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Fig. 1 Transition of dislocation-core symmetry introduced by Re alloying (Empty circles are atoms projected on (111) surface;

displacements along [111] direction are represented by arrows connecting neighboring atoms)
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Fig. 2 Thermal diffusivity of W-Re alloys at room

temperature as a function of Re content
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Fig. 3 Thermal diffusivity of unirradiated W-Re alloys at
room temperature, 673 and 973 K
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various chemical compositions: (a) Density; (b) Microhardness

Ak, VELEVA S5P1R FH S # e e 45 B 1l 4%
T W-2%Y &4t AUk geitar TafsE. RI
FERREE R, Y TR R, FIT W RO
TEHGAN /N Y 205 FIURL, 41 /ISR 8053 A1 1) 55— AR URLAE
AR RE R O R AT, B AR N TR RE
77, EEE Ak SRR R EGRACR o Sk 2 I 50 nm
HL150 nm PFPSE, S SR RIS M 5 3 Y0,
TEAE o IRE PRI AR 55 (97 %) A 52 (1800HV g 2)
B Hoohr /b, R mnli et BeR, 78 1000 CABR I
o HEPEWTEL, 1300 °C 0 H S PEREAE, X R I R}
) DBTT $2/ 4 1100~1200 C. iXJ& T4 2000 C
PUNES, WORLY [RHZIK R EOH 22 B0 (Y 12 W I



1902 hEA SRR

2016 £ 9 H

2 i), M AR N N g, A e 5 .
LEMAHIEU 248157 7 W=(0.25%~1%)Y &4 b s
BT NI a i APERE . PRI, Y Pem T WL
POETERE, HBE Y Sarsgn, &k T3 Rk,
T B e prhrom 5 i 3, (1Y WS TR
DBTT, B#XT#ME. ZHAO £ MM & 4L
SPS KesbHAREIS T W-(0.25%~3%)Y &4, KM Y
B T AR A B FE (R ik 99.95%), I Eke
S BT W-Y-0 AU WS8R R
SPRE Y S RIS, W-1.5%Y & 4 5 AT Bl i
R s R, Y S Ak SR NI Stk R kAL
Bl S b W 2 A . ]S TRl W-(0.25%~3%)Y &4
PR EG, E Y SR, 3B A

HAMTE SR B, &N 1T, S
YRR DI

AL, R Y S5 WP O LRAAHA

— B B RS, X W IR RE S AR g, R REdE

FAPRHK A R IR EANAERE, (Hide s T DBTT, ff
P PEE N -

1.3 TitE

Ti BA LA S WL w52 M RE 4
TEBV B NN /NERE R, BERRB AR &4
DACk e . BFOCRIE, Ti A %ﬁ%%%ﬂvﬁﬁﬁ
(IR AR SO S SN B S (AT I TR S
RPN, AGUIRRE “52* LR FL R AR vd 4 (K 7 vk il 4
T/ Y,0: 8B40 W-Ti &4, JF4E 25~1000 ‘C Xt
MBS EEARIVEREAT T MRAFI VP . 45 5%, 4
HEE/ANT 600 CIF, MARFSREE Al SRR 2 bt v
ATi Fr s i3 im0 WEEKT 600 °C, MR
PEEZEBRAG, El 6 Frus. /N T 600 ‘CHF, W-Ti
A AR RIS T W-Ti-Y,05 1 KT
600 ‘CHJ, b4 AF IR 23 PR, Ti F1 Y,05 3 [+H]
FEAERS, MEPNFILBIR 2, dihiZ 456 19859

(b) t'-;u;; £ w“

34“._\".3‘

’ﬁ v'\ '.;?‘} (’\2 ‘wl 4
s }s& 1 q’ f"@ | ;'a‘»“(
R T G F?%?’

'44 represent
I (2) 0.25Y; (b) 0.5Y; (c) 1Y; (d) 1.5Y; (e) 3Y

E5 W-(0.25%~3%)Y &4 A 2L 5 (1%
O e Y B MO AR, iy
PO RORE S5 —AH, R O RO RURE 55 )
Fig. 5 Microstructures of W-(0.25%—-3%)Y

alloys (Dark areas are Y rich phases (marked

with numbers). Red numbers represent for
sub-micro-scale second phase, blue numbers

for micro-scale second phase):



526 5 9 W Pk, %%

B Bou R 4SBT ARSI RT SR R R

1903

I RCIE T BRI N, Rk, W-Ti-Y,05 A 4o
JERBIPER W-Ti &4 MK. TFUERIL, L Ti i
HET W RSN BRI B R R T Ti-W [ 4,
{HEE TAPENY DBTT, H. Y05 MAEAERISS T Ti Xt
FUEAI R BEAEH o

