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ATV RO M RS ES A &7, EECSRH M
ARFIEBFEFAIEI (selective laser melting, SLM )+
WOk KR JE R (laser powder bed fusion, LPBF). #
He s TR (laser melting deposition, LMD) . #% EH
FEREm PR (laser directed energy deposition, LDED)
PLR ka4t (laser sintering, LS) $ AR . 7E 4043 )4
JEIE A FE R A, B R RE S N IR AEAE LB Y i) R
P TR BB T T SLM O S 0 £
PR T35 A N BRI SR, R I BE A WOL RE B
FER RGN, AP T SR, A ) ALK 2 b
B 1A R BO6 T3 R F SLM 435 A il 2% 45 B (1) 3% 1
TS, W LAE AR DI T BRE i 2 T AF (R B2 IR R A
FLER

BT A LB 1 ) R LA Ah, L0t 2 3G A ) i
) FERE . TR FTIY R A T aT SRS
HFIE, IEHEKFZEEIE LPBF 72 b R ILEFE
oA TR I 7, AESTAT MR R LG A
FE S 88 7= A AN AR P sk b, G H 7R T B AR
O BT A A A RIRIR R, AR AT G A R
i EAOW B D B R AL, XK ONE K T7 A B A
KHHAR S IR T RE L T N T R 5 RS

AZFLBRR A, B3OS Ivekovie BfF 78 /N ISR H
SLM T2l % 7 % g W Ml W-Ta 4%, §F 78 1 16 %
T2 TFEEEESNEREEAT N TR R, T
WAL T2 S MRS, REURALFE, R
MpEEHITTERMAN, REUEEZFARN, Sk R
SHEB RN . E W R gRIE T2, RH TV ik
BV RIS VE & )8 A Ak nT DA 2 S0 A e IR v A
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K, HT W-6Ta &&PAEZILEW, PPRILYEIN
TEfoRL A, AT PR T S T et . 5ok, fEXT 4l
R R BH R RE 1R R AT S R S A A 2 T R B,
W-Ta & 4 IR SC8 &= A R B R, SR 1S 240
1, KEALHES Ta BGRB8 45 06— . {74
AR T BT, 1 Ta ERRERIT, AR T R0
A, NEL 2 ATRUEH, fERIN 6%Ta . J5 280 ik
o B TRE R Guol™ K A SLM £ ARAR 7 Hh figg o 1
o B T AR R RKORASE 5T i 4 A R S AT 85 A4 T BT (1)
W, W HIRAE . XRD &5 Fit S gt R AL, st A
& LT EA I MBSO R L. shah, MmN R
B s & & MBS, RN AR TR T
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Tablel Research direction of laser additive manufacturing tungsten and tungsten alloy in recent five years

Materials Additive Major performance ar_ldlorgamzatlonal Application fields Refs.
technology characteristics
Pure W SLM Porosity reduction - [14]
Pure W LPBF Tissue anisotropy Fusion reactor divertor [15]
Pure W SLM Network cracks [16]
W-5Ta . PFMs
W-10Ta SLM Inconspicuous crack [16]
W-6Ta LPBF Cellular structure with nanopores PFMs [17]
W-6%Ta LPBF Crack reduction Medical field [18]
W-12%Ta SLM No crack Nuclear radiation shielding element [19]
Pure W W-1%Re The microhardness of W-10%Re is

W-3%Re LPBF higher than that of pure tungsten PFMs [20]

W-10%Re (400 C)

. . emos bs
W-5%TaC SLM The microhardness is 50% higher than [21]
that of pure tungsten
The crack density is d d PECs
W-5%TaC LPBF e crack density is decrease [22]
significantly
W-20%Fe LMD Fe7W6 intermetallic corppounds and The first wall materials in a fusion reactor [23]
tungsten dendrites
o The section structure of molten pool L . .
W-20%Fe LMD Shielding material and balanced device [24]
becomes deeper and narrower
90W-7Ni-3Fe LS From open pores into closed pores Kinetic energy penetrator and counterweight [25]
The W zone without melting, the W . .
W-10Ni-10Cu SLM dendrite zone after melting, and the ~ Licctrode material and packaging substrate [26]
. with high air-sealing
Ni-Cu zone

