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for different time

. EIREERRY], b R RIS /) 5 I8 R e,
A i BT SR AR A PR B AE N WO,.9. WO, 7, fIT WO, — R 5
A R A, AR RN o-W; T FEH WO,
—WO, AR R R, WO,—W I 75 5 K i 1] .
2.2 FCRkEEXT W RIE AR =2 R R0

LR R E N 760 °C, BRI E Y 120 min B,
I AR T B B X6 Wy A2 R B ke B ) S e 1 1 4 BT
ATLLE H, WORD R 2R A5 R B B 7 B A AR ) B
1B RE R LB YR OC . MICRR L /N T 2.6 B, WKy R ik
HEY/NT 0.05% RESHD. kE5KESTER,
TEW MR AR, @R W AR . Bk
FERT 2.6 B, W ik BN, 5KESR
JS7 3k 780 1R B BE AN 22 5 S8 4 R AR R R R, AR K
ALK R, R BE LA B R I TR A E T W ok, B
HRAR R T, TR W OB 4 . W7
RLA% B8 25 T A LG (38 iz i s/, 9 EURLAR T B R
FEIZHT S, B FC L B 2.0 T E) 3.0, WK P
Yrkife i 107 nm /N E) 48 nm. i E AR, R

120

o Grain size 10.16

. A Residual carbon a 0148
L 3
1012 =
8
| 10.10%5
A o
\ >/ 10.08 5
. >
A A A \°

=
o
o

Grain Size, d/nm
(o]
o

he]
60 10.06 2
—, {o4®

40 0.02

20 22 24 26 28 30
C:W Molar Ratio
Pl 4 i B A TC Bk L (CiW B IR B WA L A% AR B e o 1 2 T
Fig.4 Grain size and residual carbon content as a function

of C:W molar ratio of precursors



%9 MRS ARINBRON LA SR S ] % AR K R

2405 -

FEIL J S L i A2 IR K 28R, T b s, YHFE K
AAMZ, SEEIER I SRR, W
Wi AN . AR LRI, /D & B DL 3 BRI
IKZES S R, WA R A H RO 208055, W
bR LR K . G255 B8 W oK) b 42 R ik B 2 = vl &
T R A P e P B BE R LN 2.6

2.3 EEREFREXT W 5 ERI 20

K5 8 760 C T ANEE BRI [AIFE 51 (1) SEM 5. M
K 5a nf LA H, 760 CIEJE 40 min J5, JRAOGH i
R DA AR PR R, 26 T R B VE 22 /N RE, 45 4 XRD
SERTTEN, RIEA/NERCNYIAE W kL. Kl 5b sk
R X IR W SR, B 2K €8 DX 3R i B A v
SNETEE R, BB SO 60 min, RiTOK A 2 AT B
I W RLAE G, AF RS 20 RIURE T S0 RER 4 i 2
F. 8JE 80 min J5, EMRH L JE W BRI EL 5] B 2 1
I, BRAER S B> 120 min J5, WOl SR T K,
TESE I H o dohE R 47, B4R F OB AR k. X
FEMNEAT R RO S BT, AR WE 6 Fros. mIAlL
760 C TREEEJFER MK, W A db R R sF 22k
RUZHIG K, R0 24.7 nm K KZE 56.4 nm, 74
PR AR B HHOE SR A 46 () 10.32% PS4 0.06%.

B 7 NANFENRE FEJE 120 min f5 W K SEM
1o P kLA AR B B 5 IR TR B 2 R A 8 B .
ATAN, 680 CHF W B bk & 12.4%, SHIMAEECKE
BEAR—HG W R — BRI S0 2 AR 2 ik, R
ANV —, BORLIA) FLEER . X R HFEMEET, A

AR IR S 5 RN, TR C TR R WOk BURLJE
Bl Bl 78 T Uk [B] B, 3 e W oKD J0RE AR ELIC S, , 4 8L
PEARZE . 720 Cryphifs il ARG, TS0 5 i it A
BRIGAL A, UKL F]AE ELER S5 I 5O Ao, R = %
K% 4.7%. 760 Cik )5 W K — BURL T 35 1EALER T |
BIEEY)—, AR C AR TES, PRI R
N 0.06%; 5 SR B S AT R AR 3K 5T I8 S S AR 45 B
v, UKL [ [R] BB S, 58 B WA R AR B 1) 43 B
800 CiBJE=¥IIESH S 760 CHA—FL, HiE W i
BRGTREA G0, BRbk SRS T RR, AR IR R,