SAVOINT %581 2IR YN UM & 4 10 R0 RS 4
A3l T ODS H45m(A N La,05) 1K) W-Tis W-V &
S IR T HAE BRI R AR L. e gl IS AT RLT)
FHXT 25 B B A e 3 S s B i G, Fe Tk

700
600
£
S 500
< o
2 400
E=]
2 300 =
S
g
R 200
* — W-4Ti-0.5Y,0,
100F  8— W-0.5Y,0;
» — W-2Ti-0.47Y,0,
0 200 400 600 800 1000 1200
Temperature/'C

6 FARLES o S AN ) B ) AR AL R D

98%A1 100%, UiHA Ti 1V B Fhesisvsth, K7
PR A& e m M Aithol. i, 41K La0,
WORLI) ) A TR, R EBIVRBORIGER], TiflV
WAL W TR 2 T A Ti R Vo, AT S A
REIE . WEFURIN, PN RS -G 4 1A Rl 340 i 5 0 5 (1)
ETbim R, MR EIL 473~773 K B, W-4V-1La,0;
(R AR ARAR, 1 W-Ti-La,O5 & 4 (R i 1
hn, a8 Fras. Ti fl V FI#RZIK RECKZ) 2 W IH 2
W, BB B, RN IS N RAE

16

Fracture toughness/(MPa-m!2)

4F o — W-4Ti
* — W-4Ti-0.5Y,0,
5 — W-0.5Y,0,
» — W-2Ti-0.47Y,0,
0 200 400 600 800 1000 1200
Temperature/'C

Fig. 6 Evolution of bending strength(a) and fracture toughness(b) of samples with test temperature
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Fig. 7 Element map images showing distribution of alloying elements for W-4%V-1%La,0;((a), (b)) and W-4%Ti-1%La,0;((c), (d))
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Table 1 Densities (theoretical (py,), experimental (p.,) and relative (p,) density) and microhardness of samples with different

composition (load of 0.98 N and 9.8 N)

Material pth/(g-cmﬂ) pexp/(g-cmf3 ) p/% HV(5n/GPa HVg 5 n/GPa
Pure W 19.2540.02 17.6440.02 91.64 3.40+0.54 2.5840.03
W-4V 17.73+0.02 17.57+0.02 99.10 6.47+0.25 5.94+0.58
W-1La,05 18.83+0.02 17.0620.02 90.60 3.26+0.10 2.9120.31
W-4V-1La,0; 17.370.02 17.15+0.02 98.73 7.3240.35 7.0120.10
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Fig. 10  Average elastic modulus of each materials (b)
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Fig. 12 SEM image of fracture surface of W-1%V alloy
(Small tungsten grains are in surrounding of vanadium particle,

circle represents small tungsten grains)

BT SAT T BUAATERE . WETLR B, AT
W-1%V &4, W-5%V FIl W-10%V & 448 i i 55
BT N IR BUG R B B B AG, REU™ MY R
I S, B VR 80SGE W BB RAA E
AEo o W-5%V A E&MREUE R, RN T
W-10%V &4 V FGERNT W I, SBEIEW
TR, Kk, W-10%V A& R, HEm
(il i g e, FECLR IR M2 T W-5%V &4,
g BRI, VT LA WK BRI SR,
MR, HAFT W iR RE, T LU SRAE
NEEEM BN G St E .

1.5 Zr &

ai WA AR R R R, IR S
DBTT b2t — 04t m. MRk i 2R 2
—jE W T EHMZRFUCEMU O, N, PE)EW it
RAMWE, BARSAMLEE T, PSR 3 ioc s
W A SR SRR W SRR A K
FBez —P, Brab sk z A, # b E oo
IR B e SR AR . R e E (W La.
Y)—Ff, Zr. HE %5 C. N. O WHEMFZER T,
FEE NREWK C N O JGE, TEEE stk &,
AR ZR R FAE A RS, Wi, S mas
BRI, XIE ZM9%% T W-0.1%, 0.2%, 0.5%,
1.0%)Zr &4 IERr HrERERET THE9T, S5k, M
SR Zr TN AT A RDRL 55 B BT 1 %, (ELg2 i T 4k
(RS BE R, Ak RO AR AN K . FEpe 2l 1 i 7
H, Ze R T W R I T O ST R IE K ZrO,
Wk, B AT ARG, BRARAL A IS8, o
1T S, SURBURL R BE S Ze S g n, A5/
WY Zr 5 W B Ze-W B RFT Zew, Ao A B T4k
HAT IR, W-Zr &R — L85 5 W2y
ik, R W MBEITEG TGS . W-0.2%Zr & & B A
FERRE RN . BE Ze S0, S A REE
BTN, XA REAE A AORL Y RO s, i
KIS AU BURL 25 38 SO £R 45 2 i AR G0k
TR LURE TN g, AT S AR AP . ik 4h, XIE
SRR T W-1%Zr-1%2ZeC &4, JE5491 W,
W-1%Zr W-1%ZrC &43H7 T X . B 13 fras A
[F] %50 5 42 AE 400~700 ‘C IR S—NARHh k. I 13

