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Although gas atomization technique for additive manufacturing is highly developed, differences of metallic powder properties
between for laser powder bed fusion (L-PBF) and for electron beam powder bed fusion (EB-PBF) yet to be addressed
systematically. This study aimed to analyze the properties and functions of atomized powders for L-PBF and EB-PBF and compare
them. Gas atomized powders showed spherical shape regardless of their size, indicating no relation of cooling rate to powder shape.
Relatively large size of EB-PBF powders (Ds, = 83.3 um) with sharp size distribution (Dyy/D;, = 1.90) showed high flowability
compared with L-PBF powders (D, =314 pm) with broad size distribution (Dy/D,, = 3.02) , whereas the difference in laser
absorption was not shown. These findings obtained here demonstrated that the powder flowability, which determines the quality of
powder bed, can be tightly related with powder properties in gas-atomized metallic powders.
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1. #

]

4 )& Additive Manufacturing (AM) @ 1 fT®H % ¥ KR
7% @lkE A& (Powder Bed Fusion: PBF) 1%, Computer Aided
Design (CAD) 7— # |Z&D &, Bz - £ T 52
ET, FEREER KL EIRWICER BEI YL 21X
DITEOVARETY 2 ERWTRE LM TH ). & A
Y= b THEAFEO—DL LTERESN TS, BET
. &I B B 2 O, BT or—
LFEAINY — VI ERD & PBFERAORES ZAIET 5
LT, EEHEROER,EEEB ORI LD
AR A AR AL % RO R R0 ah Al 2 & b B
Y PEB SN T WA, PBF RIS LT, L—
FEREJE LT 5 L — P KIRERIE A (Laser-Powder Bed
Fusion: L-PBF) ¢ BV — LA ZBJHL T 5BV — 2K
IR RIAE A (Electron Beam-Powder Bed Fusion: EB-PBF) |2
Kl &b, BifOEW 2K LT, L-PBF & EB-PBF T
ITET D A BRERBEIETL /ST A= B ENEFNEL D
(Table 1),

ZOREREL LT, MK (Ti-15Mo-5Zr-3Al (in mass%))

OMEHI L CTRBDO ¥ — 288y — 2B T 2546
THoTh, BFHICIS U TAS - HAEHHIENT S
SRy, B E S OEEWoORIB ST R 2
59, Z o X 52, L-PBF & EB-PBF |25 % B o %
7 b A S N2 &Y OB R HEREIC DWW T ifiﬁm
HEATVD OO, BEEKT R TH 28 KOFFERLHREC
WTOMBIE I SN TV,
é@%%ﬁ*7mkx HzIFAE, H#AT <A X
Pz, K ER LTS PBF Il KEEEO—DOTH %,

Table 1 Differences of building parameters in L-PBF and EB-PBF.

L-PBF EB-PBF
Laser (low energy absorption that can be
[t e controllable by the laser wavelength, Electrons (high energy absorption but
temperature, materials, gas atmosphere, | easily disturbed by the magnetic field) '
and surface morphology)™!
T Relatively small Relatively large
= Size (high processing accuracy)'® (shallow and wide melt peol)'®
Higher speed in EB-PBF than in L-PBF
Build speed - because of higher scanning speed’™ and
larger layer thickness'?
FiEEEe Ar or Nz gas with an Oz content less than [Lower partial pressure (0.2 Pa) of He gas,
P 0.1 vol%'™ preventing oxidation of the powder™
Preheating Optional Mandatory to slightly sinter powders'®
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LEFEIE, BREEIH L CREERETN A v HRs &
b TWHRE SRS, RHEDIC LY REHERED
T ARIERTELFETHS, £ PBF 7O A TOMIER
BFRFENZ, B0 AL R E S X R, 5
THBO., EEINEED L — % 2Ji & § % L-PBF Tl 10-
45 pm. HWIIEOET ¥ — 2 % BF £ % EB-PBF Tl
45-105 pm O TEDHER SN T BY, —FH T, BT
L D ER SRR RIE. RTFEPERICEE
TR OB FE R E 2 R 5", L72A%> T, W PBF
Tat 2 THWLERmRIE, R EOARZ S, MR
MAEFIR, TN OICHE L TR REEPEILT 5 2 L3
fxnsd, Lo L7%A5, L-PBF ¥R & EB-PBF ¥R
DOEFEDBE R Z DB OV TOMFIEA R\,
AWFFETIE, MTROELZ L2 2EOEHEE L
T, R % pRIF & & & D Ti-15Mo-5Zr-3A1 & L 72
L-PBF fi# K B X OV EB-PBF HIARIZIFEH L. KM KD
TEIRB X O Z BT 5 2 12 & 0. KT R K
WCRIZTHEBIZOWTHHT A L x HE Lz, KRAfgE
TiE. BROBESARM AR Z . R E LT,
AM T OO KIRTE KB I3 < B b 5 B KB ik
GORL—FHFICL 2 ANTF—HAOHHE L L —
FIRPEEO W E %17 5 720

