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CNTs #1 Ti 82 W E & £ MM B L0 5+
R IOFEM RN

KEE O APEE O EXKE , TEBR, HKRW
(REHTRY: Tl ERE SRS, LT KiE 116024)

OB RERERESAERSE TS, 4 1500 C. 25 MPaJE ) FHl#%& T CNTs I Ti B0 W EEE. AH=47
M 92 A0 R 3 Gk 11 295 (SENB) 23 53 3t -2 4 (¥ 25 il 34 2 0 T 284 00 1 b A7 7 R o {38 1 40 4 FRL 5% (SEM) R 8 335 (ED'S) 43 T 0
EEMHMAGILIRIAT TURE 5. SREWH: RMIBL CNTs A Ti #aASEE W S8 MbedEae, Hl&m
W-0.1CNTs 1 W-5Ti &< i B E W F e, HEERRSTEK. MERZ2 CNTs Al Ti AMUATRASGE W & &1k
PERE, T ELAT AR B AMH WK K CNTs &ritt W & & 75 MR W B 1M, X+ W-5Ti-0.1CNTs &4, J1%
PhRE e d, FUREE . PUES bR AT 2L 1 45 )y 7.32 GPa. 654.3 MPa. 10.13 MPa m'?; Wi DM AE SUE 514 & B,
AN CNTs 8¢ Ti, By sUR ARSI 2y E, Ti 0N, 75 W SR = 5 & S0 A Ti(W) 644 i R o
O\ CNTs I Ti Bl 410 W &4, SohiBH SR anfh, W07 =X v fh 7 8 6 A g v 5 DR 30 27 o5 e 3L DT S 1O VR & BT X

CNTs H1 Ti f R B In A6F WA IR 31 1 AR A 0 394 58 10 0 0 3R o
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W) REAEE&HTEBEA SREE KK
Sf e AU B S50 S I A SRR R, EAZ R AR ME T
H] 25 89 1484 B (Plasma facing materials, PFMs) [ ff]
AR A S R R — 8 B, WA S
ARG WM (I8 S0k 3410 °C, RIS mE &4 W
BRI 45 iR % 208 2000 °C)H, FI-Jafs A2 iR & (Ductile
to Brittle Transition Temperature, DBTT, #J24 400 C)
. FEmIEE (408 1400 C) DL IE et 2 4%
R, Rk, B WOSE S SRR g R X s
REA& T

MAT, AT e W S SRR R K&
AE, X W AT d kg Al . & & am b e i v bk a8t 1)
FEER . R R T7 1 2K F e R BREE 6 A
Inke s B 7112, G. Pintsuk®14E At W k) B RE Bk B )5
RIFy R BEAL kN, il 1) W B R - i e AR
TR, piivabdtERese s . X T W & & Hainm
Besbh, EEA Ni, Fe, V 20012 R Xtk
B3], Be 3 B AR e 45 i P A S A R 77 22 1 R o AR T
T~ 1X Se e 4 B RS S, S fE— e R BRgm w gk
PORHE i PR 855 R 1 77 22 P B R TOWE 45 44 A2 0 1

It HEA: 2016-03-20

Ti th T BA R & PUBR TR . 5 B
% B G AR T HERe, HAE A g BB W & & 11
PegE, C5IEE T HICHT U M amS Y, fEwE A T AR
o, RILERZSKAE (CNTs) W a] LAE N —Fh Ak H A 2%
fbess gh ™, Rk, N TIREECEE R Sk
RS 5 RELF I W S5 4, AR A S Re BRES 1L 45
HERJEREETE, #4477 CNTs Ml Ti B W E4
&, IR HLEUE A R AT T AR A T, R
M R E AR E 7 BME (FE-SEM) 5t (EDS)
53 BT AR FL AR 4L 2 435 g T 1 TR SR AE 47 1 SR AE
SN MAHSRIIBETE,  HaTE A A E AR WIS IE .