400 °C SPSed W-1.0ZrC
0 S — f\\
——=600C ! SPSed W-1.0Zr-1.0ZrC
700 °C ,:'i
= R
& 600F TR
= SPSed W-1.0Zr [
2 T
8 ' 1
£ !
2 \
'C 400F  SPSed W i
£ .;. '
200 &
O f ' L L
0 20 40 60 80

Engineering strain/%
B 13 465, W-1%Zr. W-1%Zr Fl W-1%Zr-1%ZrC &54:1F 400~700 C[¥1hr 1T
Fig. 13 Tensile behaviors of pure W, W-1%Zr. W-1%Zr and W-1%Zr-1%ZrC alloys at temperatures between 400 and 700 ‘C



526 & 90

PR, S BAR A SO R E AR PE IR S R G 1907

ATLUER], 4 W RS, Wz, 1E 600 C
INf, AR a2, Wi s L 309 MPa;
W-1%Zr G445 400 CH AR AR B VERAE, RIH DBTT
T 400 Co fESMNEIE T, W-1%Zr &R
o T HAL G 4, KW Ze GROBEEE T W KB,
IR I, Zr [FREZEDIGIK ZrO, Fl W-Zr-O F5ORE [ 1
XA T WA A, S S &0k ee
W-1%Zr-1%ZrC & 4 (158 B8 8 v, (HIE PR T W-1%Zr
445, DBTT 4 400~500 C 28], iX5& T4k N
(3 AR i 2, SRRV ISR, 759
PEG BT R, AefempP Rl Ty i, BRI ZeC 1)
ORI o BRI, SN Ze JCEA R T EGE W
[R5 E AN, RN s PR R S if B o

1.6 Nb =

Nb J&—FEAT S s A5 ZE M R AT
TWEPETCER, MO T EiR, S WA RIS
PE, EmR NERL Nb(W)E A, BF9UER, 1 Nb
B ERBARIS AR TR AN 5] 0 AT Nb(W) [ %5
A, AT TS, PRASSRCAE, ELBE Nb 5
I, BRI SREE . B RE R Y SR, Aok RS
BN, a5 zee HEAMEL, Nb AEAIENEC
#rLLY C. Ny O SR BUC R G A s
Y, WO FRAE S S W, #Rb R, LUO
] W-TiC E-AMEH I T /0 Nb JT %, 51T Nb
X W-TIC & @S5 FI TR e . 45 3R, 5
W-1%TiC #HEL, W-1%Nb-1%TiC [R5 510, 5
Nb {3 T hedh b (BB 7 s MR PR B0 2%
ETF, BTS20 126 MPa 1 245 MPa,  Nb Lj/b4:
(1) C JTEAE mnl N AE SR A w8 R S il B2 1) NbC,
HTIC — 4T LA S AL BAS A5 I8 50, N R 2y
A Nb(W) AR, X Se# A1 ARl R 5 = o Ak,
Nb B ffifF W-TiC &4 AP B . K 14 s
N W-1%Nb-1%TiC & S AEA A ECT (1) R RO 45
A

2 AEHEEMRItRERI M ERE

i

S O SRR L R A S5
REA PTG, (HRARAAAEAL, LB PIPERAT, e
PEREIN, ST R PuhahditERe N EESE. SeInER
A sz 2URE, I 2 S S A4 R fE 2 B
o DRI FEES N 3 (15 4 70 3 B AT R s AL
RERCAATRI, 3 5 o 5 I R AN 205 KA aE 25

Element x/%
74.5
112

f g . o el
B 14 W-1%Nb-1%TiC 54 (ML R 451
Fig. 14 Magnification images of W-1%TiC-1%Nb surface: (a)
Low magnification image; (b) High magnification image and

