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Microstructure of V-4Cr-4Ti alloy fabricated by vacuum arc
remelting of consumable electrode
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Abstract: The microstructures of vanadium alloys before and after annealing were studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The results show that the lattice parameter of the
as-cast alloy is 0.293 8-0.294 3 nm and the shrinking ratio is 2.8% compared with the pure vanadium. The main
precipitation in the bulk grains is the complex Ti rich Ti-CNO phase, which has a plate shape with the width of about 100
nm and the other two dimensions reach up to 1-2 pum. The crystal structure is FCC and the lattice parameter is
0.423 4-0.428 8 nm, while this type precipitation at the grain boundaries forms continuous films. There are amount of
dislocation in the ingot. After annealed at 1 000 ‘C for 1 h, the microstructure is changed. The crystal lattice of alloy has
expanded and there is a new type of precipitation, which has a square shape and the size is about 500 nm. The size of
plate shape precipitation is reduced.
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HHl, KT V-ACr-4Tit &5 MERE AL L 11
W52 BHR /> . TYUMENTSEVZE2HA S VAR5
(1 T2 AT HAH A IR EE AR, i 2 Ty Rk, 2
WO IS DEFCCH RV FICTH) i Y 4~ —
BALY), AR ECR0.424~ 0.428 nm(iC A Ti-CON),
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0.08%IKF, Xl 3= ZE K Ti-(CON)H —AHL SR 2 I,
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1.1 #REE

KA AiE R A EE, % V-4.5Cr-4Ti(lRE 5y
B, %)SEBR ELBICRIZ) 1.1 ke, TREHG IR
PR AREHEA . 7F ZD-5 RS {FEH I LIk
& o WEESHTF RGBS A V-3.7Cr-3.6Ti-
0.027C-0.230-0.01N . HUFEAEFL A igE 4718 K Ak BE
(1000°C, 1h), HAE/NT 10mPa. KPHFRAT S
4 L AR VIR 10 mmx 10 mmx 1 mm (178 545 H o

1.2 Wi

K H1 Sirion 200 37 K 44 HLBE F(EDS 43 ##%
h 129 eV)SHHTIRFERITESL, b HF. HNO;
1 H,O [REFREE A 1:1:3. K FEI Tecnai F30 2% %
SHIE ST AR A S A FIIR K RO 41 2R 45
FIBEAT 43 M. F30 AN i R 300 kV, e fE

HOHERLIN 132 eV, WMFFEKIPAL IR 2 70
pum J5, MAcd3 mm PIFESL, A8 MTP—1 24 Hafig 3L
W ASCIEAT B J O, LAV 5%l IR +95 %o HHYIEE (AN
by, HRZN 10V, WEL -5 C.

2 HERRSH

21 $ENHRRLEM

K1 B N855EN SEM 5. WK1 al &,
L A S B A R R T A . Ak R
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RS E AT AT S Tis
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Fig.1 SEM images of ingot: (a) Low magnification; (b) High
magnification and EDS results of precipitations at grain

boundaries
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PEEEAFE TEM fOW 2L 28 R B X R 1 43 #7465 TR
2R, HE 2 WEH, EEeEET, HmAR
W BRI TR A, X5 SEM 4551 A
A, 32 T I AN R ) o X AT 0 AH BPAT
BAH T B, U0 L5 R R AT R [ 5 (1 B )
KA. EDS g5 FULIIZ A ERAT AR 2% Ti . R
P B 2(b)FH () I HL RIS & R nT %0, TEA AR bee
GEAE, JFTE S B I A I R Rl 0.293 8~
0.294 3 nm.
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Table 1 Characteristic X-ray energy of elements (keV)

Element Kq Ky L, Ls
Ti 4.508 4.931 0.452 0.458
\% 4.949 5.426 0.511 0.519
Cr 5.411 5.946 0.573 0.583
0.277
0.525
0.392
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Fig.2 TEM bright field and EDS pattern of precipitations(a) and SAD patterns of matrix(b), (c) and (d)
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Fig.3 STEM image of precipitations and EDS line-scanning analysis results

100 nm

B4 B AHm e AE K i AT A R
Fig.4 TEM field(a), (b) and SAD results (c), (d) of precipitations

TR P81 250K A A (L b B LSS ) 1) Jo ATHRIX A V(L10) [T, 3X A 1E At bee 45444 & 1) 2% HE
HREM 73 #r &5 SR WKL 5 Brzs e Ml 45 SOl i H 5544 T, BARHT HARFIREAR S A 2000 907, 25 A1) Sh T
V BT AEE R 0.210 6 nm, 545 V(0.214 1 nm)EL4 [A]#E 4 0.172 7 nmo.



