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W4 (V-4 wt% Cr-4 wt% Ti, V-4Cr-4Ti) £JZ
il 4 “Ti + AINE S ZIR)Z, HPRIZN AIN
JERAZAEHT, T A B9 T 4 8 J2 R L5 A
AIN JZREESIT. 5 —T5i, i T APRH Sl LA
R BB IR B (A2 [T BB T), DAL e
M A b S AR R A AR A S PR IR EE T,
AR TR T FE R 2 — (19201,

PR w2 5P A SRR TR 20 —E M
HEHREEAN, I BRI R A —E M A S
PURR AR ST, AHSCHISE H AT A WARIE. 7 SCTE i
WITAE W f R L8 JSM-6510 ZLH LT T
B (scanning electron microscope, SEM). Elionix
ENT-1100s B4 K IR (A€ N 1 gf) il FEI
Tecnai G2 F20 Bl 5 AL 7 /B¢ (transmission
electron microscope, TEM) %} “ V-alloy/Ti/AIN”
HAUGIRZ Y V-alloy/Ti F b4 RHE R TS
AOROIESAE S DU SR TEREHEA T T RIR R, L
WIoh Li/V AJZA R A R A — e B S0 ST HE

2 I

ARSI A B V-4Cr-4Ti/Ti & A H- 1 #
B, Hi Bt B B R TDGHE LG S R
AR LA S AMERE R ) o 34
%, TR R AL 1 P I FH AR T s B B AR
SRIGTEPRIRY (IR AR FF R 1150 <€) ORI 2 h,
i Je i AN [ 9 A2 A ELAE = 1l (1150—950 °C)
AR a2 WS I T e BARS&S505 50
2057 3 T UL H 5 AR O S 4F iy V-4Cr-4Ti/Ti
A MR R UIE AT O TY R, fl4&
SO ZRAE S RS 3 FHAE i, ROT 28 10 mme x
2mm x 1 mm; 285 XFE M 1T 3 MeV 1 = fE
Fe'"H 4@ IR, /o 7EMR MUSHE M A Rl B (LG 4
LR TS T A RN R A ) R SR AR TR
(focused ion beam, FIB) il & A& & 100 nm
ZeA7 1 TEM JH A .

{E A FelOtim RS0 R F b R B i A 4 3
WG ) R e B T I &%, XIAE S iE AT 3 MeV 1Y
1R E FelOt4m IR 48 BEOSC0 B RSR B2 1.7 pA;
TRLEES 450 °C; f@BRAS ] 13 hy FEAFE R 6 x
10" ions/cm? %7 R 51 {5 & (displacements per
atom, dpa) i SRIM {4 (Quick Kinchin, Pease

Bl oA 2, S5 R 1 R, ATRUA
V-4Cr-4Ti F1 Ti #9581 1 22 0 A K, V-4Cr-
ATI AERERRIREZY 1.1 pm RHEAFIE(E (29 4.9 dpa),
Ti fEFEARTERIEZY 1.3 pm IFAFIIE(E (29 5.1 dpa).
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Fig. 1. Irradiation damage (dpa) in V-4Cr-4Ti/Ti samples
calculated by SRIM2008 software.
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N Py SR T ) 2 R A 5 1 e € IR DX A IT
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U R . R, AR SCRIBORH R 4 43 X O i, A
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B 2 V-4Cr-4Ti/Ti F 1 X 355 B W 00 LR AE (a) %6 BRI AN
(b) % M8 J5 A9 SEM JE 55t 8] K& X 1 1) EDS JG 2 2k 37 4 b
G528 BBy @K T X B0 FIB A9 HUREf

Fig. 2. The SEM morphology and EDS line analysis of V-
4Cr-4Ti/Ti samples: (a) Before and (b) after irradiation; the

positions of FIB samples are marked with white rectangles.

T A B R v, AR 51 AR I i
B AR AR /N e B AT, BEAS T A s iz 2, AT
| R4 B AL 291, Sk T e RE RIS A T A R A
FLURRE FE AR AL, SR 98K IR AR JEA T T 3 U
w, GERWIE 3 Fros, H AHV Sy R A 2
ZEE. INE 3 0T LU A AE S AT A 1T HAT e
(OREEE (547 HV), FL T AEL LA I B 3 AH % 45
ik (389 HV F1 336 HV), %k I {A X 35 A JiE f% AIK
(276 HV). 8IS IR FERILARRE LA &, i 1
FIIL AbARE LR BRI, S T AEEERS N T 136 HV,
FEIRAEIL Ry 35%; Fiim I AEEERG AN T 55 HV, 4R
HRAE AL 260 10%; PLELARE EE 38 fin T 208 HV, 48
HEAE AL R 62%; BRSLIARE BE34 N T 247 HV, 4R
HERFAL R A 90%. MR BRRE AL 1) £ ok % i,
TR A R FIATT A A R A Ak ) S22 R