EDS pattern

RERMEHIVERE . A S5 SR IAN R TR
T BRI T A R A

2.1 B ER

MR R, UGB, A n]
G IR AL, W Cy Ny Oy H LSRR 1% A 45
F TG AR T b AL GG dh SRR, 38 RN (R G
PESTL DRI, A AR R R T R 24 T IR RN S
SEEM R A TR — . HURA S nT 3 2
AR ACRIURE, L DR] B8 EROR B 55 (1) B 15 25 5 15 | N K o
Z W, HBIRG TS, HisE g = dE. AT
BREEVE:, WIS IR TR R T A BE
AR A SR AT E S A A . LI 255
T R — T R A ik b 2 1R T A % T gk
W-1%La,0;3 Fl W-1%Y,03 & AL, KI5 EBREE 1L AH
L, MRS BRI oy AT SE N4 AT . T 2 E A
KFBA A SPS e sk Hi AR % T #8405 W-TiC
HEMEL SRR TiC BT TSI AL A, 4#
TiC ¥ KRS /AR b, $ 7 TiC Kk
SRR, A28 )5 1 TiC RORS 51 s U A
T W SRR SR ERLN, FEEE S SPS AR PR 4
AR IET W SRR, Sk s B A



1908 hEA SRR

2016 £ 9 H

W-TiC ZEHE SFR e T EHOPERE. XIA 255
ALY CE I % e 2l W-La, 05 B dize S8 T il
F A Lay O3 BRI ) 476 T4l iy W) & 3 A R iy
Fhb e Pl e AR HAT S v R BRSO (1) Y Rl
S 45 RARAUESE T YTIE 2 — Ml viiE B oA
YIIW GKRRL A 20710, I FLAE I 2k 3 2 Rk
& W AR S RET AR A

B NI OB MR RE I SR A A IR
HAFAEA AL, ARRIVESHEAARL A G2 (R IINA 22 o0
SEAN IS A A RE, RO SRAE T (K R rh A 38 Rl
o) Hoar g, i 3 Bk Ae SEHU AR s Rl 12
20 R e HL Sk R 2507 R AT %5 E A3

2.2 HIEBMSR/NKREEM R

BRI A O 11 o R R R T 1) 45 125 (A A4
TR 5 6 R R —, R 2 0 1 5 2 %
HH R AN /AR S M B G W SR BRI AT
Bto tH Hall-Petch JCR WS, SRRV, o5
fe BEAN, 1SRRI, A R FEAR A
B, N BTG RIFRIIN S B, RO G WiE
Y JE, R U REPITE.

i P PR )5 16 0/ 2 K T g 1 43 A R P
PEAR JE 72 (SPD)FIRY RIG S (PM) P Pl o8 SR PR AR
TE1 X 4y by 25 T 18 ff1 5 R (ECAP) Ml i3y R 41 % (HPT) X
PIRp T2, s o>, &t SPD AREEAMY AT LA
AR B S W, BT B W RRIE G
PE, S RAFRsREITE. 2 SPD ALFEJE, KPRLNEES
A (R AT 10 K A A ST e e S SO I LA
FEREPIVE R IR o LA DR AR 5 o S P 0 5l o L
15 T A 2 Wi 38 s R SR s[RI, J@id SPD
PAFH I TR EORE, WAL AR
SAZES, KA BT SR SRR 51X B AR TE L
W R, BARTEA 885, N BN, T4 e
MORMEIES Ak, Z% 0 ik s 2 0 5 5
Gr A, BRAR T 2% TR T AE S FUR IR PR, t—E
FEIE Hh st T AR BB . K FH SPD LI 4 i 2%
JERITG 2% 505 e 1) L 2 3

TR A5 B TR B 45 (SPS) A K AR G bR 45 7 Vi
—Fp, BAATHEEEE T, PRk, ks, A
UM A i, TR % % B Al i A
kL, AR AT RAFI 22 R P), HIRR SR
ANZEJT . IRAh, TR Fobe 4l (HIP)™ AT iy e da v
e 45 (RSUHP) 5 1 2 1] 4% 41 5 25 56 44 ) 1047 20T
Bro MHHZ N, g mikbe s begtith B, I,
SR R E KR HARME SR (B, ANFIF

PAFEATVEAVEREN)
PLRARA G T 25
MOEHRPEREM P S id

PR PNV PR IE T A
B AR [ 55 28 TR IL 5 A
12

o

3 it

1) W EEMPRIAIIL s s (RIS . AN 5 H OV
IR T B S50 R VR AT o b s T e 4x 1
A58 FH P TH ) S5 8 AR B o (ST BIURE R 1Y) TR AL Y,
F, A2 W BT TG PO XE N T e 3 AR v
45 R PR A DA B R e 5 e

2) W A B 32 B [l oAt . 40 il A5
AR A S, ARG S INEE AR (A
A A R AR A R £ R AN /0K S RS S A Rk
HoERE . A o M SGEM B E AR T X2 —,
XS T IA R e IR e AR J o A