8 T, WO ST R AR RN i A b B BB IR
Jir e B T v S PR . MR R S T 720 CHY,
Bt A BT SRR R B S 5 O B TEFETH . W R R Y
KREFABEISE, 51E W K akigiib. = 760 CHI
IR ) C LA S5 B 56 4, WK ditobn R ST I8 B el
AR ST IR R, WOR SRR ST B 1K
3 W it
3.1 FEEZEFRREMSAKKX

MRYE Hillert #ie, Wy dod il i f ko, Hod
R ARTIDAL b S E T NS aer

d; —d; =k0texp£= kt (D

RT

e de IRBIRTE] t )5 P38 dR RS, do AWIAA
R RS , n  dRL AR K AR G K 2T B A ) R
K KRB, k=koexp[-Q/RT], Q Akl K K BIE B,

5 HIRARAE 760 CikJ5EAS [FI 8] =4 1) SEM &
Fig.5 SEM images of samples reduced at 760 ‘C for different time: (a) 40 min, (b) 60 min, (c) 80 min, and (d) 120 min



Wiy @A RS TR

45 3%

* 2406
12

60+ e Grain size
A Residual carbon 10%’
E 50 48 g
°© {16 2
g 40 S
7] 14 =
£ 2
© 4 i
3 30 2 2
\ ] 0 [as

20F

40 60 80 100 120
Reduction Time, t/min
Kl 6 760 “C Nl (] 5 4 doks RT FHAR B 2 1K ¢ R
Fig.6 Variation of grain size (d) and residual carbon content

with reduction time at 760 C

RONEERAMTEE, T RAFEE . SR KRS n
FE—SERLRE bR 7 ok AR K AR i e HLER D), R
[7) AR K i B LA (8] 19 #50fE Jot 77 X, — ek i n=2,
R R AR BRAS Y BN I, n> 2,

P 9 R (AR TR AR SR W R A ok K K i 28 . el
Pl 9a AT i, foRL R ST B 34 5 I T F S K AN W R, (H
ANTR] I JE T B A K AT AE B3 2 ¢ . 680 C I
R RORIE, SRR SE d S R ]t 2 Ak o
2, A IR

di=do+k't 2
HRQ)FATHE, KILFRR T d MFEHI n=1, &
W, QAW EY HLE A KR, FHEN, 75

680 C, W ki ki (14 K77 3 CAFE K -DT AR BL A R 3
TEFE R -UTREK KHLHI T KK EY WO,(OH),
TESM S Hy BABIHIE RN, 2 WO,(OH), 4 &
FNE i FE — e i), 38 SR PR S s TR O
(W oR diRE B, DR R (2) kO AR R R, TH 5
3680 C, W kK KEZE N 1.75 nm/min,

760 C, W ki RHEZEE, d 5 t Z g
ke &, BRLMERIASHRB, &5 t 2
LR R, WE PR, d5tZEKRFTE FR:

d? =d2 +kt (3)
K@) R AEKIEECN 2, 86— By BHLH KK
FHHE, Kk 760 C &R K K 5 202 LY BN #1 N
F, EP I ELR RS R KK R k. 800 CHY
EEFEY) o 5t Z Rt R, HE LR R K,
MRS F] 760 A1 800 C AR K KRBk 205 R
32.14 11 39.07 nm*min. MBI MET S, THEid
J I BE R A = W I3 SO B R 77, R LG Bl A A
TREETH &, § BRI, 9k W 1 8RR R 5
K. I 9a AT%N, 680 Cik i W M Y fiki K K
FEY R ET 760 CH HUKKHER, 11 720 CTHY d-t
BN THg2m, FACEHENMmmEEs, i
HH S I R RO T O - DT 2 B 3 R
R, H 2 FdLEHE A Y.
3.2 WEHEISH

£ W B I R, R -TURRAY B K 2
FRALI A RIS AFLE I, 705 AR RRALEI N 32, FEEHL

7 REEE FER 120 min j5 W 1 SEM 14
Fig.7 SEM images of samples reduced at different temperatures for 120 min: (a) 680 °C, (b) 720 C, (c) 760 C, and (d) 800 C



