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 1  2008 

- , -

.

 V–(4-5)%Cr–(4-5)%Ti 

 ( ).

. -

 V-Cr-Ti. ,

 V-Cr-Ti. . -

,

 V-4Cr-4Ti. 

.

: , , , ,

,

,

CO2. .

 ( )  DT , . .

 (D)  (T),  (
4

He),  (n) 

 14,1  17,6 . DT .

.

 ( -

) ,  (ITER) – 

. -

,  – ,

.

 ( ) ,

,

. , -

 (17,6 )  (14,1 ). -

, -

-

, . , -

. -

. -

, ,

. -

.

, -

, ,

 [1 - 3].  

 V-Cr-Ti , -

 400 – 700° . -

. ,

, -

, . .  V-Cr-Ti .

, -

.
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 [4]. , , -

.

 [5, 6] 

,

. ,

.

,  10–15 , , , -

,

 V–(4-5)%Cr–(4-5)%Ti ( ., , [7, 8]).  

,  V–(4-5)%Cr–(4-5)%Ti, 

, -

, .

-

.

, , -

.  [9] 

 V-4Cr-4Ti (NIFS-HEAT-1, NIFS-HEAT-2  US832665), -

.  1.

. 1.  V-4Cr-4Ti, .

 NIFS-HEAT-1 NIFS-HEAT-2 US832665 

Co 2 0,7 0,295 

Nb 1,4 0,8 60 

Ag <0,05 <0,05 0,0775 

Mo 23 24 315 

Al 119 59 355 

Ni 13 7 9,6 

Mn <1 <1 0,21 

Fe 80 49 205 

Cu 4 2 0,84 

Si 280 270 785 

Na 17 <1 0,012 

Ta 58 13 19 

Sn <1 <1 0,24 

Sb <1 <1 0,17 

W <1 <1 25 

As 1 <1 1,4 

N 103 122 100 

C 56 69 170 

O 181 148 330 

Zr <10 2,5 46 

1 2 3 4 

P 16 7 33 

S 9 3 16,5 

Ca 3 12 0,26 

Mg <1 <1 0,17 

B 7 5 3,7 
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-

, , , .

:

,  – . ,

 10 / ,  –  10 /

[9, 10]. . 2  V-4Cr-4Ti [9], -

.

. 2.  ( . )

V-4Cr-4Ti .

-

-

-

Co Nb Ag Mo Al Ni Fe Ta Si Cu 

-
0,4 74 11 7,9·103 2,7·104 21 2,1·104 5,9·104 1,4·105 3825

 3,8·10-4 0,07 0,01 7,8 27 0,02 21 58 140 0,04 

-
10 74 12 8,5·103 3,6·104 570 1,3·105 1,3·105 1,3·105 100050

 0,01 0,07 0,01 8,4 35 0,56 120 120 120 1 

-
7,4·103 75 13 8,6·103 3,8·104 1,7·105 1,7·105 1,7·105 1,7·105 1,7·105

100

 7,3 0,07 0,01 8,6 38 170 170 170 170 170 

.1 .2 , -

 Co, Nb, Ag, Mo, Ni, Cu. ,

 ~ 100 ,  Co, Ni  Cu 

.

 [9 – 15]. -

, .

 [14 – 16] -

 V-4Ti-4Cr  V-10Ti-5Cr 

 ( -60, -600)  ( -P , - , )

 5·1023 -2. ,

 (10-2 / )  2–2,5  ( -60)  8 – 8,5 

( - ) .

. 1 [16]  “ ”

V-4 -4Cr,  (VVC) ,  EK-181 -

 560 -600  6,5 · 1015 /( 2 ) - -

 9·1014 /( 2 ). -

 (10-2 / )  “ ”  (  V, Ti  Cr, ),  (

): 3,5 – -600  6,0 – - .

 (VV1, )  (VVC) 

( ):  VV1 – 35 ( - ), 40 ( -600);  VVC – 25 ( - ), 20 ( -600). .1 ,

, -

- ,

 ( ).

 [9] -

 15 · / 2. , -

 10-2 / , -

,  ( )  5 .