20 pm

B3 V-4Cr-4Ti/Ti 517 B 19 ) 3 1 X ok fry B 135 3 A1

Fig. 3. Vickers hardness distribution across the interface of
the V-4Cr-4Ti/Ti.
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3.2 V-4Cr-4Ti/Ti 5 HEH 45 BRERFS

] 4 JT 7 by s RS R 4% DX TR 3 (LR 4%
PR IR e R B B TEM JESRE, T
TEM #E b JERE 4 100 nm 2845, ] DL i 4
LS50 574 114 2 XU TFL 5 ofe i e a2 5. I IA 4 AT LA
F 5 R 2 T B AR R BRI R 1 e o 2 0 1y
FFm X 3, AR AR g 2 e, TR T R
IS SRAE T E ST A B e 8 AT L4
BRI AR RSTRER.
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Fig. 4. The TEM images of V-4Cr-4Ti/Ti after irradiation:

(a) V-4Cr-4Ti; (b) interface I; (c) interface II; (d) Ti.
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1.5 nm A1 11.2 nm + 2.0 nm). 755 AN 45 % 5
AHXTEAG, S T ASLE 1T 43504 0.80 x 102 m™®
F10.84 x 102 m 3, ALEE ROTAHXT KR, 4351 0
19.9 nm 4 5.0 nm F1 20.3 nm + 4.8 nm. FEAL
PR B AR H RS AR, M T & AR A 7E
R IR R hn] DUV A R B B IR A ke o (am 2 47 1 )
Bl ), BIEK4: @ )= 585 4 ) B i i X e R
MR b B —E 1Y A frE hude B ae g 1920, Bl
T 8 TR 5 1 52 i R 2% 3225 S B B AR Bt (B
B EE) RN B B0 O Fs PR D7 T . —PROR BBk FE B
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Fig. 5. Dislocation density (a) and diameter (b) distribution across the interface.

R A | iR R O i B 41D 1) 4 R
FER ™. O AR5 26 I RIURE i oA 22 i SR
il MR VR FH AU DN, MRS 22 5 7 DL RO A
JE i 5 6T 400+ ARk B 0 R AR BT V-4Cr-
ATi/Ti F1H 8 T 5 B4 )8 i, WY HeapIeag A7
T P P AL, B V-4Cr-4Ti/Ti 1 %) 48 REBLEG
AR,

FRIRA A P EURARAL AT LI DBH (dispersed
barrier hardening) &K H AT LI, £ DBH
A5E A e AR R A o A A T R T T A VDN ok
i 28.29),

Ao = M/ ubV'Nd, (1)
3-AHV (kg/mm*) = Ag (MPa), (2)

Hrh Ao fCEYIN S M = 3.06 EHH T wid
SR TR (uv = 47 GPa, pni = 41 GPa);
b, NI d 53 2 A 5 AR QR L 2% FPE 34 B
. XS FEONIEAL T S, o 3l H L 0.3 1
YL BTih, b=a(111)/2; 7 «-Tid, 0K

KANFI ¢f a #HOC. BT AT T AR U & 30T AR i
R BLIER R AL 7 S5 K (bee), FRTE T X 8k
} bee Z5HIER (3-Ti), FHfT 1T XIHHK bee L5
FHEZS A5 (hep) HEAFIUER (o + B Ti), BAIEIK
] J2& B — B hep Z5 44 (a-Ti)BPY. A SCHHL b =
a(110) /2 AT RIS, 7EFLH 1T (o + 6 Ti) X3
WILL o-Ti #1 B-Ti 45 1% 50% #EA7Ak 5. 1545
W 1 i), AT LA H 5 v Ak vy PR Ak 22 L L
RFNEREEAR /N, 518 3 SEUR 2 RARST. [WIRHtn 3 2
P SEG 45 R 5 TR T DBH A8 py i A 1.
T NV 5 0 0 6 I 2 1 i R 2 —J& DBH £
U T AR AL B 3 A 3450, (AN 4 AT LLE 78
BRI AR FNBRIE AR T BT KO A5 R A, 7 551K
Ieg S SO FI B =, S T S R R BE
1, DR S B A BE 2y 5 T DBH AL T4 R
BEAh, BREE R ELRE A1, 38 0] REAE7E FABAR 225 i fif
FEMIPR 2R, ) an e R RR b i 0 1) 7 A e Bt
R R AT AR LT 220 2 ok 2R
HEA R PO ] DX 3T 0 A 7 A