90W-7Ni-3Fe LDED os =650 MPa, 0=5.2%, H=5.97 GPa Military equipment and aerospace [27]
90W-7Ni-3Fe LDED Ry =821+ 26 MPa Radiation protection, kinetic energy penetrator [28]

0=17.46%+2.93%

and gyroscope rotor
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Fig.1 Surface morphologies of samples prepared under different laser powers at the laser scanning speed of 200 mm-s™: (a) 100 W,

(b) 150 W, (c) 200 W, (d) 250 W, (¢) 300 W, and (f) 350 WI'¥

K2 4 W W-6Ta (KIS0 R TS 2407040 f1 EBSD 441
Fig.2 Original surface morphologies (a, d), the crack distribution (b, ¢) and the EBSD microstructures (c, f) of pure W and W-6Ta

WREL REFEAIBREL, X iE A LA G R A
YrfE. B 7D Ta o LASL, BT RILES R N> &
Re. Ti % o o] LUABHIHIR S B . HAE L
K2% YamamotoWf 7 T LPBF A 4% 143 Bk (W-Re)
E e I ZAT NI ZH 2R, IR A6 Bk = 1 34 m
TR KLV 1) 36 7 100 e oA T 32 AL

AT A K T8 SR P [ 8 5 A R R 9 DK O 57k 15

[18]

SEAL (SR ALAR 5 I A G A M B A S . W] LA I
SEILFE A ) SR AL RN R RS2, KA TR 4 Y
R SR A S ST BGRAC AR K 77 Ak T LPBF il %43
B IR SR AL, JF HoR A LPBF SR il % 1
B (5%) BREEEEE. 48R BLARE AL
T | AU R 2 A, R IR B AE TR AR A BHJ5 A
B AIESE RS 1 B4 & . iz A 47 7R
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VXt E M HE RS R R, BF T s R I, NN TaC
JE & NREUEE S B FE, 540 W AL, W(Ta)
I 3 2 R L ) A 55 (WL C) 7 R [R) 7 B T AN ) T 25
MIBIRGE M, v W S IR I T A 8684 . K 3
AT W-5%TaC I2L8055 A Rl SR AOML 544, ]
LB H, Hai W AL, W-5%TaC (808 KT,
P JE AR 2 PRI

Bt R WHE NG A SR ING, B8 R
MHES RS S ML R, ZA Sl S e R
RPHESE—BE |, DASER IR A a2, b0y Tl
K2 LiPVURIL LMD i % (11 W-20%Fe & 44141
W. Fe fll Fe7TW6 3 4Ll . FeTW6 LAFEMR 4345 7545
AH JE B 2l DARE B B 20 A FE Bk B Ak b, T IE & BT
Fe7W6 AHAIESEL (T &, 48w T84 &
Fff T . WO T2 S H 2 e e P 1O 2H 2R R BB
R 2, BFREOE L Z 250 3D FTEIR &
S AT D BRI IR RS Sun® B 7L T
BT 2350 W-20%Fe &4 7E LMD i f2d #47
N KEAGEE R ALEI R SV AR R, R T 5iR
FEAR DS B EE VR B IERE b, BT T 4R R e .
SRR, BEAEWOC T A RN, a0 AT A5 A AR 1
FEUR, s JE 0 AR T30 2 ) T2 A RS o P S s

I T A S (WHAS) S — Bl b A o 29 A0 5 2544
(W-Ni-Fe/Cu)4L i & &M RPN, WHAs TR
W SRR RE SoR . B R, N T

TR AR T H ORI o A1, g1l
WAL ZS AR BEABAE  BC B AR AR e
e 25 IR 27 PR AR DA R i SR AR IR BB, A% ey
MARBEBAREGMREA . BRI RS ErE
R TREIMRIIM T, BREE B A TR MR Y
PEREF= i, EEE AR ST R A Y, (H2 H T
R AR G 1) AT SRAFLE 2% 0 1w I B A AL IR TGV
SEATVH R AR I R, DTG ™ B 5 M 1) 7= it 1 S B 82 FH
BECO, SR, M ELRE 3D ITERR ARG E &
S (WHAS)IAS S, R AR R A % 238 Bl 5% 3D T
EIE JE B 4 BB 1) AR R SO AL AT TR R R
R TAE. IIMEE T oK% Wang!® R F Ot ke 45 (LS)
FARWE R T TS K06 90W-7TNi-3Fe S0 & K500,