3) #£ Re. Ti. V. Zr. Y. Nb X E L IEL
W, R AR e W AR 1) 5 5 i o A
VL HGE W PTG ERE . ANEGE WOSBBITERY
MR, R Res Zr. VRE| TRFFEE A, 1
A& S ICFZ M RHE R ) SGaE D ook, A
SN T W INETE . 10 Re 2K W # G2, HAF
RSN . BeAt, Ti AR RGBT
ditkfE. Rk, A4IcEn W TERENI S i R ik,
It KA R AR REAL A, IR Bk NG A 0T W PERE
e EAEH

4) T ) A5 B T A AR AN 75 B AL 08 IR R
W ELRE—E FEREIIPE . R R M e DA S e
PERE, A BRI AL SRAS ROVHE R SR . ISR
SRR, FES IS TE, AT EalifE
R 1y B8 S8 PR AN /AN K R RS B LR A T R iR
FESYEAS TR RN e 45 TV E 54, e & MZ o
A AT A AR T EE— P I

REFERENCES

(11 BEZE WS AR S T AR (0], E R =,
2009(17): 28-31.
GE Chang-chun. Plasma facing materials and controlled nuclear
fusion[J]. Fortune World, 2009(17): 28-31.

2]  EBJhAG. BERARWEST 50 RE[T]. AR5 TR, 2001, 21(1):
29-38.
QIU Li-jian. Fusion research in the world[J]. Chinese Journal of
Nuclear Science and Engineering, 2001, 21(1): 29-38.

[31 TAN J, ZHOU Z, ZHU X, GUO S, QU D, LEI M, GE C.



$26 5 9 W

Yok, & BRGEIURMEIN SR TAREIEMEITER S KR

1909

(4]

(3]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

Evaluation of ultra-fine grained tungsten under transient high
heat flux by high-intensity pulsed ion beam[J]. Transactions of
Nonferrous Metals Society of China, 2012, 22(5): 1081-1085.
XPHEE, HARW], RAKLL, FAHE. R S 5 — BE A
B CuCrZr &4 M5 B BRI D7 2= M RR[T]. HLAK L
FEEL 2009, 33(3): 46-49.

LIU Dan-hua, CHEN Ji-ming, WU Ji-hong, YAN De-sheng.
Mechanical properties of the CuCrZr alloy and CuCrZr/SS joints
for ITER first wall[J]. Materials for Mechanical Engineering,
2009, 33(3): 46—49.

SHIMADA M, COSTLEY A E, FEDERICI G IOKI K,
KUKUSHKIN A S, MUKHOVATOV V, POLEVOI A,
SUGIHARA M. Overview of goals and performance of ITER
and strategy for plasma-wall interaction investigation[J]. Journal
of Nuclear Materials, 2005, 337/339: 808—815.

BOLT H, BARABASH V, KRAUSS W, LINKE J, NEU R,
SUZUKI S, YOSHIDA N, ASDEX U T. Materials for Plasma-
facing components of fusion reactors[J]. Journal of Nuclear
Materials, 2004, 329/333: 66—73.

ROEDIG M, KUEHNLEIN W, LINKE J, MEROLA M, RIGAL
E, SCHEDLER B, VISCA E. Investigation of tungsten alloys as
plasma facing materials for the ITER divertor[J]. Fusion
Engineering and Design, 2002, 61/62: 135—140.

PHILIPPS V. Tungsten as material for plasma-facing
components in fusion devices[J]. Journal of Nuclear Materials,
2011, 415(1): S2—S9.

BOLT H, BARABASH V, FEDERICI G, LINKE J, LOARTE A,
ROTH J, SATO K. Plasma facing and high heat flux
materials-needs for ITER and beyond [J]. Journal of Nuclear
Materials, 2002, 307/311: 43—-52.

TIE, T, WA WA R R A IR A P A —
BE A RS (R T 5 R0 T I 1 PR 25 0. 22 O 9 K2 2%
R(BRELEM), 2014, 37(4): 314-319.

DING Wen-yi, HE Hai-yan, PAN Bi-cai. The review and some
problems about the first wall materials tungsten in magnetic
confinement fusion reactor[J]. of Anhui
University (Natural Science), 2014, 37(4): 314-319.
RIRM, T2, BORE, 1R & BBl B S
MR B SO (0] P A (G 8 4, 2012, 22(12):
3522-3528.

ZHU Ling-xu, YAN Qing-zhi, LANG Shao-ting, XU Lei, GE

Journal Normal

Chang-chun. Research progress of tungsten-base materials as
plasma facing materials[J]. The Chinese Journal of Nonferrous
Metals, 2012, 22(12): 3522—-3528.

WURSTER S, BALUC N, BATTABYAL M, CROSBY T, DU J,
GARCIA-ROSALES C, HASEGAWA A, HOFFMANN A,
KIMURA A, KURISHITA H, KURTZ R J, LI H, NOH S,
REISER J, RIESCH J, RIETH M, SETYAWAN W, WALTER M,
YOU J H, PIPPAN R. Recent progress in R&D on tungsten

alloys for divertor structural and plasma facing materials[J].

