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Microstructure and properties of pure molybdenum
manufactured by laser powder bed fusion
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Abstract: Molybdenum, as a refractory metal, is widely used in nuclear industry and aerospace because of its good
high temperature mechanical properties and low expansion coefficient. The pure molybdenum prepared by laser
powder bed melting (LPBF) has significant design advantages and industrial production efficiency. To improve
the LPBF production efficiency, the optimal process parameters of 30um layer thickness selective laser melting
technology were obtained through process optimization, and the crack-free pure molybdenum sample with a density
of 99.2% was prepared. Through XRD and EBSD characterization, it is found that there are preferred orientation
and different degree of lattice distortion in the pure molybdenum samples with different parameters, and the texture
strength of the side is greater than that of the bottom. The optimal sample hardness is 206HV, unidirectional
compression strength and elongation are 566MPa and 20.7%, respectively. This study lays a foundation for the
preparation of pure Mo components with 30um thickness and excellent mechanical properties without cracks by
LPBF.

Keywords: pure molybdenum; laser powder bed fusion; 30um layer thickness; microstructure; compressive
performance

HETE . hE—E) b (No. JG2022311)
e B, R, EREMT RS R & S AR R liE,  E-mail: dg15213021362@163.com,
RS SR R R, BB TRIN, FSNFECR S TERE & S HlERsT, E-mail. kehuang84@outlook.com,

20244F 7561
114 www.mw/950.com

#HmT



1 FE

FHPEA R T8 A2 ik 48, 59, B
O FBR AR Mk AR, MU G I A R A R
FHEAM G AE A, RAFBIME it B RE,
CAR AR S i i 0“7 PERE RN IR R &, (s AEAL
M. L. BERIT . AURALZE R Dol s A &
BN, FEREERZ TSR, HbTHEKD
P -3 AR S RDBRA R R AT AR A R, (A4
Ko Fe A G A T % Tl J5 TR e RS ARE . AT
HEZEE R IGEMASEESF T AHE, W
HYEEGESRARS . RFTHERS. RA
¥y MECLIFER il 2 R I B AS B HLA DN 1 %
B B R RS T M LR & B E 2 LA
SER AR

WAt (Additive Manufacturing, AM) {E
Ky — TP A, B ERHRI R S, A A
WL, UABRCTSRBLE efe e . KRR, kg
TEFTENAI PR3, AT LA s i 2H PR DI N T P e v -5 35
BRI A . 2mr, W TR s . REriE
e AAENEYE H 5 AL R BOR R R E,
JE T A RS, AR, TR RSET
SDFT EIVEH B e 4 4 i 32 2 I T 1) A An el 41 B 5
% H AL ke . REBESANZE g i ok by ok
PRAE R 5 T (E20p0m B 5T 8% 8 4 99.5% ) 4l
HH, iR, RO LS SR A A 5%,
ALINEJADIANZCg 5 ks (LDS) KI£E25um
B JE N il T 80 AL 99% P Al AR S, R HL
IR D HER T R4,

Hy Tl TCRERE G, AR E R ANE TS
%. KASERERYH I i g A i ARk (140 A 4 AL
FEAERIMoCHIfL T dihr, Hilsr e R arkEah, 25l
7% 215 1180MPa, WANGPF A E it EBSDZEAFA
[RIFE AL T SR T RO ZH 2, KB A A
RIE T AR AAEREPE A R AT A LR B, @t Rt a4
SEME PRI S SR A AR I RS, R
N SRR S, I SEBLTC ST ED
2T, X TLPBFHE A PERE 354 T-HUETERE,
#NIOEHLERKINGU g I #i4¢ T 98%F199%%k 2 Ji 1
4ifffIMo-45t%Re (&%) &4, AifHbiE%
JEiRFI390MPa, FHEE A A PUE I REL F]1000MPa,

% # R B

Additive Manufacturing

REBESANZP gt b, AlsW+T EN 5 [ A ihs
SR A340MPa, I AT EN 5 10 B P i o8 B (UH
40MPa, HHELT B A A0 e