, , , -

 40 – 50 . -

 (> 1000 ) . , -

 Co, Nb, Ag, Mo, Cu, Ni, Al 

 0,01; 0,1; 0,01; 10; 1; 0,5  30 . .
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.1.  « » V-4Cr-4Ti ( ), -

 (VVC2, VNINM)  EK-181 -600 (  6,5 1015

/(c 2· ) -  (  9 1014 /( 2· ).  – 560  [16]. 

 [17]  V-Ti-Cr 

 1021 / 2 ,

.

.  [18] -

,  35 / 2,

, . -

-

. ,  50  95% 

 V-Cr-Ti [18]. 

. -

, ,

, ,

. -

 ( ).

 [19 – 21] 

BL47  BL71 [19]  Teledyne Wah Chang #832665  V-4Cr-4Ti. ,

, ,

 20  – 700º  [22]:  

 ( )= 445,72 – 0,80616·T +0,002211·T2 – 1,7943 10-6·T3 +1,8176 10-10·T4
.

 T –  º .

 400º -

. . 2  V-4Cr-4Ti 

 4 . .

.

, , , -

 420–600 -

 80  [19, 23 – 25].  

 BL47, BL71  Teledyne Wah Chang #832665 

,  1·10-3 -1 ([19 – 

21]). -
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. Y -

 20–700 º  [22]: 

Y( )= 377,16 – 0,70384·T +0,00089973·T2 – 1,2279 10-7·T3 – 1,9824 10-10·T4,

 T .

. 2.  V–(4-5)Cr–(4-5)Ti [19, 21, 26 – 28] -

. 3.  V-(4-5)%Cr-(4-5)%Ti  [19, 21, 26 – 29].

 V-4Cr-4Ti, -

 400º . . 3 -

 V-(4-5)%Cr-(4-5)%Ti, ,  4  [19, 21, 26 – 28]. -

 80–600º , -

. , , -

 80–600º  80  [19, 23 – 25]. 

  V-4Cr-4Ti

1·10-3 -1 [19 – 21]. 

 (20–700º ).
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.4.  V-(4-5)%Cr-(4-5)%Ti  [19, 21, 26 – 28].

 15%  10%, -

 30%  20%  20–700 º  ( . 4, . 5). 

. 4 . 5 , ,

 400º .  5%  50  ( . 5). -

 <0,2%  <330ºC  >2% 

 400-450ºC. 

. 5.  [19, 20, 21]  [19, 21, 26, 27]  V-(4-5)%Cr-(4-5)%Ti. 

 V–(4-5)Cr–(3-5)Ti  [30–33]. 

,  V-4Cr-4Ti 

et [22]: 
39264 104227,1100547,2108008,19972,08,30 TTTe

t
 % 

(  T  ºC).

 ( )  V-4Cr-4Ti 

1·10-3 -1 [21, 34, 35].  (~ 90%) .

700º  50%.  ( -

), ,

.



 [30 – 33] 
A

A

 V-4Cr-4Ti  [22]: 

39264 102599,5105173,3106008,60118,13,91 TTT
A

A ,

 T  º .

-

. ,

.

 600º  (0,4 ) [36, 37].  -

, -

 600º  [37, 38]. 

 [36, 37] 

T>650º .

 V-4Cr-4Ti  600ºC 

 [39]. -

: ,  (2000 

) .  Ar, -

,  Ar.  « » -

 20–30% .

.

 [40, 41] , -

, ,

, , , ,

.

,  T  – .

 T  [42 – 44], . 2, . 3 . 6 , -

,  ~400º , . ,

 400º  (0,3 ) ,

 1–5 . -

, -

 ( . 4). ,  V–(4-5)Cr–(4-5)Ti -

 T < 400ºC [45, 46].  400–430º ,

 425–600º  30 

 [47].  [47] ,  400º

 V–(4–5)%Cr–(4– 5)%Ti, -

.

-

, .

, ,

, .

 100 .

 V-4Cr-4Ti 

 700–750º  [48].  T ~ 700ºC (0,45T )  V-4Cr-4Ti -

, , .

, , , , . .

 [25, 49, 50], ,

 400–700º .

, ,

 400  600º

 700–750º .

, ,

, .
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 ( )

T , -

.  T , , ,

 [51, 42]. 

 T .

.6,  V-4Cr-4Ti  0,4  4 

 400º  [26, 35, 52].  

