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O DLW BRI Ni J0R TS TR A 1 93W-7Ni iR 5k, RO KR IE L (laser powder bed fusion, LPBF) i
& VARG SRR TR T ARG B % RS SRR 2 . RS B . AR RS S
W IE £ TN AL, ANEFEU R A WAL, B4R = 4R AE i AR 8 W g D BB . MZRAR N 1.5 J/mm
BT, F5RA S BUREAH X 25 1% 98.04%. LPBF il # AUAS 4R & & A 1 AN AH 4R - 2L iy W B BRI Ni-W B R AHAL A, IR e
A RN IR TR SR RFE A B B HVos Fiik 5192.3 MPa,  HEEACR 3228 Bk B 25 1 HO L0
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JRE N ECN 93:7 I H kAT TR A 45 B R B TR & M A
MEL R RESwE 1R, NERTLER, RE
/I PR R A TSURL EL AR W B BT, (R AT SR 35 50 Hh 53
AT TR RURL BT, [ B 308 23 B ORI BT R R T, g
% CRAIE £ U & PRl S50 47 — o B (R ORL, 1T A R
B S R R R AN R R 2 85 X 3. ] 2 D4R T8
BIR SMRIIRA S EE, BN Dyp=5.11 um,
Dso=14.50 pum, Dgy=25.23 um, 3 A RifLi 2 T MOtk K
PRI R 4 )38 25K

FIH LM-150 % &I & T 93W-7Ni & & I Hu ik ilie
SIGHE L. SLER AR, SRARIBEOLTIZE R 200, 250,
300 A1 350 W; #9434 5 Jy 200, 300, 400 F1 500 mm/s;
A 70 [ FERH 2% )5 B 3 il [ 7€ 9 0.08 AT 0.03 mm. J3
Gb, FEPARROE IR, SR Z AR 67 TR 434 5%,
HOAPRIERAR 58246 2 1) R U245, 8 R P RIS,
BN WY I FE PG AR FFAN BB AN SRR TR FE R 80 C .
R, BT UL B ROE AT D & 7RSO8 10 mmx
10 mm>6 mm 585 S HUARREE, Wl 3 s, MEHRT

K1 93W-7Ni Tili-&ka A T30
Fig.1 Powder morphology of 93W-7Ni pre-mixed powder
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Fig.2 Particle size distribution of 93W-7Ni pre-mixed powder

K3 WOGR AR R KSR S A 1 A A
Fig.3 W-Ni samples prepared by LPBF
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PR e A B R 1 S K TR AR AP 34 T AR, FF ik
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R B P T S0 BR A 171) T 5] T

NT AT G SR R, e
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J&, KH VEGA 3 XMU Hfli 7 Efis (SEM) Xf43
BE SR B MA ST T RAE; FIR, 8T Re g
(EDS) MHARERI JCR AL Ao A HEAT T R AL

NT G BT IR A R AR R R A AR H R, SR
Bruker D8 Advance %Y X 5 ZE AT SO0 58 TR Ak 14
F R SRR AT T AR b o R R A R
Cu B4+, FEVUE 30290° T/EHJE 40 kV, T{EH
7 40 mA.

SKH HVS-1000 5 ol 22 oH il & 7 45485 il RE Y
ST, hn#kE A 500 g, INEEEEA 15, FEAMR
FEZ I 10 A mUH SR FP S AE iR i S s i

2 ZFR51L

2.1 BAHMARFRIBRSEREASREREZL

JIEFR A P S R Fra s i 2 7 F AR R R o 2
PO A I Rl SR 3o 2 v 1 50 SR 90 1 1), 7 S0 1
TR B2 T 2S5 N T I SO ShR A
FETEBO R RIS RS FE P SR SRR, 52 T ki
% (linear energy density, LED) , #ikz 1 FE7.

LED=E (2)

V
Hep, PONBOLIIE, W, V REfGEE, mmis.