AR, AREEATENE, ERd%E,. &
AE % 8 I () T 3l 1E 3SR G % 30 m 2 JE 4l T
T, HEMR T LZESEOS RO, R,
ERA 05 AN

2 REFHRAE

2.1 [FEd

AR TIE 5T (6 FH A EH R 2 b g 2y B A PR oy = A
PR S S B TR SO L ER T Sy, (ki W3k
1. BARTEHNELFR, RHIL-6000%HEAT X
MAFFy R BLAR 57 A 43D 3=11.2um | Dg,=26.80pum
Dg,=52.91um, (& /RiIK R (IRIZASTM B213 -
20), MIEw K st 4 14.3s/50q,

R1 ASEMRALERS ERSE) (%)

Mo | Si Ni Al O Fe C Ca | Hfth

> < < < < < < < <
99.9] 0.005 | 0.001 | 0.002 | 0.018 | 0.005 | 0.0032 | 0.002 | 0.001

Bl HEMRER

2.2 LPBFig#&iXFEHIE

*HElectro-Optical Systems GmbH ( EOS
GmbH, iR, fEE)AFHIEOS M290 £ 5: fill &
AEHFE N . M290AL 75 Bl 25 400WHY B 2T BIOL 2%
WK oH1064nm, EHIYEBE B A2 o100pm, 1%t A
ErERR (BT THT, BUBMNE TS R R
FE/E500ppm (1ppm=10°) LATF, #$M290+F £ i
MEL50C, EAAHEM (316L) 1EAEM, {EH
O LAStripe Il Hng , LA A EST”
BRI ERL fA B H67°  TRANHTEN S Hh  #0OETh
2275~375W i3 BE350~750mm/s . iRl IE
40~120pmsy BILA20W | 50mm/s, 20pmity K- LA
RAIERSEXTHTENL125410mm x 10mm x 5mm
(Wx LxH) IEFHFE,

202415 #61)

iy

www.mw/950.com 115



20244 64

3% 3 # &

Additive Manufacturing

2.3 WMALRIE

FE b B B DR RS T Bl ok R HE K,
TR 6 8% & A 3 WK K F-May-D80 (b
ML) o FERRIEME % BB ASOPTOP
IE500M, f{¢i ] 40kV/30MA T Cu K o 455X 4%
fitgt (XRD, DX-2700) , 34 ffi A5 ~90°
K H0.0228 K R AR A Ls, X5 286 i+ BE T
(XPS, ESCALAB 250Xi) HT#fie B midc
LA, SRS ] Bl 4 A 1 kS
HL W6 (FE-SEM) HJEBSDo T, FRARALHER
FHAURCREL G , 5 (6 P e e A e K T R P s o, o
{75V, BRI phisl A1 45s, EBSD%#E H Azteccrystal
BAFALEE
2.4 JZpEREM

FEgmi  FICMT5305 (SE4ellr, £E) , &
A BEImm/min, £ 5% HGBIT 7314—2017 454t
A, ARIEIREA S, B2 8THl&E34
G T B A Rz (R TR
3 ARER
31 HRIE

(1) &MERAE @A ERIRE T AT EN
1254 Al g A ah, oAb e DR A B0 24 99.12%
f B A206HV . X L AN [a] Bh 38 I g & %5 B AP AM
FE S OWZH SRR RERY 5200, R 2JE R H 2R AN ]
LZEZH R EIILPBREE RIS 8 HE
B2 hxt R 47 TBD (Build Direction) J5 il
aARE R, PARERIDAFAE DR SIL, FEa23RE
PR T O RS AL . HEI2RT A, ALRY
7 A 32 R R T AT B R R AR R R i H T
R, ok RO SRR A RE R 2 AT BN B AR
TE IR T, TR REL

K2 TAEASYTHRNBEEMERE
Thae | L | B AR | B |

BiH /W |/ (mm/s) /um / (JImm3) (%) | HV
Fedh 1] 325 600 80 225.69 99.12 | 186
FEah 20370 | 450 80 342.59 98.72 | 197

L PBF il f Al FH A 2k b 2 —, L
PR SRR B RA R T 2 PERE . T B
o5 AEhnSE. HAT, AisHLPBFile 5= A R
B3 SR AR AR H AR A S e R