1 % W

Wk CPHBRIE AN 3 pm, 4/ =>99.9%) 5[
B (FESH, %) 1 CNTs CF¥I4ME AN 13~16 nm,
KN 1~10 pm, 4017 =97%) A1 Ti ¥y CFERIE N
2 pm, 4l =>99.99%) RA G, KBRS N W,
W-0.1CNTs. W-5Ti. W-5Ti-0.1CNTs. W-5Ti-0.3CNTs
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PR, DLBT 1R R R AL o BREE I, BRORLBR & Lk oy 10:1,
H34H 250 rimin, EREEES DN 40~60 h. #4 REBKES
J& IR Gk 72 350 MPa I R ) R R, ARG
JRNATSBLE A, FERJE D 58 i e g . AR R
it fEvr, FHEEZEZN 10 Clmin, $45E N 25
MPa, FHEF| 1500 CHfRifk 1 h Gegbid M Es
¥ 107 Pa, 5t J5 35453 30 mm X 30 mmXx5 mm HIEE .
XFT P RR MR i, v 7 BR AR I L A
PRI N ), BT RE S AE ) S e e T, S AE
1000 “C i) i el IR T, EAT R 1 h (R K b 2 .

R S A G A B S, RSN 0.1 mg 1)
FA2104N 73 #r R~ FR & HL 0T & o MR 4 ] i oK A1 5 A2 )
BIRFEIAREE, RABAEITE THEIEEE, 80
JEE S Br A % 5 55 30 2 P LA .

18 F 7 REMRL SR B8 HL Cinstron3345), KA =
S YR B B 11329 (Single Edge-Notched Beam,
SENB) 43 il W 120 (4 25 it 5 52 A W 28 ) PR R AT T
R AREE R T2 518 30 mm X 2 mm X 2 mm 1 30 mmx 2
mmx4mm, Hi#EEZ A 0.5 1 0.05 mm/min, PR
N 20 mm. FEBTZHIER A, R i 1 SR
LA R FE R DR S B LN 0.5,

FIH 7 kS B8 (FE-SEM) FlgERE (EDS)
G BT ASC 53 5ol T 3K S i i 1R K A R e 425 R 1 2 T DA %
Wi CUE ST 7 RAE T SR LA IR & T R 5
P28 dokn )R sF, - R MHV-1000 B 4 FCRE P 1 X+
sty P S B TR R AT T I, D BT R K # A D 30
N, TRIEFFEN 10 s, /MR i B R AR (0 & ECh
10 IR, A GihF3 )5 315 IR I 4t QA FE A .

2 HRSHIE

2.1 SHEIREESMIEINRAR R

K 1 48 &8 & (W-5Ti-0.3CNTs) 2 i BEER BE 1 5
(1] SEM ROWLTESRIE Jr o MEE R I, K& AR EE [k
e, FTEARMN, 2B ZHARTZAR, BUbi K /N HE T
¥i51, HPBEBIRS 208 3 pm (B 1a); ZmRes
BEJE, WOBS AT Ti By LA K CNTSs #3851 IR & 48 —it2,
AR R TE SR A T AR KRN, BRI () 22 T A48 D
REk LR BB AR BE R Ak (B 1b). FRAEX R
SRR Ak 1) 32 B TR DR S B K (1) A 2 48 o DL R 5 0 Ak 2 (]
A EERIE R, MR RAEREN LI, &6, &
it By S B ST R I, R I AR ok A ok A L
gitk, SERARLLRTBREERNN, RmAEFE.
Gb, EREBREE 225l A AL, S ECR A SR A K
BRI EEERRE A WS T S ST O
RINR, A RTHREE R R R 5 5OE R A R