559 1 MR IO S B S L) 4 K B PR * 2407 +

200 20 10WO, + H, =10WO0, , + H,O0 (4)

e Grain size _

ol e atbon |16 50WO, , +9H, =50WO, ,, +9H,0 (5)
e E 25W0, ,, +18H, = 25WO, +18H,0 (6
3100l 175 WO, +2H, = W+2H,0 7
N 5 . . N
@ 182 [FIRS T C MIAFAE, B T A BB IR S B IR 2 K A
s 80f - BATR R :
©) — 4}

o C+H,0=CO+H (8)

40+ A 4 40 2 2

AG =131307-133.65T (J/mol)

680 720 760 800

Reduction Temperature, T/°C

B8 RS Wk dhohn RS RIsR ik & 1Ok R
Fig.8 \Variation of grain size and residual carbon content with

reduction temperature

=

——800 C a
—e— 760 C
160t ——720°C
1S —v—680 C
£
3120
8
=
£ 80
o
(O]
40
40 60 80 100 120
4} —A—800C b
—o—760 C
NE 3t
fey
©
—
x 2
E /
0 60 80 100 120

A
Reduction Time, t/min

B9 AR T JE WM 1 R K i 4%
Fig.9 Grain growth curves of samples reduced at different

temperatures: (a) d-t plot and (b) d*t plot

T8 SR AR H0 4 IR ANE IR B o il — 58
i, $E R PEIKEY) WO,(OH), -1 4 i E BHLR T
AR K ZEA M9 K (p[H201/p[H2])»  p[H201/p[H.] %
Ky W WOL(OH), 47 4 He oK, 44 & - DT AR E
AR, WORKGHIRE .. BEERgK WK, ok
e B N AP K ZE R R, MR R MK S
WO,(OH), i K K #E K -TTA K KAEH .

A SR AARAE 38 5o A o I8 0 8 IR A, AR
RAET BN :

PR, R (8)7E 709 C LA L fREhg KL .
BT M5 %5 T, AT ORMAIA B9 TR SR A, 1
SRR WSS KL 3 S T % MR Ak 5 s B A
K, £ W KRR R, A R 8 F 27
AR KRR, T T BT &A% B R S I 25 Bk
BTORARELZE, BRI /K 28 ) A B I A2 b b S8 22 3l
HEmAER.

LR JFIR AR T 709 CH, KIESAAS GEE
SR, RS (4)~(7) 77 A B K B K 28 m) A ke 72
25 AR R, T U R B AR R K &
WO,(OH),, IR W oy 35 BL58 i 4% A - DB IR,
Kt 680 CitJi W ¥y b b K KRR, HE&H =7
WARKPRL . M8 R =T 710 ClF, K&
SRR NA S CO F Hy, AT S 25 AR S R AR 2
H,O 153 e, $IHIHE K HK A1 WOL(OH), [ AE &,
SRR -DURAL AR RAE S T AR BRI Hp St ok X4
(R HE I 5 AT o 24 R I 3E 24 N (S 58 R A
RLEER 760 C), M= ERIKESS4HYS C RKAE
SN, EEE WOB R AL B 4% - oy A
FEFyachE. BTy EBKRREMIR, 55T
T A Ll 75 AR o A9 BB B, BRI 8L 38 2R 2 L ASUAH
ITRARIRZ, W R BRI A P K, AL KR
KK. 720 CHARIERN T k5 KZES RN 5 iR
B, BB 12 A AN AR, KSR SR e 4
SN, R R AFATIAELE— B IR E 1) WO,(OH),, Rk i
R K e A T4 Bl KA -T2 ]

4 & i

1) ILJE W kP3R4 B A A 9Kk C:wW BEJR LE )
Bz Ei N, BERCAREEA 2.6, McHE L KT 2.6
B, WO R B B B S I . ORI T R ]
JE K IR

2) W M R K 35 5 00 JFUR B % VA O, B
WFEIRE 1 680 CHEZE 760 C, W ki K K
FARNG, R RO BRI 7 8T 2 BRI, o BrE AR
bfs 22760 CIF, WA SRR ISR AN, 42Tt
R, WO RLAS B A 3G



* 2408 -

WA ERMES TR

i 45 %

3) 680 CI W Hi dih K IR IR , K KT A AE K
-DURBLEIN E, B NVIREEAE 710 CLLER, &R
MR RK ARSI E R CO Al Hy, 52 %
AR 2 K AR 20 s, F 45 A K 5 ) WO,(OH),
(77 A, WA B 3 T KR 30t el - OB B A2 O i
T HLH .