,

.  [45, 47] 

 V-4Cr-4Ti . -

.3. ,

,  400º , -

 1–5 .

,

. -

 V-(4-5)%Cr-(4-5)%Ti,  T<400ºC [45, 46].  V-(4-

5)%Cr-(4-5)%Ti  400–430º , ,

 425–600º  30 -

 [47].  

. 6.  V-4Cr-4Ti  (25  3,3  3,3 )  0,67 -

 0,08  T~400ºC [26, 35, 52].

,  400 -

 [53]. ,

. -

 [54].  

 V-xCr-4Ti, Sakai . [55] -

 Cr .  Cr  4%  20%. -

 T  Cr , -

, . ,  T

 -190 ,  Cr  10%,  -130 ,  10% Cr. 

 T , , , -

.  T  Cr  10% 

 (>400 )  Ti-(CON)  TiO2. -

. -
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 V 

 [56]. 

 ( )

 [57 – 60] -

 V-Cr-Ti. ,  Cr 

. Chung, Loomis  Smith [60] -

 V-4Cr-4Ti  600º  320–440 . , -

dt

d
tc , ( % ),

( ), :

n
A

dt

d
tc ,

 [60]  A = 1,89 10-28, n = 9,94.

 V-Cr-Ti ,

V/Li .

V-4Cr-4Ti  Li [61 – 69].  [61, 62] -

 [65] . -

-

. 7.  V-4Cr-4Ti  V-3Fe-4Ti. -

- .

 310  699 .  [56]. 

, d kT

dt DGb

 4 
G

,  0,002.

 - , D – , G – , b – , k - 

, T - . ,

, , , , -

 [56] ( . 7). 

 [7] , -

 [70]  [71]. ,

/G

d
/d
t
k
T
/(
D
G
b
)

2-

V-3Fe-4Ti

2-
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. ,

.

.

,  [61],  310 . -

, ,  [65, 66] -

 700 . . ,  Li, 

, ,  [62, 64, 67]. ,

 Li ,  V -

. Fukumoto . [62],  Koyama . [68] -

 ( )  V-4Cr-4Ti  V-10Cr-5Ti, -

 O  N. 

, -

. .

 (700-800° ) .

 [69] , , -

,  ( )

T = 600°C  20–30 .

. 8.  V-4Cr-4Ti (NIFS-HEAT2) 

. STD – , ; SAA – 

 10-6 =1100 1  ( )  600°  20 ; SAACW – -

 SAA,  20%  [69]. 

.8 .9 , , -

,  700–720° . -

,  T = 750–800 C , -

 ( .10).

 [72] ,  [73] -

,

,

. , -

, .

,

 V-4Cr-4Ti c 600°C  700–750° . ,

, -

.
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. 9.  V-4Cr-4Ti (NIFS-HEAT2) 

.  STD, SAA SAACW , .8.

. 10.  V-4Cr-4Ti (NIFS-HEAT2) -

.  STD, SAA SAACW , .8.

 V-Cr-Ti .

,  HFIR 

JOYO,  5–7 .

 [74]  US #832665 V-4Cr-4Ti 

 425°  600°  E 0,1 .  3,7 . -

 20-30 : 161 .

, 509 .  700 .

 [75 – 77].  HFIR-17J, 

 [78 – 81].  

,  425°  600° . -

 177 ,  425° . , -

:

 =  B·D· ,

– ; – ; D - , ; B – -

14
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 823,  2008 À.È. Êîíäðèê, Ã.Ï. Êîâòóí



. ,  425° , : 2,5 10-6

( · )-1. ,  T = 600°C, -

 = 110 ,

B,  5,41·10-6 / . ,  110 , -

.  600° ,

,

> 110 .

, -

, , -

.  [74]:  
3

0SD
D Gd

A
dt kT G

b
,     (1) 

dt

d
- , DSD –  (  300 / ), G – 

, b – , k - , 0 – , –

, A = 0,05 - . 0 = 28 .  - 0 = 0. . 7 [56] -

,  (1) .

. 11.  US Heat 832665 

V-4Cr-4Ti,  3,7  425  600°C. 

 (1)  [74]. 

, -

. .11. ,

 T=600°C  T= 425°C. 