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

(24]

Journal of Nuclear Materials, 2013, 442: S181-S189.

GAO H P, ZEE R H. Effects of rhenium on creep resistance in
tungsten alloys[J]. Journal of Materials Science Letters, 2001, 20:
885-887.

LI H, WURSTER §,
AMBROSCH-DRAXL C,

MOTZ C, ROMANER L,
PIPPAN R. Dislocation-core
symmetry and slip planes in tungsten alloys: Ab initio
calculations and microcantilever bending experiments[J]. Acta
Materialia, 2012, 60(2): 748—758.

NORAIJITRA P, BOCCACCINI L V, DIEGELE E, FILATOV V,
GERVASH A, GINIYATULIN R, GORDEEV S, HEINZEL
V, JANESCHITZ G, KONYS J, KRAUSS W, KRUESSMANN
R, MALANG S, MAZUL I, MOESLANG A, PETERSEN C,
REIMANN G, RIETH M, RIZZI G RUMYANTSEV M,
RUPRECHT R, SLOBODTCHOUK V. Development of a
helium-cooled divertor concept: Design-related requirements on
materials and fabrication technology[J]. Journal of Nuclear
Materials, 2004, 329/333: 1594—1598.

SETYAWAN W, KURTZ R J. Effects of transition metals on the
grain boundary cohesion in tungsten[J]. Scripta Materialia, 2012,
66(8): 558—561.

TYBURSKA P B, ALIMOV V K. On the reduction of deuterium
retention in damaged Re-doped W[J]. Nuclear Fusion, 2013, 53:
123021.

NEMOTO Y, HASEGAWA A, SATOU M, ABE K.

Microstructural development of neutron irradiated W-Re
alloys[J]. Journal of Nuclear Materials, 2000, 283/287:
1144-1147.

FUKUDA M, YABUUCHI K, NOGAMI S, HASEGAWA A,
TANAKA T. Microstructural development of tungsten and
tungsten-rhenium alloys due to neutron irradiation in HFIR[J].
Journal of Nuclear Materials, 2014, 455(1/3): 460—463.
FUJITSUKA M, TSUCHIYA B, MUTOH I, TANABE T,
SHIKAMA T. Effect of neutron irradiation on thermal diffusivity
of tungsten-rhenium alloys[J]. Journal of Nuclear Materials,
2000, 283/287: 1148—1151.

WP, FWAE, B, B &, RS AR E R
i S PERERTSE L], APRLT A, 2013, 27(9): 98-100.

TAN Dun-giang, LI Ya-lei, YANG Xin, LU Lei, LU De-ping.
The influence of impurity elements on structure and performance
of tungsten products[J]. Materials Review, 2013, 27(9): 98—100.
VELEVA L, OKSIUTA Z, VOGT U, BALUC N. Sintering and
characterization of W-Y and W-Y,O; materials[J]. Fusion
Engineering and Design, 2009, 84: 1920—1924.

VELEVA L, SCHAUBLIN R, PLOCINSKI T, WALTER M,
BALUC N. Processing and characterization of a W-2Y material
for fusion power reactors[J]. Fusion Engineering and Design,
2011, 86: 2450—-2453.

LEMAHIEU N, LINKE J, PINTSUK G, OOST G V, WIRTZ M,
ZHOU Z. Performance of yttrium doped tungsten under ‘edge



1910

hEA SRR

2016 £ 9 H

[25]

[28]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

localized mode’-like loading conditions[J]. Physica Scripta, 2014,
T159: 014035.

ZHAO M Y, ZHOU Z J, DING Q M, ZHONG M, TAN J. The
investigation of Y doping content effect on the microstructure
and microhardness of tungsten materials[J]. Materials Science &
Engineering A, 2014, 618: 572-577.

CHOOKAJORN T, MURDOCH H A, SCHUH C A. Design of
Stable Nanocrystalline Alloys[J]. Science, 2012, 24: 951-954.
CHOOKAJORN T, SCHUH C A. Nanoscale segregation
behavior and high-temperature
W-20at.% Ti[J]. Acta Materialia, 2014, 73: 128—138.

MONGE M A, AUGER M A, LEGUEY T, ORTEGA Y,
BOLZONI L, GORDO E, PAREJA R. Characterization of novel

stability of nanocrystalline

W alloys produced by HIP[J]. Journal of Nuclear Materials,
2009, 386/388: 613—617.

AGUIRRE M V, MARTIN A, PASTOR J Y, LLORCA J,
MONGE M A, PAREJA R. Mechanical properties of
Y,0;5-doped W-Ti alloys[J]. Journal of Nuclear Materials, 2010,
404: 203-209.