I8 A 5 W

Ak, 5 A ARERINEM V-4Cr-4Ti & & MO 41 2R 454 809

PR B2 N, ] A SHS sy
FEHRVFZ AR LK 6). thIE 6 It Aok ik
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Fig.5 HREM image of alloy with plate shape precipitations

El6 #H&aaePtiaii

Fig.6 Dislocation structure of as-cast alloy
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7R NE4Z 1000 C, 1 hBKJEHT AR
JEH. HE 7 AN, SRR, A
FEAET A, IR TR A, KN
500 nm. [ 7(b)[¥] EDS &5 5K, XFHiAHE Ti f
Zr, FORHT AR RS A B, AR5 B A

Kl 8 4 1000 °C, 1 hiB k)i RElZmaE
i)z SN HREM 1%, B 8 1T ILIEAR[) V(110)
s T RT3 X 30 2% PR Al S J2 o O o T (D B8 m A
Ab PR S V(110) TH ¥ [ 8] #E AL 0210 6 nm 3 i 2]
0.212 0 nm JEAA ks R AR I J5E DR H T35 43 35 — A1
FOPTHR, A EZHIOTR(T. Co Ny O)H T v
FISAR, PEULARRS .

B7 H&£1000C, 1hiBKEHHAARIESR
Fig.7 Morphologies of precipitations for alloy annealed at
1000 C for 1 h: (a) TEM filed; (b) STEM field

El8 %1000 C, 1 hiBKJSRFFILLG ARGz SO R
HREM 14

Fig.8 HREM images of amorphous at edge of sample after
annealed at 1 000 'C for 1 h
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3.1 fRLALEH

RAEE 5 I daoyTH S VTG AR b 5 4L
a=0.297 8 nm, M4 HL AT BRI fi s H H0h
0.293 8~0.294 3 nm. F[EFIMW =%, 5 HREM i)
YT ) P A SR PR SR A5 2 1 5 o B AR A 4
ZH. 540V kg E 4 a=0.302 7 nm AHLL, [H
AR GRS T 29 2.8% o d kIS4G 2 R T2 AR5 /N )
Cr [H¥ T V BB BA AT S BRI Ti R
TRUENAF ISR C N R O U HF15 1) JE i 28
TR TR VSRR . B T eI, i
AHAR VAT . TEE, Ul 2R 5 A ] R B ) O
o MAMPABIILE R T LA fec 854410 & Ti by
AR AR T R (110)1H » CHEN 25510 Mr A i i
HAG<100> 1A .

SEM &5 530, M thARTE fid iy RECIRER, B4
100~120 nm, KFEIATOK TS Ah AR ) 5 3% 2L R Tk
J3Ati. SEM A1 EDS 7p b B, iZAHZ S Ti ). X
TEM 745 SR —30. AW PFIEDIREE AL 1, 2
M OIS PR E 55 TYUMENTSEV 251
SEEG 45 Wt o B4, IREEAT I T4 8,
A G E T P EDIR AT AR S & T 40 Ti-CON
A, HTHAHIIALE S B IR S5 L — 3. A
WFFURI—Le P R I ] L, VAR L5 &b i SR
Ab PR 25 R AR AEAE B L) Ti-CON A, (HH TR S
SR AR T 25AA], & T AR 2= . R
S RSN

