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W, ARG RIS RN 75%00 550, Wk E
SREET S, BT NALE 150 T4 30 min, FEHAHT.
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Fig. 1 Morphologies of raw material powders: (a) W; (b) C
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Table 1 Nominal chemical composition of stainless steel tube

(mass fraction, %)

C Si Mn P S
<0.12 <1.00 <2.00 <0.035 <0.030
Ni Cr Ti Fe
8.00-11.00 17.00-19.00  5(w(C)"—0.02)-0.80 Bal.

I3 5K 600 AL 800 A AT 1000 A 3 Fh TAF Ha 7 il
#% W,C-Fe EEMEL, IEREFE ORI Ze AT D)% |
BEARAIG, BN Murakami % (20%(NaOH+
K3Fe(CN)o) (553 £0)) » #9415 H12KH D/Max 2500PC

X GHEATIAU(XRD, HE, K, 56, o Zon
R M KYKY2008B BUHH HUBE(SEM). TIX Bl 5353
HreR A IXA—8230 R HLFHREH(EPMA), Pt i
(WDS)EP@EET WiE C FHM 564 LDE2. N

ZH 2R M S I L 328 DX AT 549 MR F Teenai 20U-TWIN
T HRE S BT . W I E KA FM-700 B4 (X
SRERETE, Bfr 2 N, INZRIIE) 10 s; 22 M0AE
XK HR-150A A3 [CAE 1]

Consumable electrode—| i ‘ Atomatic

lifting
device

Refractory cover—|

Refractory crucible—>

DC are~__|
Melt pool~_|

Graphite electrode

B2 Hi s Ah 6T 2n K
Fig. 2 Schematic diagram of direct current arc in-situ

metallurgy process
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i, WoC 5 WC &=L oh 027, 0.61 A1 1.18,
X TAE R R BT WoC AR I £ .

1E WLC diR g W s PR % N T, C IR
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P65 /mmc o
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Fig.3 XRD patterns of W,C-Fe composites
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Fig. 4 Microstructures of W,C-Fe composites: (a) Top part, 600 A; (b) Bottom part, 600 A; (c) Top part, 800 A; (d) Top part,

1000 A
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F2 K 4@FIb) T W,C-Fe 5& MRS 53 b7 45 4 VH, X5 SEM S (LK 4)F1 WDS HiE (L3R 2)

Table 2 WDS analysis results of W,C-Fe composites in X WC 5 M4 B—3 1/ 5(e) R4 54 FesW5C

Fig. 4(a) and (b) (1 TEM A5AL% X 17751 el

Posii Mole fraction/% ) 2L S BRA L, BL NiGOA-WC g JsURHE
osition

C A Fe Cr Ni Ti O R E TP O S 3] TR AR B S AR
33.5887 49.6660 4.6077 10.3230 02120 1.6026 Heih, JEHFHV A w2 H R WC oM Hi W o3,
B R i) €. Cr 25 [N IR o 17 LIU 260780 18
BT R, R WC BRI I W,C 03
1E WC BRI B, SRR itk DA, BT
W-C JA7 SN AT WC JBEak PRI BIL I A= B ) WLC, By
21,0936 13046 GLESIS 42324 1120770 SRS SURHE s A SCAE R 1) WaC S A K
18.2403 30.7764 36.7966 8.8742 5.1850 0.1274 WL, [FIREE T4 inig b Jg 47 2 s W,C i it

49.8730 49.4268 0.4952 0.0848 0.1201 0
50.9761 48.4073 0.3129 0.1675 0.1363 0
32.2658 3.9825 40.6780 21.9691 1.0609 0.0437

T o I v R o N "IN

5 W,C-Fe 48K W,C. WC Hl Fe;W3C ) TEM (G A1IE X s A5t K
Fig. 5 TEM images ((a), (), (¢)) and selected area electron diffraction patterns ((b), (d), (f)) of W,C-Fe composites: (a),( b) W»C;
(c), (d) WC; (o), () FesW5C
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W+C=WC )

ATUUA IR AT 1652K I, AGy e >
AGyc s THREEFIT 1652K J&» AGy o FREEHE,
AT AGye « XEMW, skl T, W,C It
WC ¥ 5 i, DMITRIT 529 Fi] 58— R -5 5
DAL T W,C o A
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Table 3 AG of tungsten reacting with carbon

Temperature/K ~ AGw,c/(kFmol™")  AGyc/(kJ-mol ')
1300 -31.9 —39.88
1500 —36.8 -40.4
1600 -394 —40.6
1652 —40.8 —40.8
1800 —44.8 —41.2
2000 =50.4 —41.8
2200 —56.2 —42.3
2400 —62.3 —42.8
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JCPATHERN A K, X e K E e ORI, 3
AHECE S5 I RO e B b i, DRI, WoC B 2



