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ABSTRACT W-based composites were fabricated by spark plasma sintering (SPS) using W powders
and carbon nanotubes (CNTSs) as raw materials. The effect of the CNTs on the microstructure and
room temperature mechanical properties of W was investigated. The results show that the WoC was
formed through the reaction of CNTs and W during the SPS process. The formation of the WyC
activated the sintering of W and enhanced the densification of W. On the other hand, the in situ
formation of WoC decreased the driving force of sintering and consequently inhibited the grain growth
of W at high temperature. The grain size, relative density, bending strength and the Vicker’s hardness
of W composites were 4 pum, 99%, 1353.9 MPa and 488.4 HV respectively when the content of CNTs

was 0.5%.
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makE (CNTs) HAEM®E (47 800 GPa), &
HPERLEE (27 1.25 TPa), HHERER, HH SRS
KA I R B AR R SR AR E SRR RE, BT
Bz A Cu, AL A Mg 854 Ja A B bt i —Z4EHg 53
i U581 L kbt ag st bR 19200 T ONTs
HA WA B ER AR B fs ek 22,
I, B R AR IR 5 oAb i N3RS 5 5 R
BRI Y I HOR SR AR L & 8. BFER I, 7ERKH
HET, CNTs gEA W JCEIER WC #, iS4t
R HERE BER . AN, hTER BRI R, TH
FET TR RLE IR Ay, BRAK T SR KAYSRE) ), WE T
ORI, TR T 4 AR 4 123 hTHRE W
HIS15ERE, ASCRATORR W Rl CNTs Jolsiel, &
MR Thess (SPS) BARMI& THIEE S8, B
58T ONTs S8t W B B4 H & H 2 RE e
R
1 ZRMEERAZE

TR W BRESRARA 2 um, ZEEER 99.9%:;
CNTs B 20—30 nm, KBFH 515 um, ZiEFH 95%.
BT CNTs RyHRERA, RERER S, WHASHA
g 24wzt ONTs &R THAM. H55H CNTs
FIAKZ BRSNS 1 h, & T0HE)E, #% CNTs #

FriESM%E 0, 0.2%, 0.5%, 1%, 1.5%, 2% #1 5% HIECHFR
HU CNTs il W 3, BN WC BREEfEH, BRI —E i
WC BBk (BREHEA 5 0 1), BIESE Ar K (99.9999%)
MBI, 7€ 300 r/min #3E FEREE 5—30 h. b T HF
JEE T W 5 CNTs =9, BORES 5 h J5H W-
5%CNTs ¥4 517E 1000, 1300 A1 1500 C T ELASR K
2h, RIFFH D/MAX RB B X HLATEL (XRD) Xt
B KA P A R HEA T AE ST, R A Dr.Sinter1050 %4
B T4 RS, 78 1700 C, 50 MPa 7 T ##47
SPS Hashest 1 min FRAHEEEE AR HEgRinE
2S5 6 Pa, FHE#EZE 100 C/min.

KA Archimedes HEZK B @ RE 0 B0 RBUR BE. #ER
ZoyrE, RS, 4088, P65 R AL#E TR 3 mmx
2 mmx18 mm FJHEMEMICHST.  FIHZ ST
AR TSR, B 10 mm, EKABEEN
0.5 mm/min. 7E4E PR AR A B
BE, A 1.96 N, fR#rmEh 15 s. KA Tracor
Northern §E3#{% (EDS) # LEO-1450 B4 BT Bi%
55 (SEM) XAy 2R K Wb O BEAT AR ST

2 ZRER51TR
2.1 EBREMEX AR R

B 1 EREE 5, 10, 15 A1 30 h J§ W-1.5%CNTs ¥}
REESIE. B 1 RTAEH, BREE 5 h )5, W B0k 240
MR & LA, HPFRa4 Kk 1 pm, {HYS
R WA RS AR AR S H W B0k (& 1a). BEEER

Tl BIOUE

Fig.1 SEM micrographs of W-1.5%CNTs powders after ball milling for 5 h (a), 10 h (b), 15 h (c) and 30 h (d)
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BERTEIEMZE 10 h, W Bz gt —2 404 (B 1b).
SR, MBREEE 15 h B, o T BEBRAY R ZURLIEE A BE4E A
TEEVER, o W Bohiz [RIZA T HB AR (Al
BELS), (EHRARHI AR (B 1c). ABRERHER 2
30 h B, W EEBL G IEATEER, W A FE BORL R 17T 4
£Z 0.2 pm (/& 1d).