AGUIRRE M V, MARTIN A, PASTOR J Y, LLORCA J,
MONGE M A, PAREJA R. Mechanical properties of tungsten
alloys with Y,O; and titanium additions[J]. Journal of Nuclear
Materials, 2011, 417: 516-519.

MARTINEZ J, SAVOINI B, MONGE M A, MUNOZ A,
PAREJA R. Development of oxide dispersion strengthened W
alloys produced by hot isostatic pressing[J]. Fusion Engineering
and Design, 2011, 86: 2534-2537.

SAVOINI B, MARTINEZ J, MUNOZ A, MONGE M A,
PAREJA R. Microstructure and temperature dependence of the
microhardness of W-4V-1La,03 and W-4Ti-1La,0s[J]. Journal of
Nuclear Materials, 2013, 442: S229—-S232.

MUNOZ A, SAVOINI B, TEJADO E, MONGE M A, PASTOR
J'Y, PAREJA R. Microstructural and mechanical characteristics
of W-2Ti and W-1TiC processed by hot isostatic pressing[J].
Journal of Nuclear Materials, 2014, 455: 306—310.

PALACIOS T, PASTOR J Y, AGUIRRE M V, MARTIN A,
MONGE M A, MUNOZ A, PAREJA R. Mechanical behavior of
tungsten-vanadium-lanthana alloys as function of temperature[J].
Journal of Nuclear Materials, 2013, 442: S277—S281.

PALACIO T, MONGE M A, PASTOR J Y.
Tungsten-vanadium-yttria alloys for fusion power reactors ( I ):
Microstructural characterization[J]. International Journal of
Refractory Metals and Hard Materials, 2016, 54: 433—438.
DRUYTS F, FAYS J, WU C H. Interaction of plasma-facing
materials with air and steam[J]. Fusion Engineering and Design,
2002, 63/64: 319-325.

ARSHAD K, ZHAO M Y, YUAN Y, ZHANG Y, ZHAO Z H,
WANG B, ZHOU Z J, LU G H. Effects of vanadium
microstructures  and

concentration on the densification,

mechanical properties of tungsten vanadium alloys[J]. Journal of

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Nuclear Materials, 2014, 455: 96—100.

ARSHAD K, DING D, WANG J, YUAN Y, WANG Z, ZHANG
Y, ZHOU Z J, LIU X, LU G H. Surface cracking of
tungsten-vanadium alloys under transient heat loads[J]. Nuclear
Materials and Energy, 2015, 3/4: 32-36.

LIU R, XIE Z M, HAO T, ZHOU Y, WANG X P, FANG Q F,
LIU C S. Fabricating high performance tungsten alloys through
zirconium micro-alloying and nano-sized yttria dispersion
strengthening[J]. Journal of Nuclear Materials, 2014, 451:
35-39.

XIE Z M, LIU R, FANG Q F, ZHOU Y, WANG X P, LIU C S.
Spark plasma sintering and mechanical properties of zirconium
micro-alloyed tungsten[J]. Journal of Nuclear Materials, 2014,
444: 175-180.

XIE ZM, ZHANG T, LIU R, FANG Q F, MIAO S, WANG X P,
LIU C S. Grain growth behavior and mechanical properties of
zirconium micro-alloyed and nano-size zirconium carbide
dispersion strengthened tungsten alloys[J]. International Journal
of Refractory Metals and Hard Materials, 2015, 51: 180—187.
SHA J J, HAO X N, LI J, DAIJ X, YANG X L, YOON H K.
Mechanical —properties and fracture characteristics of
CNTs-doped W-Nb alloys[J]. Journal of Nuclear Materials, 2014,
445: 573-571.

LUO L M, CHEN J B, CHEN H Y, LUO G N, ZHU X Y,
CHENG J G, ZAN X, WU Y C. Effect of doped niobium on the
microstructure and properties of W-Nb/TiC composites prepared
by spark plasma sintering[J]. Fusion Engineering and Design,
2015, 90: 62—-66.

KOBYLANSKI A, 5KEEA. 800850 I VE K 2],
T4 EF RS LR, 1986, 1(1): 41-45.

KOBYLANSKI A, ZHANG Ting-jie. Effects of impurities on
tungsten grain boundary brittleness[J]. Rare Metal Materials and
Engineering, 1986, 1(1): 41-45.

LIU R, WANG X P, HAO T, LIU C S, FANG Q F.
Characterization of ODS-tungsten microwave-sintered from
sol-gel prepared nano-powders[J]. Journal of Nuclear Materials,
2014, 450(1/3): 69-74.