#HmT

116 www.mw/950.com

Ko BILAELPEBilE h, it BRI ) et o
K& — P SR Al P AR B O R A AT
BN fe v AR S & . SN S DA AR A B D o
D RE TS W NN A o1 8  N rl FfTEL R E R
Pef—FhAr i 5,

a) M LarE R

b) e 24 AHE R
B2 BEHSETTBDARMEHEER

(2) LZEZHO SR SUTE R 20 R H
LPFBHE R il & JmArdh, TPl & H i fetk,
FEAE S5 TERE it N DI AR A PR Bk Rz ) B rp R (R R
2k T RFSE LA [R] T8 2 Bl i f Al g A
{1 it 4 W 28 B B RO SRR AE , 3R 2 24 A S Y
JEC RN T 4 B3E A7 7 XROMKFILAA B T3 [ i A 7
TEBSD4#7,

Kl3a, cHi/n ALPBFFEGXOYIEFIXOZIH Y
XRDEl %, LPBFAifHY) Eontt 7 5hriealitH R A
[ Al L, E4%40.5° RRAEIE R e K B0 T B 2
I fFz (WLIE3b, d) , HAFES% Fidkmii s
A, XOYIHE e MEAE2.5" A, FEamIifE
i 208 (R EE AR FEAR 24, XOZ I fmFs M /E2.5° /¢
i, FERURMER 20 WFE2° fidi, HAER21WEZ
TR L,

X R DFAE & % (1 e B (5] 5 47 0 X R D & 3 7= A
ZERFW, BB T BB, R s R



a) Hidhl XOYHEIXRDE (%

¢) Fih2 XOZIEXRDE %

3% #H B

Additive Manufacturing

b) A1 XOYH40.5° FHAEEE &

d) #:4h2 XOZ[fi40.5° HHAEI el 5

B3 LPBF4isARIXRDE1R

B, ZUEEAR S A T A A L AN TR TP R T A
FEEEARTR . LPBFAY Al R 2 B i ARl 14 HI e
P, (ERER R AT abgIR A, Thaglkok . RERZE
(O (e Y R A9 L 1%y N U ) : A BV B B U
TR TS HOR A Tl S ) it b IR A R

B4, ESHR AR VRS 2XOY R FIXO Z
MEBSD IPF {5 K HARMEMR F R 1H B 2 Bl . MR
4a. bFnESa, bR[4n, HEbA S 2l gH L 2 A 2
B & T S, HEXO YT FIX O Z 1 4y il S B Ji /N
AR ACRHEIR &, R T LPBFRESH A SRR AED Y
MEl4c, dFfnESc, drf g, 4ifHHE (£ LBDI
I BDJ 4k A 225 {100} (001) Zfy, H
W L BDJ5 [l 244 38 BE AL 5S, 1 I BDJ5 ] s 9 2
¥, ELBEE RO RE =% e m , XOZIH
A3 R BEATLEAS o A ] T3 b T Al A S R R A
[FIZAAY 58 B, 31X 5 il £ aok A v F B 3o 18 [ AL

#UARRET, 78 1 BDJs I, MRy, Bk
Moy G HE BRI AL I B A, R R S
stk 2 A b A K, fE LBDH 1A, MoRER
WG BEAR . OO, S EGER S Bl g
AR, X AR T TR IS R T 2
3.2 J1EkeE

Bl 6@ T 715 A B i LIRS (5 2040 B0 i 0 1 T 0 2
TIRiAs E g, 6T A L P B FAffH L I 5 K
B A BB AR B . B S LA 9 B 4 566M Pa,
JE AR5 B h446MPa, RS 3 420.77%, B 5201
PR & H527TMPa, R 58 B 4 435MPafifi-K 3%
17.52%, A[RIZ 800 PERER 25 5 3 SR R H FL IR
AL, FEam2H TR &S BOC TRk G =%
B, A B LB AR RO By, xRk
AT BRI , (8 HT T 5 R A SR/ TR