B 2 i W-1.5%CNTs HrAE A 7 3RS B[] T Y
XRD % ME 2 ALEH, W-1.5%CNTs HHABkE
5 h g, W Bk IRFEEE &R CNTs, FEERE
BRI S I, WA =06 S8 8 4k, 31X 8 U Bl 5 BRI B[R] Y
Hahn, BmRERAREE 2 K. SIcFEr, CNTs fyIgiE 2k,
WC B X FEEREH TAERRBRE LR S, ik E
RKERE. WASRE M HEZRE, #15 W 5 CNTs AL
WASWEN, T WC. X T 85 AEBREE o Fi B B
WC #, ZEHEREERTRI N 5 h iy W-CNTs $kii7/54E
2.2 W-CNTs #3FER X R#NFITE

’l 3 A%t 5 h BREEJEH) W-5%CNTs #HksHI7E
1000, 1300 1 1500 C FE 2Bk 2 h J5# XRD % &
1000 CEZHLIE 2 h J§, W 5 CNTs VA4 WC
fii WoC. B RO E R FHE, WoC BfiT 1448
NSRBI i, X R B FE I B S e T WL C
FHETE R

BF5E 2% #l, W 5 C 7 850 CHIFFHAK LRI,
1£ 1000 CPL LB W 5 C A RABEI A2 Y, A
BT ER WC 1 WLC:

W +C=WC (1)

2W + C = W,C 2)
4 Gibbs B HBETHTHHA:

T T

AG = AGags K+/

298 K

AC,dT —T /
298 K

AC,/TdT

(3)
X, AG i Gibbs HHifE, AGaos x AIE 298 K
Bty Gibbs H HRE, Cp MYIBHISEERE, T HRE. ¥
IR ER I EdE P9 RAAR, 235, = (1) #1 (2)
HIH B RERIZE

AGwe = —31516 — 32.155T — 1.758 x 107372 —
11.154 x 10°T~1 4 0.170 x 107973 +-3.975In T (4)
AGw,c = —26486 4 112.284T — 0.536 x 107372~

8.532 x 10°T~" — 19.484TIn T (5)

Horp, WpesiyE EE G 1000, 1300, 1500 H1 1700 CHE

o

Intensity, a.u

1 1
20 40 60 80 100
206, deg

2 ARFRBERET W-1.5%CNTs k7 XRD %
Fig.2 XRD patterns of W-1.5%CNTs powders after ball

milling for different times

Intensity, a.u.

20 30 40 50 60 70 80
26, deg
B3 W-5%CNTs qELmiRiB JEH XRD #

Fig.3 XRD pattern of the W-5%CNTs powders after an-
nealing at different temperatures

&1 WCH W2C fERiR TH Gibbs HHifE
Table 1 Gibbs free energy of WC and W2C at high temper-

ature

(kJ/mol)

Gibbs free energy 1000 C 1300 C 1500 C 1700 C
AGwc —39.65 —40.46 —41.08 —41.56
AGw,c —62.41 —77.31 —89.35 —99.14

#y Gibbs HHBEME 1 fim. WK 1 WLUEH, WC il
WoC i H HfELE 1000 C L ERH/NT 0. HI, 7R
T, CNTs fl W T EHER £ ARSI EY. 5
WC i, & REHTHE, W2C # Gibbs H H1RE T
BN, SHFE, EERE, CNTs Mol
P I RER Y, RS, W 5 CNTs ik
PR WoC, X 5K 3 Frigdi it —3%. ik SPS 45
RRF—HAEH TX . B 4 5 W-0.5%CNTs fil W-
2%CNTs £ 1700 C, SPS 1 min J5# XRD % "[LIF
Hi, 7£ 1700 CHyEifbesds s, CNTs 5 W 82
HRT WoC.
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B 5 24 SPS #R1GHEFEE S AR RTEE S I .
ME 5a FTAF H, W-0.2%CNTs 5 FEERZ R
I, HESEEZRSGE W BERNEEREAL EE
CNTs &R, W ARE LI B, A E
FEARBAER (8 5b—d). shsh, IWE Sa EBATLU
A, Y4 CNTs g R 0.2% B, W g E Sob R~
1€ 10 pm 7efy, BEF CNTs EFEAEI, W Ski7E =R
THRXITHER T —@famf. %4 CNTs fmAERd

|
[ oW
mW,C

W-2%CNTs

Intensity, a.u.