e % RERDIRET ARAE S i & SR FE I IR, e T
APV S T R PPIRIELL /A, R SAE A SIR hh E
s PR AT, BRI S B . 54228 1 000 °C,
1hiaBKJE, FEENT AR X R AR Ti-CON A,
PE RIS H TR KA, FUE RSFARSRLIR . B
TIEMEA Ze, BRI R Ze JoE M TR 4R
PZAHHED AT BE R L Ti-CON A, HUE B3I E 6 Bt
AN BRI, 241000 °C, 1h B TEXE4
LRGN, A W B SRR K 43 A
R AE T B ) IR R S AR A AR 15 4 /N
XYL T IR KA ST B AR A B v RedE, 1 B
T ARSI T 2P i A O AT R4 FH A B S . 3
S D e B il 5 K ] 3R K A S R A
RET AR AT AL E RIS, — R e & 1)
IAVE RN RS (3 5 1

3.2 AR AL

BEIR Ti-CON AHME 22 T Ti e V H Cr
XFO. C Al N &5 B 526 /), FEEH Bl
Aab R P | 2 T R AR . HaX M
Ti AR RF K, KSR B TR~ —
ANJ5ii, T COCERE V PR N, — B
T [ R gl 2 DA SR AR B ST R AR ) VXS T
TiC). 143w T 500 CLUG, Ti i 7Fatheskis
SERS IR TTTIOS R Y UL RS, 7E A RUEI 500 °C
Z 18], Ti IR B o A820% Mk 3K Ti e % A
H WIS VC ) V R ER TiC, A
BRI VC S . RS, T TiO A1 TiN A
HIFFER FCC fiALiH, O RIN JCESH—H4 C
JRF TR Ti-CON AH, R 22582 1 & Ti AH AT
RE T AL 2 T8 ok RS AR SR A FE Aok e oy — N7
I, TSR R, Ti 5 O B IO &),
Bt J5 2% 0 F C AN A5 O AR IR T T2 52 % ik
SXH) Ti-CON AU ¥, O Jt g F B ioc s, 7]
F R IR ECE AN S e AR R,
Ti-CON AR RSP RIS oM . AR5 T4 O i
L5 0.23%, C 1N F 5153 il ik ] 0.027%41 0.01%,
TERCTE RRR . BU8 B R AN ) R 55 AR 2 m] LA fi
o

BAKJG, BT TARFRE &5 Ti A Ze ¥, HED
R RS 43 POASRAH (14 76 2RI A v ) 76 3 A e
NRAYHOI R AT, AR T A E S X
FPHTH . TR R AR, TERE LT
I B) () P AR A AR, TR T SN EA . W
SRR R) PR AR R B IR S T oy, X R A R A T
B, HENE ST A A E 2R, HEds
KA

4 g

1) BEAE A0 R W AH R, FEAARCH B E [ 7
A, ERE BN 0.293 8~0.294 3 nm; HTHIAH TN
FCC 45MIMEDIRI. &4 Ti, HSHD R VA Cr i
SR )T Ti-CNO M, s i 50k 0.423 4~0.428 8
nm, JEREEZN 100 nm, HEMWYERANA 1~2 um, &
S AR KR A 4

2) 421000 C, 1hiRKG, HE&EMAEGKEAI
B, M RA T, HMBLTH RS A, R
S0 500 nm, 0 BDIRAT HAHRSFRCDN, A a o
TH5.



AR, M FUAS EAER IS V-4Cr-4Ti A 4T 4143 454 811

REFERENCES

(1]

(3]

(4]

(3]

(6]

(8]

HAEW]. SEIe R MEL F LA SR M REIR SR I]. FE
Bl 52, 2002, 10(4): 366-370.

CHEN Ji-ming. Influence of alloying elements and hydrogen and
oxygen on tensile properties of vanadium alloys[J]. Materials
Science & Technology, 2002, 10(4): 366—370.

HEO N J, NAGASAKA T, MUROGAET T. Recrystallization
and precipitation behavior of low-activation V-Cr-Ti alloys after
cold rolling[J]. Journal of Nuclear Materials, 2004, 325(1):
53-60.

KURTZ R J, ABE K, CHERNOV V M, HOELZER D T,
MATSUI H, MUROGA T, ODETTE G R. Recent progress on
development of vanadium alloys for fusion[J]. Journal of
Nuclear Materials, 2004, 329/333: 47-55.