LIU R, ZHOU Y, HAO T, ZHANG T, WANG X P, LIU C S,
FANG Q F. Microwave synthesis and properties of fine-grained
oxides dispersion strengthened tungsten[J]. Journal of Nuclear
Materials, 2012, 424(1/3): 171-175.

TZE, Dok, mmk, P, F O, KR, RER.
A% W-TIC EaB ik o SPS g T h[)). o+
[H A 0,4 @ 24, 2014, 24(10): 2594—2600.

DING Xiao-yu, LUO Lai-ma, HUANG Li-mei, LUO Guang-nan,
LI Ping, ZHU Xiao-yong, WU Yu-cheng. Synthesis of W-TiC
composite powders by wet-chemical process and its sintering
behavior by SPS[J]. The Chinese Journal of Nonferrous Metals,
2014, 24(10): 2594-2600.

XIAM, YANQ Z,XUL,GUOHY, ZHU L X, GE C C. Bulk



5 26 45 9 1] Yok, & BRGEIURMEIN SR TAREIEMEITER S KR 1911

tungsten with uniformly dispersed La,O; nanoparticles sintered CHO K. Microstructure and mechanical properties of
from co-precipitated La,O;/W nanoparticles[J]. Journal of super-strong nanocrystalline tungsten processed by high-pressure
Nuclear Materials, 2013, 434(1/3): 85—89. torsion[J]. Acta Materialia, 2006, 54(15): 4079—4089.

(491 x1 K, Z& @k, £Ji5t, PR, A . A /0K [52] FALESCHINI M, KREUZER H, KIENER D, PIPPAN R.
R R T AR HETH] [7) 45 25 TR RLI]. SR, 2011, 25(10): Fracture toughness investigations of tungsten alloys and SPD
43-48. tungsten alloys[J]. Journal of Nuclear Materials, 2007, 367/370:
LIU Feng, LI Qiang, LUO Guang-nan, LIU Wei. Ultra-fine 800—-805.
grained/nano-crystalline tungsten-plasma facing material for [53] VALIEV R Z, ALEXANDROV I V, ZHU Y T. Paradox of
future fusion reactors[J]. Materials Review, 2011, 25(10): 43—48. strength and ductility in metals processed by severe plastic

[50] WEI Q, JIAO T, RAMESH K T, MA E, KECSKES L J, deformation[J]. Journal of Materials Research, 2002, 17(1): 5-8.
MAGNESS L, DOWDING R, KAZYKHANOV V U, VALIEV [54] ZHOU Z J, PINTSUK G, LINKE J, HIRAI T, RODIG M, MA Y,
R Z. Mechanical behavior and dynamic failure of high-strength GE C C. Transient high heat load tests on pure ultra-fine grained
ultrafine grained tungsten under uniaxial compression[J]. Acta tungsten fabricated by resistance sintering under ultra-high
Materialia, 2006, 54(1): 77-87. pressure[J]. Fusion Engineering and Design, 2010, 85(1):

[S1] WEI Q, ZHANG H T, SCHUSTER B E, RAMESH K T, 115-121.

VALIEV R Z, KECSKES L J, DOWDING R J, MAGNESS L,

Current status and development trend on alloying elements-doped
plasma-facing tungsten-based materials

LUO Lai-ma"?, SHI Jing', ZAN Xiang"?, LI Ping"?, LUO Guang-nan’, CHEN Jun-ling>, WU Yu-cheng':*

(1. College of Material Science and Engineering, Hefei University of Technology, Hefei 230009, China;
2. Institute of Plasma Physics, Chinese Academic Sciences, Hefei 230031, China;
3. Laboratory of Nonferrous Metal Material and Processing Engineering of Anhui Province, Hefei 230009, China)

Abstract: Tungsten matrix composites have gradually replaced the traditional carbon-based materials and beryllium,
becoming the most promising candidates for plasma-facing materials for the international thermonuclear experimental
reactor attributing to their superior properties. However, tungsten exhibits some problems as a plasma-facing material,
including low temperature embrittlement, recrystallization embrittlement, radiation embrittlement and fuel particle
retention. Hence, attempts for improving its mechanical behavior have been carried out via doping alloying elements or
stable dispersed phases and fabricating UFG/nanocrystalline tungsten, etc. Alloying is one of the most common methods
to improve the performance of tungsten-based materials. The doping elements can diffuse and dissolve into tungsten
matrix or act on the defects and impurities to change the contexture and structure of tungsten, thus improving its
properties. The change of properties and the correlative mechanism of alloyed tungsten-based materials were reviewed
and some problems on it and the improvement measures and development trend in future were pointed out.

Key words: plasma facing material; tungsten-based material; alloying element; action mechanism; improvement measure
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