .  

-Nb  

:  

  ( =40 - 70 ° )  Nb  

,  

. ,  

.  35  

 20 - 25%, -

,  

2 . 

  290 - 340 °  

 Nb -Nb,  

 Nb  Zr .  
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Nb . 

, . 

 

40 - 50 .%.  

,  

.  15 - 25%  

. 

 ,  

 Nb -Nb,  

 

. 

  350  380  

-Nb,  

, 

. . 

 

-Nb  

110  

,  

 

-Nb" ,  

 40 – 340 °  

 35  

 Zr  Nb  

. 
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4.2  Zr(Nb,Fe)2 

4.2.1  

 Zr(Nb,Fe)2 ,  Nb  

Fe.  Nb  Fe : -

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

.  Fe  

 (120 ppm),  

 (  120 ppm)  

 [67]. ,  1 . % ,  

 Fe  0,03 (300 ppm)  0,4 . % (  

 Fe ).  

 Zr-Nb-Fe  

 R=Fe/(Fe+Nb-0.3)  0,02 (Zr-2,5Nb-0,04Fe)  0,5 (Zr-0,6Nb-0,3Fe). 

 R 0,33, , 635,  99  100%  

. 

 25  500 .  

100  150 .  4.5  

,  

635.  

 4.5 –  
635  

 /   
,  

, 
1019 -3 

 
, % 

635 / 
 Ø9,1  7,73  130 1,8 3,6 

635 / 
 Ø12,6  10,9  118 2,3 3,3 

 

 (  4.17 ).  

,  – ,  

 4.17 ).  
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 ( )  100 .  4.18  

.  

 (  4.18 ).  

635  2·1019 -3. 
 

  
  

 4.17 – 635  
 

 

  
  

 4.18 –  ( )  ( )  
 ( ) 635 
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 ( .%) 35%Zr, 35%Nb  30%Fe,  

 Zr(Nb,Fe)2 [63, 87].  

 Nb  Fe  

Zr  36 .%,  Nb  28  45 .%,  Fe  20 

 37 .% (  4.19).  

 Fe  

 4.19). 

 

  
  

  
  

 4.19 –  Zr(Nb,Fe)2  
635 5 (Zr-1Nb-0,035Fe-0,5Sn) ( ), 110  (Zr-1Nb-0,12Fe) ( ), 
635 ( ) 635  (Zr-0,8Nb-0,3Fe-0,8Sn) ( ) 

 

,  Fe , 

 Fe/Nb.  

 

.  R, 

0

20

40

60

0 100 200 300 400 500

, 
.%

, 

R = 0,05
Zr Nb Fe
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.%
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.%
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