Wi 03, dtaknd, SRR, LA B IOUTEE AT AT O RN A0
). #4428, 2006, 30(3): 295-299.

CHEN Yong, CHEN Ji-ming, QIU Shao-yu. Precipitation
behavior and aging hardening of vanadium alloys[J]. Chinese
Journal of Rare Metals, 2006, 30(3): 295-299.

BRer e, WRARDS, BROB3, B, &I, VR, R AL
< A B M AN ]. T sERE A HOR, 2005, 39:
24-29.

QIU Shao-yu, CHEN Ji-ming, CHEN Yong, LIANG Bo, LI
Cong, XU Xiao-xiao, XU Yin. Hydrogen induced hardening and
embrittlement of vanadium alloys[J]. Atomic Energy Science
and Technology, 2005, 39: 24-29.

CHUTO T, SATOU M, HASEGAWA A, ABE K, NAGASAKA
T, MUROGA T. Fabrication using a levitation melting method of
V-4Cr-4Ti-Si-Al-Y alloys and their mechanical properties[J].
Journal of Nuclear Materials, 2002, 307/311: 555—-559.
KUWABARA T, KURISHITA H, HASEGAWA M.
Development of an ultra-fine grained V-1.7mass% Y alloy
dispersed with yttrium compounds having superior ductility and
high strength[J]. Mater Sci Eng A, 2006, 417(1/2): 16-23.
POTAPENKO M M, DROBISHEV V A, FILKIN V Y,

9]

[10]

[11]

[12]

[13]

[14]

[15]

GUBKIN I N, MYASNIKOV V V, NIKULIN A D,
SHINGAREV E N, VEDERNIKOV G P, VOTINOV S N,
ZURABOV V S, ZOLOTAREV A B. Manufacture of
semifinished items of alloys V-4Ti-4Cr and V-10Ti-5Cr for use
as a structural material in fusion applications[J]. Journal of
Nuclear Materials, 1996, 233/237: 438—441.

SHIKOV A K, CHERNOV V M, POTAPENKO M M, GUBKIN
I N, DROBYSHEV V A, ZURABOV V S. Development of
production process and study of low-activity V-(4—5)%Ti-
(4-5)%Cr structural alloys for thermonuclear reactors[J]. Metal
Science and Heat Treatment, 2004, 46(11/12): 497-503.

HEO N J, NAGASAKA T, MUROGA T, MATSUI H. Effect of
impurity levels on precipitation behavior in the low-activation
V-4Cr-4Ti alloys[J]. Journal of Nuclear Materials, 2002, 307/311:
620—-624.

JOHNSON W R, SMITH J P. Fabrication of a 1 200 kg ingot of
V-4Cr-4Ti alloy for the DIII-D radiative divertor program[J].
Journal of Nuclear Materials, 1998, 258/263: 1425-1430.
TYUMENTSEV A N, KOROTAEV A D, PINZHIN Y P,
DITENBERG 1 A, LITOVCHENKO S V, SHUBA Y V,
SHEVCHENKO N V, DROBISHEV V A, POTAPENKO M M,
CHERNOV V M. Effect of the modes of thermomechanical
treatment on the formation of the multiphase and grain structure
of V-4Ti-4Cr alloys[J]. Journal of Nuclear Materials, 2004,
329/333: 429-433.

CHUANG H M. Irradiation-induced precipitates in vanadium
alloys containing titanium[R]. DOE/ER-0313/11, USA:
U.S.Department of Energy, 1991.

SKAI K, SATOU M, FUJIWARA M, TAKANASHI K,
HASEGAWA A, ABE K. Mechanical
of high-chromium V-Cr-Ti type alloys[J].
Journal of Nuclear Materials, 2004, 329/333: 457—-461.

CHEN Ji-ming, MUROGA T, NAGASAKA T, XU Yu, LI Chong,
QIU Shao-yu, CHEN Yu.
V-6W-4Ti,V-4Ti and V-4Cr-4Ti alloys[J]. Journal of Nuclear
Materials, 2004, 334: 159-165.

properties and

microstructures

Precipitation  behavior in

(R4 ZFik4D)