 130  T = 600°C.  

, -

. .12 -

, %/ ,  ATR-A1  HFIR12J, ,

. [82].  

. 12 ,  V-4Cr-

4Ti  < 120  400–600° . -

 ATR-A1 - , -

 [83]. -

,  [82], 

, ,  JUPITER [84].  
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, -

. , -

,  1,4·10-6 – 11·10-6 /( · ).

, -

.

. 12.  (  %/ ),  HFIR-17J -

 [74]. 

-

. ,

-

/  – ,  – , -

- .  [85] 

 NIFS-HEAT2  V-4Cr-4Ti. 

,  [86, 81]. -

 PCT ,  [87 – 89]. 

 Joyo,  [86],  2,4 1025 / 2 (1,8 )  T 

= 458 C  6,7 1025 / 2 (5,0 )  T = 598 . -

 HFIR-17J . , =450  600  3,7 .

,  Joyo 

 T=458  T=598 C

150 .  HFIR-17J 

150  T=425 C.  d /dt 

: d /dt 
n,  n – ,  – . -

,  1  n  2.

-

. ,  V-4Cr-4Ti, 

, ,

 ( ) . -

 V-4Cr-4Ti, 

. ,  – .

, -

. , -

 46 /( K),  – 210 /( K). -

, -

, ,

. .
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-

. , -

.

 [90], -

 [91]. 

,

.

 (  4 )

-  JUPITER [92].  

 Zinkle . [93] ,  360/520° -

, , , ,

, . -

 [93] , -

  T 320 ºC,  V. Watanabe .

[94]  V  (V-5Cr, V-5Ti, V-4Cr-4Ti, V-

4Cr-4Ti-0,1Si), . , -

 V  V-5Cr ,  V -

,  <100>.  V-4Cr-4Ti 

V-5Ti  Ti -

, ,  [93], .

 V , ,

 V ,  C, O  N.  [95 – 97] 

,  V -

. , . Ti 

 T  600 C -

 T  300 C .  Ti-(CON) 

1000 .  1200 

1300 . -

 {100} .

-  –  {100}, .

 {100}.

,  N -

 Ti  Zr, .  [98]  V-

4Cr-4Ti, V-4Cr-0.21Ti  V-4Cr-0.37Zr,  (  50% ) -

 (  T=1000ºC,  T=1300ºC). -

,  V-4Cr-4Ti,  T=1000ºC (2 ) -

 T=1300ºC (2 ),  Ti(CON) 

, . . . ,

 Ti(CON),  T=1000ºC.  V-4Cr-4Ti -

 Ti(CON)  (186,8).

 [98],  Zr 

0,37%  C, O  N ( ),

 Ti,  0,21%. 

 Zr ( ) , -

 Ti ( ).

,  V- , -

 V-4Cr-4Ti -

 [56]. ,

, . . . .

,  ( . ) , -

.

 Cr  V–Cr–Ti, ,

 [31].   V–xCr–4Ti  ,

,  Cr 

7%,  T  [55]. 
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Chen . [99] ,  6–8 .% W. -

, , -

,

 400–600 º . , -

,  Ti  Cr. -

 V-W ,  V-4Ti.  W .

 Ti  H, .

 [99]. 

. -

 700 º .

 [6] 

 V – (1,7-2,4 . %)Y, .  V-4Cr-

4Ti (NIFS-Heat) ,

 873-1273 .  270 – 500 ,

Y2O3  YN –  15  (1,3–7,2) 1021 3.  1073 ,

 V-(1,7–2.4)Y ,  V-4Cr-4Ti -

.  1173  V-(1,7–

2,4)Y ,  V-4Cr-4Ti. 

 V-(1,7–2,4)Y  923 ,  V-4Cr-4Ti.

,  [6, 99], -

.  [100] -

 V-1,6%Y-8,5%W-0,08%C  V-1,6%Y-8,5%W-0,15%C, 

1000  1200 . :  0,08% 

 420 ,  – 32 ;  0,15% C  – 

410 ,  – 30 . ,  V-1.6%Y-

8,5%W-0,15%C ,  V-1,6%Y-8,5%W-0,08%. -

 V-1,6%Y-8,5%W-0,15%C,  1200  1 

,

 V-2,4Y,  [6]. -

 V-1,6%Y-8,5%W-0,15%C ,  T=1200 C  5% W -

, -

.