R IO T 2 A1 FE 2 e R S 8, Bl A WOk
REE MG, FLBRBHIFALE NISL, fERed i,

BRI, TR AL NiFe 34k, S HER 7 -
FROTVE LA BRI R . T f# o W-Ni-Cu &
SRR T &, Hm K% Wang2 R A
SLM T Z%f W-10Ni-10Cu & &8 K47 T 5@t Ab 3,
RILAE SLM Ab B 5 AR i bR 00 21 i 2 W-N [
AH, XA H Marangoni IEF 51, Ni-Cu AR T
WG TAS W T T RN JIURE, T2 RN K i - 7 B K2 Wei!
KOG BB e B DIR(LDED) Rl 4 T 90W-7Ni-
3Fe A, RIBE i IR RO 45 A8 31 il i 7 ) 52 B0
(4R35 5 1% « LDED Ff ity if B A AR AT W RURE (¥ 58 B2 v

3 40 W M W-5TaC A R GUR SR GO0 4544
Fig.3 Crack morphology and microstructures of pure W (a-c) and W-5TaC (d-t)m]: (a, d) top surface crack distribution, (b, e) top surface

IPF mapping, and (c, f) side surface IPF mapping (the black lines represent grain boundaries, misorientation > 15°)
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THARGEAE R, 1K — B AN FURE 2 iy 1S A 1 125 4
FEE GG 1 R A S A B PE phfHE . JEITR
FHAR AL J5 Fi B T2 m] AR SO 38 M & R & 1 )
ZVERE, TR K Weil™ SR FRAL G R B T2, il
% T E T REOL B Ss 90W-TNI-3Fe &4, W Bikiz 5
THAR-FP ALY, B T SR 4 G R A AR -4
AR TR ZE T o A, R BN 18] 498 B4 #4425 ) L
855 25 R I i B RN SR P R 19 B . B 4 N 3 R
RE AR AR B 77 - AR il 28 K% = il b A P g

(YS. UTS. EL), AJLAEHEAIT 2 Fifiib# (HT1
FVHT2) J5 AR B v e 568 B R A A 28 A7 i 42 7

2 #iEKEREMA S

BT EH (R 0 AR AT & e BRI AR, s AR
FUR 52 3 — s I PR A, 7 30 3 SR FH 486 A o) i 4 AR mT
DLIBE G0 LI T35 /> —von T, A i 4 ) i A
WL REATROR M T ARG A G H A
A & M0 T E A Sl SRR & 4. BRI R
A & 50 K2 BraunBYF 7 T SLM Hi AR S HH . 251 T
2R, KILSLM Ab B S 4H L B RGO TR RS AL
(1) s R A AR 2% o IR, AR DU B AR A B 1 T A
mi S AR AT, N2 BCRIT R = OOR] E KAL) B
AT Rebesan™ i 5% LPBF ) T2 504 T 41
PR 99.5% M AH B, BRAE T 58 A SO R 1 4E
AR HV,15(2077.6£176.4 MPa)JS LT 7 F4H
B o] DA s BH ) SR A R, B X — IR
3R, BREAB T SR MEN, BT
SR AR ST N T B A ) 5 AR B S R A

FHEAE AL, R AG & 58 K% Kaserer B 70/
1000
a
< . — —_— —
& 800} /.7 T k
E T
g 600-[
en
£ LDED
5 400 -‘
e LDED+HTI
0 LDED+HT2
M 200 F
o N
0 5 10 15 20 25