2. RBIGE

AT b<AXZFEIZXDERL72F T » + O L-PBF H
% & U° |2 EB-PBF A Ti-15Mo-5Zr-3A1 & 4 ¥ K (Osaka
Titanium Technologies, Japan) % #tEl# & L T L 72, £
WK% 7 2 ) VIR (KM-CO, PRESI, France) |ZWI#%. it
B %2 47 . T 1% J7 BCGEL | 47 (NordlysMax3, Oxford
Instruments, UK) 12 & 1) #& S ARG AT 2 47V, AV F—
R X AT (Astec 3.1, Oxford Instruments, UK) 12 & 1)
R AT 2 720

AL E 3 A L o— I T 20K 53 A 2 2 1 (Mastersizer
3000E, Marvern Panalytical, UK) % f\» TN L 720 & 7H
MROBIEIIE, BRABM I ERE T HAEE (Scanning
Electron Microscope: FE-SEM; JEM-6500F, JEOL, Japan) %
v, ¥4 F 3y 75 F BRI S AT 4 (iSpect DIA-10,
Shimadzu, Japan) (2 & ) %7 F IR O & & W T % 1T o 72,
M TS R SR TR 22 EICEDE
L7z & v 7%EHEE (JV100i, Copley Scientific, UK)
EAWT, vy A ME—=27E3mm. ¥ v 7L 300
B, 55 10508 vy ¥y 7afi) 2Lk, »E%
FEEyy THEERNE L. DEBEL Y v THETKHT
BIETNHAYAF—ERN Lz, REALRER, XE
777 7 IVOWUEIIZ, B F T AR K E R e E
(Revolution Powder analyzer, Mercury Scientific, US) % I\ 272
AT HLE ARV G EERE (V-770, Jasco, Japan) % F T,
L — P 5ARIE RN 400-1300 nm 2B 1T 245K D L —FHIL
e L7z,

3. XBRERLEE

3.1 &EBH R ORI sk

Fig. 1121, L—¥REIFHIC L Y HE L7280 K ORE
DHERT. BB, TITHOLNDRFEIIMAEREM LI
I3 %o Dy (& L-PBF A #3 K 12 T 31.4 um. EB-PBF HJ
MRICTB3Ium & ENETNRLLMEEZR L, WFEIE
% AM ST CTOMEMOFFHNTH 5 2 & A HER S L7z
(Table 2), Dsy/D,, I3 EB-PBF HI# £ |2 C L-PBF FI# K &
D OIMEZE RS 2 & 20 5. EB-PBF JHAR AR X B v kL B 43 A
B2 AT 5 DRI N,

3.2 T L B RIZR o BARE

Fig. 2 \ZI3 B K BIK OB #E R E R T, Fig. 1 BL
Table 2 1B R T, 76 IR E S OMER & —EK
L C. FE-SEM |2 & V) L-PBF AR D KEI:1Z 45 pm Al
O¥iF# (Fig. 2 (a) THAHDIZxF LT, EB-PBF H#HED
%1345 um PLETH B 2 L AR S 7z (Fig. 2 (b))
MRERICERT 2 L. WIFhoBERICBW T LKLY
KRV T ABIZ s 15 (Fig. 2 (a), (). BEFIR
% EREMICFEE S % 72912, L-PBF IR EIZH T 5 2 KT
B B (Fig. 2 (c)) L. BUEFE (RT3 2 W AT
% %Jii L7z (Table 3) Z®#E%. L-PBF I KITFVWE
EREE (0.92+0.6) /"¢ 2 E B I N 512, KT
BB L DB o N THREM4E (Fig. 2(d) . 20
KEAH 45 ym L FOR T EMEshTcB)., Zhid
L —FREFEC &0 155 N RFEH 4554 DR F (Fig. 1,
Table 2) % X { HH T %,