B 4 45 T I8 BRI B A A SR AR %
EHLRERERENXR. WNERITLEES], S844
TR P R oF 55 P R Ak i 5 2 e 360 1) 8 o v 2 2 1
TN W B PR AR B A o ARTIE 7 BT 1100 2 R 2 2 R
2 IV ESAR G SRR IO X 25 BE 38 1 90%, LS AR
HoR A 1.5 Jmm ZRRE S, WEDEOGTIA 300 W,
FAHEHEE 200 mm/s 1, il & (5S4 TR IR 6 % i
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Kl 4 A [RIZk a5 BT B A lURe AR X 25 B2
Fig.4 Relative density of W-Ni alloy samples under different LED

K, 1% 98.04%.

T BB O AR IR K ] AR A Sk
FEF P HERFEARFAE S R L], B 5 25 T AR 2k RE
B FERT R AL AR B S IR R T O 42 . MBI
A LA B2 3 A 1] 4% (R A B A R P R b 2
KN LB GG, ANAFAE B BT WL e ek s H
K AR BAR IO e 55 LT, A94RA &R A7
TEREARIFLER; Bl A5 2k G &% BE R 3E n,  ASHUUFL
BeE MRk, FLYEZRRRE % SN 1.5 Jmm B, HAES
BT IR, LR RS Bk .

N TR T RS R SO R R R Rl O
AR RIS RALE], B 6 25 T ZRREE % A
0.7 Jmm il 2% R B985 A S RE BT Y i 5 R 3. AR
R UKL, WOGR AR IR RS HR G 4 1R IR BB AL
FE AL, R E I AR Cln P N Sk
FioR) A KRR, RIS U R A AT ORAH A

KI5 ANRIZREE RS S0 B AR & 2l OM i
Fig.5 OM images of W-Ni alloy samples under different LED: (a) 0.4 J/mm, (b) 0.625 J/mm, (c) 0.7 J/mm, (d) 0.875 J/mm, (e) 1 J/mm,
(f) 1.167 J/mm, (g) 1.5 J/mm, and (h) 1.75 J/mm
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Bl 6 Ziaes 2N 0.7 Imm K54 & SRR = i TR R
Fig.6 High magnification morphology of W-Ni alloy sample under
LED of 0.7 J/mm
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Fig.7 Area of defect (a) and aspect ratio (b) of W-Ni alloy samples
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Fig.8 Schematic of melt flow and tungsten particle migration in

W-Ni molten pool under laser irradiation
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Kl9  Ziem N 1.5 J/mm IR0 R RS 48 5 il i £ T 3
Fig.9 High magnification morphology of W-Ni alloy sample under
LED of 1.5 J/mm
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b, FEAS LR BRI B 10 Jysek e Ytk i
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TR LR A RATAE AR ) TR AR B 11 3D
H TR E SRR EDS TR T RS R, W
LR B Ni & B FEL, (HIFREERK.

-

Element of A zone wl% at%
(¢} 2.99 21.16
Ni 14.66 26.22
w 82.35 50.63

Element of B zone wl% at%
C 10.63 3491
(¢} 5.04 12.41
Ni 75.65 50.81
w 8.69 1.86

K10 ABERBOOHE A PRI Bl T i R v T B R A T30 S AL 5
Fig.10 Morphology and composition of fume formed during W-Ni
LPBF process

Element wl% at%
Ni 6.63 18.19

w 93.37 81.81

Bl11 48484 4k EDS JUE T4 R
Fig.11 EDS elemental mapping results of W-Ni alloy samples

2.2 HOEMARKRERESRS EXFYEREHEAR
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AR RE Y AR AR NI, TIRTE AT NigW &
AL G, AL h T 0 B VA gt N BRI A o e A S L
T I 35 CLRE RSO A4 IS AR 4 (1 W-NI
WS R — B,

b, Xt LEAN A £ R B R Otk AR RN ] 4% 1)
PBARFER) XRD BWERE, HATHEA B
KAWL IR, BRI BT SR OIS W B
FHAT Ni W B @ LA YRR, IX R I B0 AR
R LS SR AR AL A W B 2 B BUE T 258
sz, Hm R mAIFRA SR Ni JTRIRER K.