Engineering Strain/%

Strength/MPa

TE BRSO G 1A 1)1 H & 6 R 1 FLBR S AR 88 =
[5G G AT T RS0 AR, 8 i s [F 32 s T
B B S 0 SR R . /N R e SR B A A
M, I SLM VE N T H B A B Kig & m k122 e
MIAH . RILAINB 255 0.45% MR HHE &%
BAHLUS A, WAL RE 8 [ 75 2K P TR v Rtk
AR, XFRH R F AR T D SO R R AT
it 5 P 4545 B HR =0 B JS %/ NHAE LPBF 3944 il i
T2, fil4& TR ESE 0.45%MHE G4, el
ALY N IEAE f (-Mo2C, (-Mo2C 5 a-Mo £ M T
FL1H » a-Mo/a-Mo FHi Al a-Mo/¢-Mo2C ST 34 7 K il
ey, LPBF T4 HI4isH B A 4N E A K O Ak
WRebahtg, KARESFHRL, S miT et
T IR & BN OGS A s A A e 1 1 R I
SO, %NS T S RS TR R B B B 4 1 ok RS
Prbrom B A L, W AE AR, mR A R T A
ks RS SIS I RE A SR NI ESY IA B R B ) | IS R WA R T
RLTE R EEEE 2 F Uz A, st A K 7 ) LA e A
K s b I i B, A S ATRLBH A H, FLER
BN SO T Er e 1 1) 3 0 92 1

FHEER (Mo-Si-B) & H A i /) = YERe I B
A RE SR AR S BUE AR RS, BRI B A R R B L
PR IR A MBI, BT, #i]% Mo-Si-B
GEFER 2 MIE: BIUEGREAR K ih ik,
RIS R B A W% T . REAEAR . WRA & B L
SR, TEH) & AR AT g HBL ST A S Mt
T, MARAEEH LN Mo-Si-B & mmMzEarl, 4
SUMXT 5], EAEEEEEL 1200 C FASRM BB
MISREE, e RES B2 &8 & m . A

ield strength
1000 r H;llilmm:c lcitsi]c strength b_ 25
| | Elongation
800 B 120
- | -
l E
600 - lis &
<
L 4 &0
g
400 | 110 =
200 - I 15
| :
LDED LDED-HT1 LDED-HT2

4 LDED. LDED+HTI1. LDED+HT2 iR ) 5 i b T R ) -8 A8 11 2% K b iR s 1 380 S AR E L 0o i JBE 1A A 3R
Fig.4 Engineering stress-strain curves and tensile samples after the tensile tests (a); the mean YS, UTS and EL (b) of LDED, LDED+HT1

and LDED+HT? samples at room temperature>”’



° 1948 -

GE A R

Carbon content

Density: 97.1% Density: 97.5%

500 pg/g C
Density: 97.7%

e d
‘Hed

:

Mo 22000 pg/g C
Density: 99.1%

Mo 4500 pg/g C
Density: 99.8%

K5 fotAphZ) LPBF K i 064 S B L 2 (AL IR, 113G J5 1) P 22 1A B Sk 3o s FLIRRE 3 R 2R or ik 9 5 e i 11 49 o 2>

Fig.5 Optical microscope microstructures (side view) of polished and etched LPBF specimens; the building direction is indicated by the

arrow on the left; porosity and the number of cracks decrease with increasing carbon content 142]