25 100
20 &
by 1}
7 £
3
g 3
5 50 o
Q Q
z 10 &
g 3
3
o
0 1y
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Particle equivalent diameter [pm]

Fig.1 Size distributions of powders for L-PBF and EB-PBF. Black
and gray bars represent the data for L-PBF powder and EB-PBF
powder, respectively.

Table 2 Characteristics of powder size distribution.

Measured characteristics L-PBF EB-PBF
Do [um] 16.6 60.4
Dsp [um] 314 83.3
Do [um] 50.2 115
Deo,” D1o 3.02 1.90
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Fig. 2 (e) (Zi. ML TTHFEAH M & HERE O BIfR M % 4
HLTwb, WINORTREIZBW T EWEIREOK T
PR G 2 EOTEY . FFEEEIRE & OMIITHBE
(R =47x10% p<0.05) F@EDSNR V. DEDOZ Enb,
HAT b~ A RFEICE DR L8R, KT Eenh
Wb HBEKIZ I VW FIRIREE T2 2 EAIREN
720

3.3 A AEGLEY I O FFA

PBF 7Ot AIZBWT, MEATEEOE WY 2 KIR
ORI E L ERW B L-DICEETHLEEZON
TWhe BIFZMEERSES N WEEIZIE, REOSH
B C & A RGO FE, SEEWERTIZB U 5 MM OBEE
I & B ETREOIRT, 2 EDPBRESIN L, AL TIE.
WARTELIFIEOB AL O ROWEIMEICEH L C&HE
DWEEIT - 72 (Table 4),

MNEEEL Y Y THEEIXL-PBF M RICCEHEMBEZ RT

Circularity

09 10-1920-2930-3940-49 50-5960-69 70-79 0 20 40 60 80
Area equivalent diameter [um] Area equivalent diameter [pm]

Fig.2 Powder shape analysis. FE-SEM images of powders for (a)
L-PBF and (b) EB-PBF. (c) Two-dimensional projection images
of L-PBF powders, (d) particle size distribution based on area
equivalent diameter analyzed by the obtained image analysis, and
(e) the relation between area equivalent diameter and circularity.

Table 3 Characteristics of powder shape.

Measured characteristics L-PBF
Powder area [|.|m2] 446.3 *462.1
Powder perimeter [jum] 71.9+39.7
Maximum Feret diameter [pm]  23.5%13.2
Minimum Feret diameter [um] 18.8£10.6
Area equivalent diameter [um]  21.0£11.3
Circularity 0.92+0.6

H11% Ha4m Q02247 H)

A5, T L-PBF H# KA EB-PBF AT K & D & JL VW ARLEE
G EAETAIEICHET A IDEEZOND, — T,
TEMEIRE D —2>TdH 5 /N7 A F — bk EB-PBF HFRIC
TR L7z SOBR, Carr 12X 2508 12385 &
WENOMEDFRBRICRITFRREIMEEZET 5 L HES R
b0 — T, WA LZEA, KHE 7 T2 ¥ )VIEEB-PBF
FABRIZTOINSBFIZET L, 243 EB-PBF HfrK
A L-PBF A AL D bWtz o2 L 2RIEL TW
%, 2T, EB-PBF AWK EVWiIREETHT2ERE

LTI ROR TR & 280 % 2 5 b, Fig. 3121,
W ARREE & BT EH R & OB 27°54. oM
RRICED L L, RO FEIBMT 213 B ROLER
MR L. T (F7213500) AR FBA BRI L
TEMERLZET, MROBREBED LT L0 L £
ENb,

NI AF = EZEAIZE DA SR SN B REETR
BCh . REFZE TR BN %R T EF SN
(Table 4). — /T, BEOTEIEIZIEFEIZ L > TER
BIREDPEONDHEENH DI LS, EEOREEIC X
D AT & SRS A TR R S T Ww AR,
iz C. BEEEE P (Discrete Element Method: DEM) 7 &

Table 4 Characteristics of powder flowability.