1 EEYORIRTRAE AL 5 R T DBH AR 48 MR AE AL AT A 531
Table 1.  Experimental hardness values by nanoindentation and the estimated hardness values calculated by the DBH model.
BUHE(R ST Sl BRIE(R

AHVsppn 207 136 55 247
N/m?3 1.5 x 10* 8.0 x 102 8.4 x 102 1.3 x 10
d/nm 73+15 19.9 £ 5.0 20.3 + 4.8 11.2 4 2.0
N-d 1.09 x 10" 1.59 x 10 1.70 x 10" 1.46 x 10"
VN -d 1.05 x 107 1.26 x 107 1.31 x 107 1.21 x 107

AH Vi 39.5 27.7 38.6%* 44.8

AR A e + 8 TilX AR o- TR 8- Tigs 15 50% #1135

3.3  V-4Cr-4Ti/Ti A EHERFSHTHY

Pl 6 JIT 7 “hy 8 TR P A 1 A0 T DX I 41

75 41 L B fUBE (scanning transmission electron

microscope, STEM) JESE]. IEl 6 7] LIE HTEH
SRS X S A R A A (R R AR
ARETRARBT R A A TS X AR R
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(c) Fvim 0

SP900 N 3 g [ 73 ¢ 4 200 nm [ 0. ¢ e * 1200 nam

B 6 iRMEJE R MR STEMIESE  (a) BLIEMA; (b) AL (c) Ao Il
Fig. 6. STEM images of V-4Cr-4Ti/Ti interface after irradiation: (a) V-4Cr-4Ti; (b) interface I; (c) interface IIL.

Wy, I ELFC T T XA AT H 402 L S TT DX Ak
Jo. B T XA AR Y 100 nm, KEETEIL (a) HEHERT S | (b) B PLEEAE
TREJLA GRS S I XA Y7 5y
50 nm, K FFEAEL+FULTE PR, XL

at%
5 H AR ATE R K RUBE FU, ey % . 917
AR A RO S THT AT A g e B A At PR ke o, ik vl 45

il 2 S 1 AL 2 VO AR B AR A 5 — R e .
DAL ;[ s S8 T Ak 1) A AT s %o s R Ak 8 = A T @ SRERE 1
S, DT 5 3504 R AE AL S 506 A DBH AL T4
E2E 5.

Shy B 5 e RS AT R 0 I Ay, AT S A
17 EDS B4t g5 3 anE 7 Ml 8 fras. wl L
F R AR A AR ) SO E kAT s (i | ¢
P 7 BT )5 T 4 RS B B A v — 2 SR AT T AT

WA EORORTEERT R (P S TR0 0 s o oty B0 45 (o) S
BT —SE R T AT R E VBT (b) #RBR R LI (o) 4IRS0 T; () 4 B T IO
(ﬁn[g] 7 MK 8 }y]"/jf\‘)7 ML I N =524 Ti BT Fig. 7. EDS analysis of the V-4Cr-4Ti/Ti: (a) Interface be-

o (ZZI] &7 E'l"/jf\‘) FUE TS VT ] fore irradiat.ion; (b) V-4Cri4Ti after irradia.tion;. (c) inter-
G LT T %ﬁ@l%ﬁg {B\IIJ %}Lgﬁi&ﬁ ey face I after irradiation; (d) interface II after irradiation.
He i — 1, H AP A,

200 nm

B8 5B PN S AT Y EDS A T4 R (a)—(d) $UEEIK; (e)—(h) FiH I
Fig. 8. EDS-mapping analysis of the V-4Cr-4Ti and interface I after irradiation: (a)—(d) V-4Cr-4Ti; (e)—(h) interface I.
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(c) U

9 4 MRS RE AN T DI 3 DX AT S A A A 2R

(e) i 11 () S, 11

I3

(a) HLIEIK; (b) BKIEIA; (¢), (d) B T; (), (F) LM II

Fig. 9. Diffraction analysis of irradiated samples: (a) V-4Cr-4Ti; (b) Ti; (c), (d) interface I; (e) (f) interface IL

T KA R IR R b [T ot S A AT
Y A B R 2 A e R AR R AR S TR
IT XIRAET Ti BB, TERCT Ti AN & 4R,

P9 Sk BE U B3 1h B R A0 56 Ak 3 [X Fl -7 5
TR, IEL 9 AT LR H, 46 IS PR R AR 2
PRATY SR 43 70 4 4 B BECRTT A9 40 ST 7 4548 (bece) Al
FHES A (hep); FHH KSR N o + B Ti IX;
T ST T IXAE ok i B8 — Y bee 5 8 i 30 T
hep 254 BOL 318 B 4 BEGE FR v T A s 46 A i =
HH A B-Ti XAl o +  TilX. 1T V-4Cr-
AT A4V, Cr Y02 Ti A4l g A
EICER, TEMR BT, R 1 X g E LR SR
R IE ELAr A ¥ A), o] LA RIS Ti A 4 i A
AR, G XA EFRASRPAS LA
BAHE] o AHRYARAE; Ti7EHR R R b, PERE % R AR
R FEY HOR 4R G R AT S 302 X3R5 1 i
=, BARERE TR A s/, AT B0z X B
bee Z5F95E AR R hep 4548, BUEAET BAHE] o 1Y
*Hﬂ’r (30]