560 T EA OG5 R R

2017 43 H

B6 W,CHisEKESN

Fig. 6 Growth morphologies of W,C dendrites: (a) Primary morphology; (b), (c) Intermediate morphology; (d) Ultimate

morphology; (e) Growth units; (f) Dendritic segregation

F4 Kot WoC B e /A4 R
Table 4 EDS analysis results of W,C dendrite in Fig.6(f)

Mass fraction/%

Location
C w Fe Cr Ni

Lighter interior of dendrite 3.82 80.50 8.91 5.87 1.10
Darker exterior of dendrite 3.18 66.25 21.58 6.49 2.51

PLTATIEA 1 T UK

B 6(0) I B BIE T LA, RSTRLER I
WoC B di AR W R R o AT 36 4 1f) EDS 3 #r 4l
RRW, B O AR WS 80.50%(Ji
OH), MRS OIAZXIER W S8R 66.25%(F 7>
o MR, WoC Bl AT FE T # K&
)W JeE, BEAEEC OCTANPRER, R A W
TR R, MR R R4 R R, i
AT W RT3 A B RIS TA) 78 73 48 DAL
SEE AL IR W S AR T e s R T

gr PR, A ER IR ARG 4 Yl e [ 4 1

s WoC B I EAHILTR] /N T 1 iy e A o /N1
At SR IR S R ST O 25 /N O FRAEIR d RO A A
B, SIGRATIL T [ DAL, IR A
HGE, DSPATIEEZE T 2N R 17 A R AR it
AFAE W Rt AT o

24 WEMNKSH

£ 5 FHNRRE R EEYARNFY S, I
W,C R 1830 HV o, KT WC (2357 HV ), 1H
BT M,CsIHI(1516 HV ) F Fe JEAAF11(625 HV,5).
W,C P 52 A% St TSI, RE R Tl s PR e
(1536HV o) AL TAERAEIR A 19(1993 HV0)o 73 HTIA
s AEE IR S AR POTREE 44~ DOPAT
AT AR S TR A G, AKEITR
REIER S — 384k, NIRRT RERE( . B iR
600 A 800 A HEKH] 1000 A, RFEM A UAERE 5 F ot
#, 4354 84HRA. S1HRA Fll 78HRA, IXJ2 i1+ Hii
BRI WoC S &80, WC & S BRI s .
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x5 W,C-Fe HAaM R BT
Table 5 Microhardness of W,C-Fe composites

Phase Microhardness, HV ,
wC 2357
W,C 1830
M,C; 1516
Fe-based solid solution 625

1) R E IR SR AR PO H % W,C-Fe
SEMEL FEWMS WC. W,oCy M;C3(M=Fe,Cr,W)
Hl (Fe,Ni);  WoC Ko F A0 Tk B, Bl TAE
HLY HH 600 A 1 800 A J4-K 21 1000 A, W,C F &1,
Bl RSPRAE

2) SRR AY— B I, il B WoC AR AR
(1 EER 2, 2= A BRI = T 1652K )
W,C b WC 5 A o

3) {EE UGN A G AR PR 44, WaC
(AR AL B /NI AR A R AR/ NPT o, S it AR
LS R T O 25 75 VO TR S Rl R IR A2 TE S, LA
SPATIEAE 1) 7 Nk 7 R AR K W R IE B i, FRAEAE
B b R B3 R AT

4) W,C (1 BAE % (1830 HVo)fk T WC(2357
HV,), 52 BIR LRI, S5l i A
(1993 HV ) W] %l iy 377 M A AA FRI(1536H Vo 0) o B L
T 600 A #5KF] 1000 A i, W,C-Fe B &M FHA%
NUAE L 84HRA R F%4 78HRA.
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In-suit growth mechanism and hardness of W,C under
non-equilibrium solidification conditions

CHI Jing, LI Hui-qi, WANG Shu-feng, LI Min, WU lJie, LI Jian-nan, ZHAO Jian

(College of Materials Science and Engineering, Shandong University of Science and Technology, Qingdao 266590, China)

Abstract: W, ,C-Fe composites were successfully fabricated by direct current arc in-situ metallurgy. Through the
examination of phase composition, microstructure and hardness for the resultant materials, the in-situ growth mechanism
and morphology transformation for W,C as well as the influence of content and shape of W,C on hardness were also
carried out. The results show that, when the temperature of molten pool over 1652 K, W,C is formed more easily than
WC in the in-situ reaction between W and C. During the non-equilibrium solidification process, the growth mechanism of
W,C transits from lateral growth to non-lateral growth, the morphology gradually deviates from the petal-like shape with
hexagonal symmetry determined by crystal structure, and grows into directional dendrite with the pattern of parallel
intergrowth. The microhardness of W,C is lower than that of WC, and influenced by shape. 1993 HV,,, of the equiaxed
dendrite is higher significantly than 1536HV,, of the directional dendrite. As the current increasing from 600 A to 1000 A,
the W,C content increases, and the hardness of materials decreases to 78HRA from 84HRA.

Key words: non-equilibrium solidification; W,C; in situ reaction; growth morphology; hardness
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