17
1,

T

20244 61

www.mw/950.com 117



3% 3 # &

Additive Manufacturing

a) #fh1 XOYIPFE b) k2 XOYH IPFE
C) Hhl XOY BRI T 7R B d) HEdH2 XOY HIARMERR b 75 T B S

B4 HEmIFHER2 XOYEEBSDERAR RS RE K 5 E

a) Hfh1 XOZiHIPFE] b) FEdh2 XOZ I IPFE
¢) HEdL XOZ il b ST R 45 5 d) FEdR2 XOZIEIARAERR AT IR 55

B5 #alANER2 XOZEEBSDERAFR AR S IRE K 5 E

20244 64

118 www.mw/950.com T




a) F LRRE G 200 7 g o2 th £

DR G Y N
H6 Nt
4 BRIE

AR ALPFBEL R, fEdh3 . miew%
FEXET, @ ER 200 T 225, MINE
30um R T il #599.21% i B & FEFE dh . FRAE T8
AR SR T IR e Re . R R A
2T,

1) 30umZEFHLE SRIBOCREEREE,
FE300WLA L. i & it 2 /E600mm/sLL TR Iy, A
REPRUE TE 2 #8100y AR I i B 25 TR

2) LZEBHAHMHALNEE B LR, o
Y RE 8 %5 B A\ 2 A% ot A 0 oo v i 7 £ R
B, (SR AR AR AIL . ot 0 RE 5 %5 B 2 A 55
B E. [FIE, EATBDJS R FNEE B B D5 [ B °F
B EH{001} (100) £y, H-FATBDJS AP HIFYE
498 5 v T3 B TBDJ5 Al F 1,

3) &t ER B T EMAL G Al s ke S
i PURLIR BEIR FI566MPa, B KB AR IRF20.77%, &
SR e OE D) AN R BE % B T LARE Al sH by R 7E o b
TeIFEeE, (H iR R 25 B 2 (AR B AL BR
FNEE, T FEARAL I 2 1 R U 55
Sk -

[1] SHABALIN I L. Ultra-High Temperature Materials

3% it B

Additive Manufacturing

I: Carbon (Graphene/Graphite) and Refractory
Metals[M]. Dordrecht: Springer Netherlands, 2014.

[2] CHENG B, CHOU P, KIM Y-J. Evaluations of Mo-
alloy for light water reactor fuel cladding to enhance
accident tolerance[J]. EPJ Nuclear Sciences &
Technologies, 2016 (2) : 5.

[3] LEE B-K, OH J-M, SHON I-J, et al. Influence
of oxygen concentration on mechanical properties
of molybdenum powder during sintering[J]. Journal
of Nanoscience and Nanotechnology, 2014, 14

(12) . 9029-9032.

[4] LEONHARDT T, CARLEN J-C, BUCK M,
et al. Investigation of mechanical properties and
microstructure of various molybdenum-rhenium
alloys: AIP Conference Proceedings[C]. New Mexico
(USA). AIP, 1999. 685-690.

[5] ALINEJADIAN N, WWANG P, KOLLO L,
et al. Selective laser melting of commercially pure
molybdenum by laser rescanning[J]. 3D Printing and
Additive Manufacturing, 2023, 10 (4) . 785-791.

[6] REBESAN P, BALLAN M, BONESSO M, et
al. Pure molybdenum manufactured by laser powder
bed fusion: Thermal and mechanical characterization
at room and high temperature[J]. Additive
Manufacturing, 2021, 47. 102277.

[71 KASERER L, BRAUN J, STAJKOVIC J, et al.
Fully dense and crack free molybdenum manufactured
by selective laser melting through alloying with
carbon[J]. International Journal of Refractory Metals
and Hard Materials, 2019, 84. 105000.

[8] WANG D, YU C, MA J, et al. Densification and
crack suppression in selective laser melting of pure
molybdenum[J]. Materials & Design, 2017, 129.
44-52.

[9] OEHLERKING F, STAWOVY M T, OHMS, etal.
Microstructural characterization and mechanical
properties of additively manufactured molybdenum
and molybdenum alloys[J]. International Journal of
Refractory Metals and Hard Materials, 2022, 109.
105971.

[10] MUELLER A J, BIANCO R, BUCKMAN R W.