4 % W

K8 B o T BB A K TR IR ST T = RE
Fel®t 8 FvE AJ5 V-4Cr-4Ti/Ti B & B 5 18
PAT R, 2 BRITAT DX S0 H B [R) R B 1) Al
A, {E 5 18 Ak 1 A REAE AL B0 IR T PR 44 156P
V-4Cr-4Ti/Ti H i) 5 BAr B B A R rdeie
HRAEALAE .

TE 48 BRIk A D7 10, 48 BRJS V-ACr-4T/Ti 4
ST A 5 B AR T P A, R BT T XA

PEAE B RE S 0.80 x 1022 m 3, FLif 11 Xy 0.84 x
102 m 3, fIXF IR (1.46 x 102 m3) FIEkIEA
(1.33 x 102 m®). AHXF 0 644 DA B 1 K
SRS, SO AL A AR A H RS HER, S
I XA 45 F ¥ RS 19.9 nm £+ 5.0 nm, F
IT X4 20.3 + 4.8 nm, HFE 5 T (7.3 nm +
1.5 nm) FIEKEEAR (11.2 nm + 2.0 nm). #EH] V-
4Cr-4T /T1 L4 HR R Fe 10 7 A U (A B
PRI

T AEATT H 40 7 T, 6 R A ot A AR D 1) stk
BT, R RS U — S8 SR B AL
FIAN I ERIR & BT 4, SR RS A T T R
R Ti TR E VTR, S 10
FEN Ti AT Y. HLA T X AT P A
RSF 2y T I K. Ti b i ek s 7 5t v =
B V/Ti L, SEAEHS 4-Ti K24 T o-Ti, B
oy B-Ti KEAS R o + B Ti HEAFIX.

RSO TR BTG V-4Cr-4T/Ti 8 4 L i
HE e AR IR AE A R AF 98 HUR L —/ NSy, S 42
WARAT A AT A, 91 s R £ 7 52 i) 4]
ETT R LD e S A R SRR
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Abstract

The development of electrically insulating coatings is extremely important for the lithium/vanadium (Li/V)
blanket of the fusion reactor. However, Li/V cladding materials suffer many problems such as
tritiumpermeation and material corrosion. Thus, it is very important to find suitable insulating, tritium-
resistant and corrosion-resistant coatings. So, the “V-alloy/Ti/AIN” bilayer coating was proposed by our group
in previous study for the first time. In this paper, the evolution of the hardness, irradiation defects and
microstructure of the Ti-clad V-4Cr-4Ti composite material after Fel®* implantation are studied by transmission
electron microscopy (TEM) and nanoindentation. According to the characteristics of the composition and
microstructure, V-4Cr-4Ti/Ti composite material can be divided into four zones: V-4Cr-4Ti matrix, interface I
(the interface near V-4Cr-4Ti matrix), interface II (the interface near Ti matrix), and Ti matrix. The
nanoindentation results show that radiation hardening occurs in all regions during irradiation. The radiation
hardening in the interface is lower than in the V-4Cr-4Ti and Ti matrix. Thus, the interface of heterogeneous
material exhibits fine resistance to radiation hardening. The experimental values of hardness are much higher
than the values calculated by the dispersed barrier hardening model. One reason for the discrepancy is that the
theoretical values are calculated under the hypothesis of the uniform loop distribution. Actually, a large number
of dislocation loops accumulate and tangle with each other in the samples. In addition, the formation of the
precipitates is also one of the key factors. The TEM results show that the irradiation defects in the interface are
low in density, large in size, and uniform in distribution. As a contrast, high density, small size and twisted
dislocation loops are observed in irradiated V-4Cr-4Ti and Ti matrix. These results indicate that the interface
can play a critical role in the resistance to irradiation damage. Few tiny Ti-rich precipitates appear in the V-
4Cr-4Ti matrix, while there are large quantities of Ti precipitates in the interface after irradiation. Moreover,
the number and size of precipitates in the interface I are larger than those in the interface II due to the
formation of a few V-rich precipitates in the interface I. The formation of precipitations changes the proportion
of V/Ti, which leads to the transformation from (-Ti to «-Ti in the interface.

Keywords: V-4Cr-4Ti/Ti, interface of heterogeneous materials, precipitates, irradiation defects
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