B1 HEAHFE (W-5Ti-0.3CNTs) SEM FW 5
Fig.1 SEM morphologies of mixed powders (W-5Ti-0.3CNTSs)
before (a) and after (b) high-energy ball milling

gk, MM EE W A &b g ki .
2.2 BREBMFIMWESEHEENEMN

x 1 RAARFEBAS T W E A2 &R ALK
JG . FERE L IR AT URE (¥ 25 B AR X% B

M 1T PLE S|, RIS T, 4l W i
R E N 15.04 glem®, FUHE N 77.9%; W-0.1CNTs
fh# By 18.23 glem®, % % A 95.89%; W-5Ti &4
ik N 16.04 glem®, N 96.53%; W-5Ti-
0.1CNTs {4k %5 i Jy 15.97 glem®, 325 E N 97.15%;
W-5Ti-0.3CNTs £ 4x {144 % 5 4 16.29 glem®, B
4 99.89%.

i 4l W, W-0.1CNTs Fl W-5Ti & 4 [ 1k 2%
FERBL, 4 W I E50% FE B/, TSR Es i CNTs A Ti
BT m R U B . X WOR R R AR I CNTs
1 Ti 3-8 1 W-5Ti-0.1CNTs 1l W-5Ti-0.3CNTs & 411

®1 WESESHSKRT. BE. BNEE
Table 1 Grain size, density and relative density of
W-based alloys

Grain size/ Density/ Relative
Alloys 3 .

um g<m density/%
w 3.0340.42 15.04 77.94
W-0.1CNTs 17.28+1.82 18.23 95.89
W-5Ti 7.3242.39 16.04 96.53
W-5Ti-0.1CNTs 0.8940.37 15.97 97.15
W-5Ti-0.3CNTs 1.8640.56 16.29 99.89
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5, HERES—PRe, JLTFERZEEEENREE.

XFF CNTs Refig i % W & & mssts, £2hT
CNTs B AR KM LR HBEFITE . CNTs BB 7E 4K
B R W OB 7R E I R = AR R IR, 58
W R R T2 P9 H 0K & v PR, AT e 1 e 25
R YIPULR, SmM R B . Ti B0 W
Hér, R, W SRR Ti sl 8 A2 % G
et W VRS A B A e W SR FLER, AR
T W kL S HE R GE MR EUE M, T H W-TT &4
TEREGERTTE R Ti (WD [, XA RHE 21 7 [#) 7 5
WHIPER, INIesE 7 W AR I3 RE, X 5 3CHk
TRIE R Ti AT LABGE WSS S e gt A (13—
M. TR CNTs f1 Ti I W & 4Ms, |
T CNTs 1 Ti xfhedifr ML EER, #—Fitm T
L IR 350 FE
2.3 REMUFE

2 2N W-5Ti-0.1CNTs £ & il 6 i f 2 T f00 41
25 . EDS RERE S dr. M 2a HHaf AW EER] 2 Fl
B AN A O A 2 2L S adt— B e 4y,
W-5Ti-0.1CNTs #£an 21T 17 EDS £k, it
Kl 2a PGB TN, s R WK 2b fios. AR#E EDS
Reit Lk, R 2a KX E BRI N
W, R X R R N Ti (WD [ VA L SR 1 T,
Ti (W) [ AR EZ AR W F Ti (AR X . XA2EH
TrEm e g 2, W R TR Ti J5 A B kom %
RO T ARSI (R R B ER R S, B AR 1k
HALFERE v, FTULE S Ti (W) [ 3550 1 43 A 48
W Ak,

BRI E i S, WE T W RS S
M m kLR, AR LERAT R, 40 W P35 R R
14 3.03 pm, CNTs B8 W &4 1 dioki R~ 17.28
pm, W-5Ti ¥k R 7.32 pm. @t bhi# 1
R4 AT LR L. CNTs M1 Ti ¥ REAR3E b RHG 45 1 7%
oW TG BV RS S A S R K K 5 WABTI
A4 M, W-0.1CNTs & 4 diki & K 5 B & .