Evaluation of oxide dispersion strengthened (ODS)

(FH5512470)

20244 61

T

www.mw/950.com 119



3% 3 # &

Additive Manufacturing

o3 O SRAR R B 2 125
2) Mk ki Boh4L/min 6L/min

FusL/minthf, i S 2 5 5% AH A A FR 2 Bor B A

25%. 40%F160%, [t B 4511k RE & H .,

3) By R A 8L/minfi B B o -Fedk

& WCHIW CHiikL LA e Fe;W,CHr thAHZE B, H A

BE D, JEREE B =1000HV , 358 AH 55

A iR F T 2385HV

SE:

[1] ##EE, SEEH, RR¥E, F. E#HFe/WC/CeO,
EETHEEHEREARBEI] REIREY
i, 2021, 37 (24) . 1-8.

[2] REA. AR IR E e 7] BB U 9 R [D).
Kb MERLAF, 2018.

[3] XU L, SONG Z, LI M., et al. Self-grinding silage
knife strengthened with Ni-WC alloy prepared by
laser cladding[J]. Applied Sciences, 2021, 11
(21) . 10236-10236.

[4] &H, #4, =, % ANEHAHFREBELX
BEABAARE RED]. £ BT (KinT) ,

[5] XIA J, FENG Y, LING Z, et al. Influence of
WC particle content of Fe-based powder-cored
wire on microstructure and properties of plasma
cladding reinforced layers[J]. Journal of Alloys and
Compounds, 2022, 922. 166148.

[6] WANG Y, HUANG Y, YANG L, et al. Microstructure
and property of tungsten carbide particulate
reinforced wear resistant coating by TIG cladding[J].
International Journal of Refractory Metals and Hard
Materials, 2021, 100. 105598.

[71 279, F4F, #EE, & WCEENH LA
NiZEWCE £ & 4L A A0 & oy % [0 A AL 32
248 2016, 37 (7) . 172-179.

[8] IDIR A, DELLORO F, YOUNES R, et al.
Microstructure analysis and mechanical
characterisation of NiWCrBSi coatings produced
by flame spraying[J]. Metallurgical Research &
Technology, 2022, 119 (4) . 403.

[0 %%, MEH, TER. BMAHEA-T R KNG
IR TH WA K1), ArE T2, 2002 (2) : 35-38.

2023 (5) : 17-13L.
(- E511977)

molybdenum and molybdenum-rhenium alloys[J].
International Journal of Refractory Metals and Hard
Materials, 2000, 18 (4-5) . 205-211.

[11] JIANG R, MOSTAFAEI A, PAUZA J, et al.
Varied heat treatments and properties of laser powder
bed printed inconel 718[J]. Materials Science and
Engineering: A, 2019, 755 170-180.

[12] HIGASHI M, OZAKI T. Selective laser melting
of pure molybdenum: Evolution of defect and
crystallographic texture with process parameters[J].
Materials & Design, 2020, 191. 108588.

[13] ZHANG Z, SUN J, XIA J, et al. Anisotropic
response in corrosion behavior of laser powder
bed fusion Al-Mn-Mg-Sc-Zr alloy[J]. Corrosion
Science, 2022, 208. 110634.

[14] DEBROY T, WEI H L, ZUBACK J S, et al.
Additive manufacturing of metallic components

— Process, structure and properties[J]. Progress in

20244 64

#HmT

124 www.mw/950.com

Materials Science, 2018, 92. 112-224.

[15] WEI H L, MAZUMDER J, DEBROY T.
Evolution of solidification texture during additive
manufacturing[J]. Scientific Reports, 2015, 5

(1) . 16446.

[16] BOUSSINOT G, APEL M, ZIELINSKI J, et al.
Strongly out-of-equilibrium columnar solidification
during laser powder-bed fusion in additive
manufacturing[J]. Physical Review Applied, 2019,
11 (1) . 014025.

[17] GHAYOOR M, LEE K, HE Y, et al. Selective
laser melting of 304L stainless steel. Role of
volumetric energy density on the microstructure,
texture and mechanical properties[J]. Additive
Manufacturing, 2020, 32. 101011.

' 1"} 20240309