Sk
[1] Briant C L. Adv Mater Process[J], 1998, 154(5): 29

References

[2] Fan Jinglian(3t 5 3%), Huang Boyun(#{f1 =), Wang Denglong
(%% JE) et al. Rare Metal Materials and Engineering (¥ 4
J& RS T FE)[9], 2001, 30(6): 401

[3] Richter V, Ruthendorf M V. Int J Refract Met Hard Mater[J],
1999, 17(1-3): 141

[4] Zhao Shixian(*tH%), Song Xiaoyan(AHEHa), Liu Xuemei(XI|Z
#§) et al. Acta Metallurgica Sinica(4:J@23%)[J], 2011, 47(9): 1188

[5] Haubold T, Gertsman V. Nanostruct Mater[J], 1992, 1(4): 303

[6] Hogwood M C, Bentley A R. Proceedings of the 1994 Interna-
tional Conference on Tungsten Refractory Metals[C]. Prince-
ton: Metal Powder Industries Federation, 1995: 37

[71 KimJ C, Ryu S S, Lee H et al. Int J Powder Metall[J], 1999,
35(4): 47

[8] Fang Z Z, Wang X, Ryu T et al. Int J Refract Met Hard Mater
[J], 2009, 27(2): 288

[9] Jia K, Fischer T E, Gallois B. Nanostruct Mater[J], 1998,

10(5): 875
[10] Wang Gang(F &), Li Haihua(Z=i4£), Huang Zhongwei(Z
FE4%) et al. Rare Metal Materials and Engineering (%4 4=
J& ¥ EES T RE)[I], 2009, 38(S1): 548
[11] Schubert W D, Lassner E. Int J Refract Met Hard Mater[J],
1991, 10(3): 133
[12] Schubert W D, Lassner E. Int J Refract Met Hard Mater[J],
1991, 10(4): 171
[13] Wu X W, Luo J S, Lu B Z et al. Trans Nonferr Metal Soc[J],
2009, 19(S3): 785
[14] Ma J, Zhu S G. Int J Refract Met Hard Mater[J], 2010, 28(5): 623
[15] Venables D S, Brown M E. Thermochim Acta[J], 1997,
291(1-2): 131
[16] Wu C H. Int J Refract Met Hard Mater[J], 2011, 29(6): 686
[17] Swift G A, Koc R. J Mater Sci[J], 2001, 36(4): 803
[18] Chen Shaoyi(F444%), Qian Chongliang(£%42#). Journal of
Central South University of Technology (" Fg Lk K 2% %
#)[J], 1995, 26(5): 605
[19] Liu F, Yang G C, Wang H F et al. Thermochim Acta[J], 2006,
443(2): 212
[20] Rane G K, Welzel U, Mittemeijer E J. Acta Mater[J], 2012,
60(20): 7011
[21] Ye Dalun (M- kK 1{£). Thermodynamic Data Directory of
Inorganic Matter (5 AL #2508 F W) [M]. Beijing:
Metallurgical Industry Press, 2002: 26

Effect of Carbon Addition on Tungsten Nanopowders
Prepared by Hydrogen Reduction of Tungsten Oxide

Ye Nan, Tang Jiancheng, Zhuo Haiou, Wu Tong, Xue Yingyu
(Nanchang University, Nanchang 330031, China)

Abstract: Spherical tungsten powders with the average grain size of 56.4 nm were prepared by hydrogen reduction assisted by carbon,
because the volatilization of tungsten oxide, which is the fundamental reason of the rapid and abnormal grain growth of tungsten powder
during hydrogen reduction, was inhibited by carbon addition. The effect of carbon on the reduction mechanism of tungsten oxide was
investigated. Results show that the C:W molar ratio of precursors has a great influence on the grain size and residual carbon content of
tungsten powders, and the optimum molar ratio is 2.6. The grain size increases with the prolongation of reduction time, and the grain
growth rate is closely related to the reduction temperature. With the reduction temperature increasing from 680 <C to 760 <C, the growth rate
of W powder decreases, the grain size and residual carbon of tungsten powders decreases and the dispersion is improved, and then the grain
size increases slightly when the reduction temperature increase to 800 <C. The reaction between carbon and H,O steam occurs when the
reduction temperature exceeds 710 <C, which can reduce the partial pressure of H,O steam. Therefore, the volatilization of tungsten oxides is
inhibited, and the dominant growth mechanism of tungsten powders transforms from volatilization-sedimentation to atomic diffusion.

Key words: tungsten nanopowders; reduction mechanism; grain growth; volatilization-sedimentation
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