 T  400 º . -

 [8, 101]. 

, , , -

, -

 [56].  Kobayashi . [5] -

 V-  Y 1,6  2,6 . %. -

.  JMTR (Japan Material 

Testing Reactor)  0,25  290 º  0,7  800 º . ,

. ,

 (290º ),  (3–70 Hv, )

 V- , . Kobayachi . [5] , -

 800 º , -

- . -

 He . -

,

 [56]. 

,

- .

.

. . 3 [102] -

,  NIFS. 

.

 O -

,  Y  V-4Cr-4Ti  0,2  % 

. , -
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.  V-4Cr-4Ti-0,2Y -

,  V-4Cr-4Ti. 

,

 [102]. 

,  Si  Al -

.  V-4Cr-4Ti-Si-Al-Y 

,  1,7  7,4 ,  15%  13,8% [102]. -

 V-4Cr-4Ti-Si-Al-Y ,  V-4Cr-4Ti. -

 ( . . 3). ,

 Y  0,1– 0,2  % .

. 3. .  V-4Cr-4Ti-Si-Al-Y  (C, O, N – . -

).  «levitation furnaces»  4Cr-4Ti (NIFS) [102]. 

 Cr Ti Si Al Y O N C V 

V-4Cr-4Ti�NIFS�  4,03 3,73 - - - 114 122 50 Bal. 

V-4Cr-4Ti-0,15Y  4,52 4,65 - - 0,09 108 129 113 Bal. 

V-4Cr-4Ti  4,39 4,48 0,02 0,029 <0,01 496 174 64 Bal. 

V-4Cr-4Ti-0,1Y  4,35 4,54 0,01 <0,002 0,04 106 220 110 Bal. 

V-4Cr-4Ti-0.2Y  4,32 4,35 0,01 <0,002 0,24 47 85 70 Bal. 

V-4Cr-4Ti-0,3Y  4,38 4,69 0,02 0,014 0,28 67 108 77 Bal. 

V-4Cr-4Ti-0,5Y  3,97 4,49 - - 0,32 54 388 72 Bal. 

V-4Cr-4Ti-0,1SiAlY  4,31 4,54 0,13 0,13 0,07 112 94 86 Bal. 

V-4Cr-4Ti-0,1SiAl-0,3Y  4,41 4,81 0,14 0,13 0,25 80 103 64 Bal. 

 V-

 V- ,

,

[56]. ,  C, O  N, , -

.  (  450 )

 C O  N, . ,  C, O 

N,  V, , -

. , .

 V-4Cr-4Ti -

.

 He -

 [5, 6, 55, 99, 100, 102]. ,

.  He  H 

,  600 

 T  800 C. , ,

 He. 

,

 ( ). -

 ( ) ,

 [103].  

,

. , ,

 [104, 105].  

 – - -

. ,  V-Cr-Ti -

, -

 ( ) -

. Er2O3

[106].  
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Er2O3  V, in-situ  Er2O3 . .

 [7, 107].  

- . -

-

.

V- -

:

) ;

) ;

) ;

) ;

) .

:

) -

;

) ;

) ;

) - -

- .

 V-4Cr-4Ti -

, , -

, .

, -

.

:

, , , -

 (<400°C) 

(750–800° ), -

.
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The review of technical articles devoted to main achievements in the field of production technology and properties investigation of 

vanadium-based prospective materials for thermonuclear power was carried out. The low-activation alloys V-(4-5)Cr-(4-5)Ti was 

taken into special consideration in the terms of possibility of probable application in the first wall/blanket of prospective commercial 

fusion reactors (FR). The influence of impurities content on induced activity after use in FR with possibility of further recycling has 

been studied. The stress-strain properties of V-Cr-Ti alloys are described. The basic factors impacting on low- and high-temperature

limits of V-Cr-Ti operating temperature range are investigated. The achievements in understanding of microstructure evolution are

stated. The successes in production of alternative alloys with improved microstructure were considered, and the issues originated

during the development of the reference alloy V-4Cr-4Ti were explored. The ways of the further improvement of vanadium-based 

alloys are pointed.  
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