ST A 4544 CNTs #1 Ti 4 4, W-5Ti-0.1CNTs
() e ki R4 0.89 pm, 1 X T W-5Ti-0.3CNTs & 4,
HARR ST 1.86 pm. 455K, FiE CNTs & &1
Z, MESHEEE, HFRNE SRR SRR

(AR D, i dki A K AR T AR 77 22 1 5 1 203

AT, fE W-5Ti & i& &5 4% CNTs, et W &
G IR 8 235 R PR AN ) ok A Ko R ) 2 T WS-
0.1CNTs &4, AMUBHE S (& 97.1%), 1M H &bk
i/ (0.89 pm), B AXFERLEMRE IR, el
TR J12E M Re

o TO

m

Intensity/a.u.

0o 1 2 3 4 5 6 7 8 9
Distance/um

2 W-5Ti-0.1CNTs &4 SEM R TH W 41 238 3 K
EDS REi 73 Hr
Fig.2 Surface morphology (a) and EDS element line scan-
ning (b) of the polished W-5Ti-0.1CNTs alloy

2.4 fiFttee

2 NAFR W G S )5 R . NF AT
LFE S|, 4 W I4EIRAEEZ N 2.18 GPa, JRMELL W
2 45 4% 0.1%CNTs A1 5%Ti 5, F 4 Al 3 43 51 1
hn#) 3.55 Al 6.12 GPa. Xf T [FAKf#H1 CNTs F1 Ti 1)
W-5Ti-0.1CNTs &4, H 4 R, B3 7.32
GPa. — i, MR 4 A B 5 04 Rk 2 A
SRR R A DG . R 1 FIER 2 45 X be A
JE AT LAIA A, 4l WA 2 ARG 2 H T L% B U T 3 3
[, 16T W-5Ti-0.1CNTs & 4, i 4k [ (E T
VA R v 5 B R /N 1) R R ST

FAL, T A I, R 2 T b
BH|, 40 W Hus il 5m A W R 4 A 274.6 MPa

*2 WEASWHEMEE
Table 2 Mechanical properties of W-based alloys

Vicker’s Bending Fracture
Alloys microhardness/  strength/  toughness/
GPa MPa MPa m*?

W 2.184.04 274.636 3.1340.50
W-0.1CNTs 3.554).15 168.447 4.5440.45
W-5Ti 6.1240.04 579.845 7.1240.54
W-5Ti-0.1CNTs 7.3240.03 654.3x2  10.1340.38
W-5Ti-0.3CNTs 6.1740.02 604.243 7.8540.43
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A1 3.13 MPa-m'?, J1 0.1%CNTs J5, HFi2s s A
168.4 MPa, WrZi#It K 4.54 MPa-m*?, 54l W AHtL,
SRS BTN B, B RIS . RS WA TR N 5%Ti
Jei» B TES s TR M T, RN
579.8 MPa #l1 7.12 MPa m*2, 4% 5l & W-5Ti-0.1CNTs &
G, o dh ok B AW R i, 43 654.3 MPa
A1 10.31 MPa-m™2. &5 & BE 0 ok RST RS 1
# 1 R) A, W-5Ti-0.1CNTs & 4 (FR#FE . 5 Al
P35 R W T ORI /)N, B0 T o R i
I A SUR R G SRR RO KRB IR R 2 —

i B TR AL AL B B A AT, I N SRR
b A R R R B g 1 RS, MR JE AR
JE B bR RSE RN TR K, X — R R ATLLA Hall-
Petch 24 3 F R

o =0 +kd ™2 (1)
X, o NERSRE, d AP T, oo 1k AE EL
Hall-Petch A UHE Y, AFRHFOROERZH /)N, 0] 555 2 R A
By, [ R ARG . Ak, ARRLERZE /N,
IR o AE B 2 RN, AR EE RN T
pnPLERAH, SRFRITERZ, AR FUEHRYT, Ak SR
A AR AS L SR 2, BRI T 2800 & 1 A%
WAy, AR T AR R 3
2.5 W ORUILE LR 2 SR 4F1E R B B4 IR