IR DUEE R 2 A N G54, SR AN AT DA R
W A RL BE AR, 3R] DA TR AR I A R R S
IR XA IR R A H RGN A
K FBUSATIREN BE R G, AR E SRS
B RN, WO A & K Mo-Si-B &4 R A
NSRBI R A s ), T A 5 R 2 o AR I P
EE R e E R, DR 00RO 38 A i 12 5 2% A 22 1)
(1 F B E B kAT R ON B T . 1l E T3 B 5T BT
Makineni 7EHOGIE A H1]3& 1) Mo-Si-B & 444 KL Bk
fi5] 2H 23 e IR 32 AR AR i a-Mo A8, B AR A RTRAAH
N Mo5Si3(T1) + Mo5SiB2(T2), i 3F T 1 i - 45 #H
Mo3Si + Mo5SiB2(T2), iX i #H 41 & 1] DA4E iy H ik A2 14
RE,  [RIEIF B T S84 A RORE 32 LR R it 18] B 43 6
SHTEEMIERE R M. D% EE K
Schmelzer™ & IR IE [ FHH LMD T Z$TH! Mo-Si-B
MARM B ATAT Y, FEXTATHI % 24 Moss-Mo3Si-
Mo5SiB2 [ R 4T B[ 4 1 i 2 2 AR BEAT T VR4 1 43
Mro G5RFMH, LMD 0T AR} AOHE B ] 58 K ik 4
(PM)A= 7= 1) Mo-Si-B & & AHUE 3 . 5 [E 1R Tk K2
Fichtner™V E R RS0 T 1 2K FH LPBF i a4 s 3%
i Mo-Si-B & &1 L2, Xkl Mo-Si-B & & #k4T
RENAI, FEXPRARBEAT S8, e T & TER L
FEMMEETZSH. E% %M, e T
TE L FH T P 400 e - e P 2 A R AR i 28, 7 2
K MalPE i EAR AL T SLM S Hx
Mo-Si-B & & AH X 2 B FURE sk fa fsgma, R IR R
X AR 2 FEE R R e e K, L IR WO T 2 AR 111 ) 26,
FEH P T AR % B ) s e N o IR SLM 2
e, WIRTFHINT 2 FE KT 99%1I % Mo-Si-B £ i
BtAh, SLM 15 R i) Mo-Si-B & & HH 776 K & 1 i 1]

ROy, IXUERGAT LU A R PHOR T A& 6 7T
LA, BB AT M T, PR AT R o
WEEZ T, EERRIAALE 400 CHIFAR, K-k
I ERIREULT K, RO E R it
TR IR R 4 1 e

3 fRERENRFRESE

BerE RS & m T HR &SR E(>1750 ©).
FHRH AR B 35 2 (6.6~7.2 g/em’®) %58 i PR e i e B2 A R
PP AR TERE, CHcE BB R Ml & & E N
B AR R S AT A RS SRT, A PR
PEAR TR B RO AR 1) T W 24 ) A i PR ok R
MRS —. BEEBOCI M G R, B4
i& Nb-Siv Nb-Ti REEIFEHIEN T AMTPEF . Bk
Iha & B ATt 38 M i [ Nb-Si RAEEROE T 25

18001 g pure o

1600 4 —dh— No preheating
—fll— Preheating at 200 'C
1400 - —4— Preheating at 400 C

1200 4
24 1000 +

/M

600 -
400+
200 1

cat [Preheat 200 C

0 10 20 30 40 50 60
&/%

B6 ARG BEAS IR T o BURE AR 1 46 i 2

Fig.6  Compression curves of the samples with substrate

preheated at different temperatures[so]
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RIS 8, XA EI T K%Y GoncharovPH LRI
WA SR A AR, KA LMD BAR7E A [F#0E )
RN & EAE AT T, KILAE 500 W BTG Th
RSB EE# FH Nby Nb3Si [ A AR Ti 1)
Fm B s MWOE TR NS 1400 W B, Ti ¥ T
Nb o, K EEW 2, NbsSis EEALMIRAE . bR A4
BHIF 7T B X4 25300 LMD $ AR #% 1) Nb-16Si &4
IO A 2RI AR 20 B3 AT T VEARmE 98, R ILEOL Th 2
XA A 2238 B 2 52, AR AS ) NbsSi AH A
NbSS (niobium solid solution)#H i A& B 72 = g
WG IO/E N R AR R A T IR RN B 7 R
FIMOE D% R 416 Nb-16Si &4 MO 2, W LLE H