W-0.5%CNTs

20 30 40 50 60 70 80 90
26, deg

B 4 SPS $e4kF W-0.5%CNTs fil W-2%CNTs f XRD i

Fig.4 XRD pattern of the W—0.5%CNTs and W—2%CNTs
after SPS

1% i, HPH R RSE 3 pm Z247, 5 W R B0k
RFA2 (B 5c). 4Mrikh, Emiipd g, W 5
CNTs fEMEN EEZ W ETS C BTy
HLlEEH. 78 CNTs MEEBNERA T, W ET58%
AE| ONTs o, Hp=: 345, ¥ 5508 CNTs K4
BALIY, TERBR e 1. Tk il bes vt 1] % 30
B C MBI, MR Trepess o s A s fase i WaC
#1 OL120 grpl, e SPS a#Ed, W 5 CNTs kA J#
BLIR A, WoC(H 5d), X 5 4 B4 RATERE. A,
WoC B SR 7 A2 B T 4N R 3 1, i W
R KHIIRS SRR, ITTIEZE T W i Sk K K.

K 6 NEFEE GARE 1700 'C, SPS 1 min J5HIHT
CEARE. A 6a FILIE H, W-0.2%CNTs s7EfE ki
SRR, W SoRL S Sl oM, SR R4 1
W, FEZBISNOIER, RE TS W SRR B R
HEATY R, FBU ML RETEON ER . 4 ONTs
NN RS IIE] 0.5% B, AHHET I 22 T LR W b,
FPEH B0 BEAS S R, B2 2 Y o DT 2 5 2
SR TR SRS S ST LA TR A TR Sy RS, EL L s
2L (B 6b). M1, %4 CNTs &k 1% f 2%
i, ST A RPRH TR R N AN TR T (]
6c fil d). XEMLIEESIEIRES CNTs & RE
FEEWBIER.

B 5 BEZSIEMEEESR
Fig.5 Surface images of W-0.2%CNTs (a), W-0.5%CNTs (b), W-1%CNTs (c) and W-2%CNTs (d)
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2.4 SRR

F 25 T4 W 12 CNTs 8445 iaEE &6
%17E 1700 'C, 50 MPa, SPS 1 min JG#:RE2 8. M
4 TR TR, 7E SPS g, CNTs W[5 W R4Ek
NIERL WoC, HUFER 2 1, MBI ER B CNTs 58
LI ARL WoC R T G AR 2 . AR
2 FJLUEH, EEARIRBUEEREE CNTs &SR3
Hefm. 24 CNTs g 0.5% i, ARSI 23k
B ET AhEL Xl T CNTs B AELT W B
B, T W BB R L. AN, BEE CNTs S
B, SERE RIETEE TR B, % CNTs &
K 0.5% B, AR R E AR KE 1353.90 MPa,
Feal W e (707.00 MPa) #8529 91.5%. Wixt

TRMEEERE, mTERT CNTs 5§ W RMAER T
FERERER) WoC, TR T 1825 S AP E AR BE. 2
CNTs ByIAELE 0.2% 2% 2 [alut, By e i
EURHETES, 4 CNTs BNy 2% i, #18
i AR B A F R {E 1266.5 HV. —J7H, 7E&ET,
CNTs B EIMAAREGE T W k2[R 45 5 1, &
=T W B hEEtkRE. 53—0rm, 2 CNTs #imA RS
1 1% b, KEMEHAE WoC B, SRR E 5
FEIEAL, BEREN RS, AL TAPRY 2 RRE. A,
MTREN I AERE, B CNTs f5IAEH & W2C
AR S APER R 2 CNTs fPiARR 0.5%
B, W B PT S 3R A 6 5 % 1353.90 MPa Al
488.4 HV.

B 6 HBEZSEIND SEM &
Fig.6 SEM fractographs of W-0.2%CNTs (a), W-0.5%CNTs (b), W-1%CNTs (c) and W-2%CNTs (d)

®2 4iW X ONTs B4 W K. SRR 22108

Table 2 The relative density, grain size and the mechanical properties of pure W and W composites

Sample Relative density, % Grain size, ym Bending strength, MPa Microhardness, HV

Pure W 96.4 7 707.00 434.0
W-0.2%CNTs 96.8 10 1239.49 392.8
W-0.5%CNTs 99.7 4 1353.90 488.4
W-1%CNTs 99.9 3 1045.17 608.3
W-2%CNTs 99.9 4 1032.44 1266.5
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