B 3 AARE W A 4 SEM Wi DS, WA 3a
R DR, 4 WoBs g i S RIS, A s), R
HNEAERLZIE (K 3a frn), BB RSFEOK,
XWESE LS. e EN B .
W-0.1CNTs 00 T 3 B 2 A [\ T HAb A & Cln [
3b FiR), SRR R HEFIE %, SSLEMT . CNTs
MmN, FE W-W g5t B BGeR RE W mE,
ZIHZ R AT REE WIS (b e 45 b ke 5 R H B
fER . IR MBS, BB T —FE
1k 4% &5 L i 259 1k % 45 (Solid-state  activated
sintering)" 2. ZALEIA N, 7E W & F 4k 5 Ai 9k 2
JE I S, BEAT AR W R T 109 BT 2 B S AL
BREEMIMEM . A4, FREEREE(ETS CNTs BRI E
SCE I BGRAER, WTE T W Bk, &3 W K
BeLE R, S8 W-0.1CNTs & 4 I 805 7 i BT .
[, CNTs [N\ ] G2 45 W K TH 1 A Ak P ik
B, MR T WRFRIYEUER, SB W SRR EK
K. W-0.1CNTs & & W7 1 fhRise 8, f s, R
LR WS S G RRAE . — MRS, 2 S AR
Wir 2 2 e T o P4 i B R o T B B S . o P R
JE I A 5 S BRI . AT W-0.1CNTs &4, W
rm T E Wl 2 ANERER: — T HEHT W-

0.1CNTs & & d b RSP BOK (Wi 1 o), bk,
AN IIERTY, MAEGESFRES, FEM R
T A5, W-W A R Bk R 2
IS I 2 5 SRR S, PR W-W
n TR, N5 EUM R R

A, R W-0.1CNTs & & 8% Eiim, Bk
JF R SEUAFE 1M E (kR 2 ). 7,
7E W-0.1CNTs &4, G4k (wE 3b &
SKFTZRDIRBUE Wi SR A TE Wik . JE i EDS
RETE S AT R B, XSk T E C M s W. [Hit,
XUk PR ATREZ W 5 CNTs SN AE il RR 16 47
KL, T W BB UL LG, 23 R mi i ) 1) 7 2
PERE .

T W-5Ti &4, W ki RS OK (B 3c fr
R, LAWTER W RN, TR Ti (WD [ AR 32 B4
T W SR = A, RIS R RE, (H
HRSFHEANT W R, X R R EU AT W-W g 5
M2 Ti CWD B AR IPRE ) 22 M Re AT 21 T 7
SRR IR, TTOA IR LY R, S R g B
Jil, AL RGN, AT B AR ) 5 BE AN
I .

S - [A] B 5 i CNTs A1 Ti /1) W-5Ti-0.1CNTs & 4,
HW7 TR SRR AEAS AT L 3d 5 — 35 42 3R 1 W 1 B
5, Wi 3d~3f fron. XFF W-5Ti-0.1CNTs il Ff
Bl 3d A, LB MR, T B RS AN B R
(R VR AGE , 3 A BRI 11 26 1Y BT 288 J 5 —AH 51 AR 1 A
W b SR L TR G BT R . FEIX PRI LR AU
I3 AT WA = R S T (WD [, AT
DL B0 & & o R W Rk R 2 CHLR T W
RZ D WSINWAE SR E G S GO Y =
W15y, KRR A R B A,
1RO T FE e R AR SlAL, B RRy X
e, THBRR 15 .