Nb+Nb;Si

R Y
! LT s
- =¥

BEE WOETh RN, Nb-16Si A4 1) NbSS+Nb;,Si
LI S35 NbSS M2 7 41k

Nb-Ti &4 4 T H A A M A s v i
B DU T BT AR, F R K GuzmanPOER
H LPBF LZJF4 G55 7R S PA ALY A
(HDH)il %% 1 4 FhAS[F) 474 S 0& 1) Nb-47Ti & SR il
FEX BRI A kAT T, RILAE AR LT (bee)
SERI I AR AR R A R R ROIR B d T B T AR B 4 2
FARB K% de Moura Nobrel”5¢ Ff LPBF T. 23 i #
HIROE D ZE AT 1 8 B S HORIE & & 8 R R B
KR, Mo Rm, WOLT) MR E ik,
F T 7 SRR ., B OB/

Nb,+Nb;Si

Nb,,+Nb,Si

Nb,,+Nb,Si

Bl 7 AFEBIEThF T 64 ) Nb-16Si & 4 1075 U f 718
Fig.7 Backscattered electron images of Nb-16Si alloy prepared with different laser powers: (a, b) 500 W, (c, d) 750 W, (e, f) 1000 W,

and (g, h) 1400 W
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B8 HIT SLM Hili& fERTE Ta A3 H) SEM TEH, =4+ A B ITH AT AL 2R, BB T 2 FL Ta RN W HC) 05 400 1 R 00 A0 P 0 14

TR ) = 4 T RO

Fig.8 SEM morphology of the used spherical Ta powder for SLM manufacturing (a), 3-D visual representation of the dodecahedron

unit cell (b), top and side view of the femur shaped porous Ta implant (c), 3-D visual representation of the cylindrical test

specimen (d)[62]
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T T B A RR S RGE K 7 3. A TR R IS A
PERE, HEREIH I 7K 2% Bandyopadhya R ] LENS £
AREDHAE SRR AR T — 2R 2, 5 Ti REAHL,
Ta ¥RZREEA R4 I4MORS A=K B8 70, difash
BRI RFEE o B2, BTG E SHEEZ =
BRI, XUEEUER) Ta BEAR SRR PUE 57
e, I T 5 5L AR A [ E 1 2 AL IR 2 1 3 B i)
M. GRS Wauthle!®™ 5 CR A SLM B HiliE T £
FLEHFE S, SRR I 2 FLE M = e R R T
NiEE#. 5251 Ti-6Al-4V ZitRIEL, SLM #ilig 1
ZLHEA R R EE SR, HEA Rt
95 R E AR A . B 8 SR SLM AR i
ZEH 2 fUEM kL. AL R SMEHE BE De Martino 2517

N T BIE 2 FLE R B A AR T, RN T
FIARAE 2 FLER AT T K95 15 IR ERES, 7870 30iiF
T 2 AL N R R B RS E 1

] A E SO Y A 32 22 22 FLARR B} 7 Tt B AR
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Progressin Laser Additive Manufacturing of Refractory Metals

Xue Sa', Wang Qingxiang', Liang Shujin', Lai Yunjin', Zuo Zhenbo', Zhu Zhen', Xin Tian?, Jiao Bengi’

(1. Sino-Euro Materials Technologies of Xi’an Co., Ltd, Xi’an 710018, China)
(2. Northwest Institute for Non-ferrous Metal Research, Xi’an 710016, China)

Abstract: Refractory metals are widely used in aerospace, equipment manufacturing, nuclear industry and biomedical fields due to their
excellent comprehensive properties. However, due to the characteristics of high melting point and high ductile-brittle transition temperature,
there are still some problems such as difficult manufacturing, long production cycle and high equipment requirements, which limit their
application and development. Laser additive manufacturing (LMD) is one of the emerging digital manufacturing technologies in recent
years, which provides a new development idea for manufacturing and processing refractory metals. In this paper, the hot fields of laser
additive manufacturing for refractory metals in recent years were introduced, including tungsten and tungsten heavy alloys (WHAs), pure
molybdenum and molybdenum-silicon-boron alloys (Mo-Si-B), niobium-silicon and niobium-titanium alloys and porous tantalum, and the
existing problems were summarized. Finally, the future development direction of laser additive manufacturing for refractory metals was
prospected.
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