13 45 TARE R B LA 1.5 J/mm IR R ) 45 8
MR SEM M. AEIH AT DL B HU 52 3
TR R PR IE Rl SOE (AR & S ulFEAF A 3 A R T
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Fig.12 XRD patterns of W-Ni pre-mixed powder and LPBFed samples



- 2788 « WA SRR T2

52 3%

DA B . o 7 5 P e
(00 §& [ Spotlk G
vﬁé S ooty X
A s )

. Solid phase sintering
NS :

Y27 R

K13 ZRfes % % 1.5 Imm ] & (K848 & S aURE I SEM HE 7
Fig.13 SEM images of cross-section of W-Ni alloy sample under LED of 1.5 J/mm

1 BL1ME 2485
Table1 Composition of Spot 1 and Spot 2 in Fig.13 (/%)

Element Spot 1 Spot 2
W 100 47.60
Ni 0 52.40

(R 1 FH AR 2 FIZH 0 45 5L, IR P T DAIE SAS R0k R K AR
SEANEA, IRZARFE R ARGS: FIRT, SRR
SBRT NI IETEBUFRARSL, IEERRE T KER W, X
B RAE NifE W H S AR FEAAR, (HJ2 W 7E Ni
BARS SRR, WFFiRALE 1500 CH, W £ Ni
(ITE R T AT ik 45%M°, DR URAE O RE R, KB W i
i 21 Ni FAA AR, T R VA

R, SHARBSSE S EMALRRRZ, Bt
WA PR Al A8 A SR PR T B T K24/
ARIBURLRES b 7E BB IR T, B8R S AR
WAL B ) A o T IR R A S AT Bl v, ST I 7 Py
(U P DU T 5, 0 = TR A Ao SRR m Bk I
SEANEAI IR, B RIORLAE PR A% A [ A kA
TS, BIRASERLA B AL A N 2 TR,
13 Frw, R T E I I AR A, 8 PRk B[] 1o 72
FRE RS T A/ INI RS AR s (RIS R Tt P TR R (9

B, AL it 2 R AR T B /I PR SR PR A it A

FAh, EREERR, WE 13 kT UR IR &4
v R ] P BLHE T 2, TR T Ry AR e S5 i A rh 1 45 30,
AT = BTG HE BR T Bk (A ORSE [ 7 A 2 E I ik
FE A T R P BRI EORVARR Y B TR 4G W TR 7t
HRATR, oy W BREGIHER T ZAEM W &
bi, IX[ERELE— @ FERE s e a8 A Sl R It 0 (b ik
FE, R T LB R RIS Rl I A5 88 G 4 iR 2 [
FEFAEE MRS S, XRS5 EmMETRER, &
(R 5 e A A5 A A P 83 ST 7 22 B VI A R o
i FT REME 3 K

Bl 14 45 T LBEE N 1.5 I/mm B ERA 4k
FEJCE EDS M4 s K, MEIH T DUR BLEO R AR IR
Rl IR A B G e TR W TR A A BRI 5T, B RikL
WL T A Ni JGE IIAETE: T Ni o R R EEH T2
PR, XS AT A B A R —

15 #E—4B 45 T 1.5 Jimm % R RO R R 4
R 1 W-NRRE 1 AT 2 A 2O 50, M T
DL 3, 598 & 4 iCRE Pk i 1) 2 T 2R 2 B R 1) 43
E R AL iR A eI FR, R T HOBHKIR
J b 2 1) ARG R 1 AR AL » (E B b, AT LR B4
SOOI 35 18 A PR TR G () B 0N 1) T8 TR 6 B, 1T 3 2 AN

K14 g% AN 1.5 Ymm 484 400 EDS JTH 47 A
Fig.14 SEM image (a) and EDS element mapping of W (b) and Ni (c) for the W-Ni alloy sample under LED of 0.875 J/mm
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K15 1.5 Vmm FEEE ST SEM A
Fig.15 SEM images of longitudinal section of W-Ni alloy sample under LED of 1.5 J/mm

[ PR B2 (e 8 2 30 TR A, KA TE O LR IR T A& AR PO
B AR T Bt /N R4S SRR [RIRE R, 45 KL 3 8
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2.3 EWMEE