FA, X W-5Ti-0.1CNTs =13 & 0% 50 47 W0
oM (B 3e) wlan, W kiR A T R AR, f#
15 fm L EC AT, SEBUNEUNPR . Rk, fE4NJ11EH
T BYBRRT) B R B T O DL AL WRL AR T, 0
Hil 7RO YR, WA T E 2 MG, Mg
T AR R ERE Jy, A5 R T 2 ) M 2 15 2 B R
BHm (W 2 fros). XFT W-5Ti-0.3CNTs &4 (41
Bl 3f fron), H HJRSURHESR LT W-5Ti-0.1CNTs
A4, [HBESE CNTs &2, W Skt —2KK,
B R WSR2 I A T SRR (I 3 sk
B, SIS MEREAE TR (R 2.
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Cleavage
fracture

B3 WIEGSER SEM W O oM 3i
Fig.3 SEM images of fracture surface: (a) pure W, (b) W-0.1CNTs, (c) W-5Ti, (d) low magnification of W-5Ti-0.1CNTs,
(e) high magnification of W-5Ti-0.1CNTs, and (f) W-5Ti-0.3CNTs

gk L RTR, [FIBER & S CNTs 1 Ti, A
W AR B gs R, 404k SR, TH Ti (W)
BARE N TR BORIAIAE T W S FE AL, REBHAS 401
PR, T G RE8OR .

3 &£ i

1) HpIB 44 CNTs A1 Ti # AT LEGE W & & 1%
EPERE, MORLRIECE R ER S, (R RS EOR
M FEE B2 CNTs F1 Ti AMUATLAEEE W & & kess
PEGE, 10 AT CARA EH0H WK K.

2) CNTs & X W & & ) = ae 5 Wl B i 52 m,
T W-5Ti-0.1CNTs &4, J1EPEREmAF, AR,
W 24 70 11 A Bt A5 b 5 BE 43 i 8 7.32 GPa. 10.13
MPa m'2, 654.3 MPa.

3) Ti (NN, 75 W ShE () = 5 g FHAR T A TiCW)
Bl A4, BalinN CNTs 5% Ti, Wiy s DA A b
ZEONE, WEE I CNTs F1 Ti il &1 W &4,
e R S 25 Al AL, BT T 2R A D it M SRR o
HIKT (AR A 50, CNTs AT Ti [ R I X W k44
BHE B TR 4 13 R ) 2OR

SE
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Influence of CNTs and Ti on the Microstructure and
Mechanical Properties of W-Based Alloys

Zhang Yucui, Sha Jianjun, Wang Yongchang, Wang Shouhao, Yang Xiaoli
(State Key Laboratory of Structural Analyses for Industrial Equipment, Dalian University of Technology, Dalian 116024, China)

Abstract: W-based alloys were fabricated at 1500 <C under a pressure of 25 MPa by high-energy ball milling and hot pressing, using the
CNTs and Ti as the dopants. The influence of different dopants on the sintering density, morphologies and mechanical properties of
sintered W-based materials was investigated. The microstructure was characterized by scanning electron microscopy (SEM) with energy
dispersive spectrometer (EDS). The fracture strength and toughness were measured by three-point bending and single edge-notched beams
tests, respectively. Results indicate that both CNTs and Ti can effectively enhance the sintering behavior. The W-0.1CNTs and W-5Ti
exhibit a high relative density of 95.8% and 96.5%, respectively, but their grain size is large. In case of W-5Ti-0.1CNTs alloy, the density is
high and the addition of CNTs and Ti can retain the grain size. W-5Ti-0.1CNTs alloy shows the excellent mechanical properties. The
microhardness, fracture strength and fracture toughness of W-5Ti-0.1CNTs alloy are 7.32 GPa, 654.3 MPa, 10.13 MPa m"?, respectively.
The intergranular fracture is the main mode for the W-0.1CNTs and W-5Ti alloys, but the W-5Ti-0.1CNTs fractures in a mixture mode of
intergranular and transgranular fracture. These results demonstrate that co-addition of CNTs and Ti can refine the microstructure and
enhance the strength and fracture toughness of W-based alloys.

Key words: W; W-based alloy; CNTSs; high-energy ball milling; hot pressing
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