Measured characteristics L-PBF  EB-PBF
Bulk density [g/ml] 2.82 2.76
Tapped density [g/mi] 3.34 3.09
Hausner ratio [%) 1.18 1.12
Avalanche angle [degree] 59.7 49.5
Rest angle [degree] 50.7 34.8
Surface fractal 3.42 277
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Fig.3 Relation between particle diameter and inter-particle adhesive
force. This figure reprinted from Ref. 21 with modifications.
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DETEFI OERHEALDPHEATE ), 5%, EBRT—2 0
AL TERAET - ZEMET 52 LI2X ), HFEIST
THRTIEE DAL 2EBEICONWT, &5 7% 2B HED
ELbDEHFEN D,

34 MERTITH T 5 L — PRI H)

EEMEKIZ. BEFE— 2120 LT 100% (2 )
F—WIEIEEZRT OO, —#IZE K L T 5 L-PBF %
BICEWEND Yb 7 7 4 /78— L —H (JEE 1064 nm) 124 L
TiE. TANVF =GR MERNZ LN TV,
TH. %D —HFRIEFEOEEEROL AT, L—
FIZ L B T AN F = AR (# 22%) 25012 < A
KOBRABRSHEEL i o T3 Y, L7557, L-PBF
12 & BB 2T D 720 OKRAME L 2 BB Z RIS
HI2iE. FERH RICBU B L — RIS B O BRfE & Z 0
WAAT R &7 B, Fig. 4121%. FHEHERICBITFL L —F
WD L — IR R E 2 R 3. W 1064 nm 1235
WT, WEEDICABREDHE LS, ZOB, wiho
WRL BB L ZREME (Table 5) 22 REBEOH KK (Fig
2) ThAHILxEETL L, WFEIZL—VFIIRERIZITZE
AEEB L W ERREE SN,

MAERTO L —FRINZEEIZDOWTIE, LA ML=
FERFILOETHEEBEICL), ZOHMEIHEATE
728 NSO P EBEICTLE, L — PRI
FIIMRREM D O DR SKENREALERT, L 0b
. BRIRB R R T A5EICE. BREOERE TIEL —
FEFAPELRTVWAETAFT IS, 0, PRV L —
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!
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Fig.4 Laser wavelength dependence of laser absorption ratio of the
powders for L-PBF and EB-PBF.

Table 5 Composition of powders for L-PBF and EB-PBF.

Ti Al Nb Cr
L-PBF 75.3 16.2 4.4 2.9
EB-PBF 75.4 16.7 3.9 2.7

PRI Z R o L — PRI R RIS TR fE &
B, EEEEDIEAT D, R THW M RIEIES
CREFIRTH S Z b, kY ot SR E Buv—
BARLESFENARGFE L 72 L —FRINRS A 24 L 5
LOLHIFEN L, S%IE. BRI KEEZEAT LI &I
X0, BERREE T TO L —HPRIEEREZSEHET S 2 & T,
MERIRERE L ToOL —FRIED M LT 5 2 &S
No. M2 T, MROEEASHIC LD TN L
L —HFIRICEEL R &, B PBF R & BE T L I2ERE N
LU R AT 5T RE 2 . BBEAT KARBRIL D 72 D Hr 72 72 FiAfr
DL - FEP RSN S,

4. 5

N5 Cld. L-PBF HA3 KB £ UF EB-PBF HIAB RO B K
PR & O Z Hig L. SO EfiT 252 L1
Ly, UTomREE77,

1) A7 b A ZFICE DR SR E&EHRIT, RT
BICE S THEREOS VWK TERE R,

2) EB-PBF fi## i3 LB-PBF ¥ £ 1 & &\ K%
ERTIENL, AT b~ A A KOTREIE TR T
BIEFE L TELT A 2 EARIBE NS,

3) EB-PBF i#3K & LB-PBF A RIE D L — IR
R o

o B

ARIFFEIL. IST-CREST [ #3519 1 S B8 BEM B O Bl 2 )
V72 7 A — VBB & ) FE R RE O (- )
) (WF7eeds © OhiERE=) | (JPMICR2194) O FEIZ L - T
EESINTe T2ICHEEZRLET,
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