Bl 16 45 T ASIRIZRRE 2% T OB R K IE BUE
AR SR AR . WE T LR S, B 2R
e B BE I, AR AR RE R R RS (HVos) 24K I
B KEBTREMHE, B 4662.6 MPa N4
5192.3 MPa. fEfRZLREREZ LT, WIMIE 2R EE
S R AR 2 1R R U FL SR SR o P4 s ) T 1 30— 5 A2
(RIBEAIG, T Bl B A G aRE A 5 FE g v, A
T LA AN 52 2 R B 2 P IR 5

AL, KT LPBF 4 H) 93W 1R FE S il A5 5 1
bedh | 406 KA Be A AR I AR, 15k 2 s, @
XL AT LRI LPBF il % (45 B iR B A B s 1) R Ak
g . XAt T RE LPBF il % A4 S BRI
HATISR AR e 77 5, H2 BT ROt R 1 B
TER, (3R R AN, BT REdERA Y
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Fig.16 Microhardness of W-Ni samples under different LED

F2 TREMIEZHET 93W RN EHMER
Table 2 Microhardness of 93W samples prepared by different
processing conditions (SPS=spark plasma sintering,

LPS=liquid phase sintering)

Processing condition Composition HV/>9.8 MPa Reference
LPBF 93W-7Ni 529.83 This work

SPS 93W-4.9 Ni-2.1Fe 315 [20]

SPS 93W-5.6Ni-1.4Fe 500 [21]

LPS 93W-4.9Ni-2.1Fe 380 [22]

Swaged 93W-4.9Ni-2.1Fe 495 [22]

LPS 93W-4.9Ni-2.1Fe 349.5 [23]

LPS 93W-0.5ZrB, 431.2 [23]

B CBRAN-TRIA T RS A, AR R I R O 10°~10° K/s,
wE TG ARG el RE, AR R A/ Bk
A 77 2R AR ASHBOE R AR R AR Al % A5 B AR
B H e I S PR

3 & 1B

1) ROk AR IR RIG A G B AR 7 s &
B EENH S, IR TR T ZSHX N, &
e PRI 2R e B 55 P R (i bV AR AL B AN A R =, s
HURMO R fELRRE EE BE O 1.5 Jmm I i 4 1548 5
S IR AT O] 25 BE B e N 98.04%

2) EE RS G S WO AR IR IE R UYL G
SR B SA, HBAH Z 3: BER BN AE 5 Ni M1k
TERIBAR LS W SRS AR s [FI, B T A R0 i 2
R AN AL T T TR 2 /N PR B A s

3) WO AR PRI Rl 1) £ R4S B S S R IR B i
S EE B, R R HVes N 5192.3 MPa; [
B, YRS SR A FLRR A D I, S il FE
RAZ LR R % L 5
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Laser Powder Bed Fusion Additive Manufacture of 93W-7Ni Alloy

Li Junfeng™?, Wei Zhengying®, Xue Lingfeng"
(1. State Key Laboratory of Manufacturing System Engineering, Xi’an Jiaotong University, Xi’an 710049, China)
(2. Jiangsu Key Laboratory of 3D Printing Equipment and Manufacturing, Nanjing Normal University, Nanjing 210046, China)

Abstract: The W-Ni alloy specimens were prepared by laser powder bed fusion (LPBF) using 93W-7Ni pre-mixed powder feedstock. The
influence of different linear energy density (LED) on relative density, microstructure and microhardness of LPBFed W-Ni alloy specimens was
investigated. The results show that the defects of the W-Ni alloy specimens are mainly irregular pores with no obvious cracks and the irregular
pores can be reduced by increasing the LED. The W-Ni alloy specimens with a maximum relative density of 98.04% can be prepared at the LED
of 1.5 J/mm. The microstructure of LPBFed W-Ni alloy specimens is mainly composed of W particles and Ni-W matrix phase, accompanied by a
large number of fine dendritic/granular W grains. The LPBFed W-Ni specimens have high microhardness HVo s with a maximum of 5192.3 MPa,
which is not significantly influenced by LED.

Key words: laser powder bed fusion; W-Ni alloy; relative density; microstructure; microhardness
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