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Solidification microstructure formation in stainless steels additively manufactured by powder bed fusion (PBF) has been
reviewed, focusing on the characteristics owing to the unique solidification condition of the PBF process. The crystallographic
orientation textures are controlled by using specially designed laser beam scanning strategies combined with appropriate beam power
and beam scanning speed. Also, the rapid solidification with large temperature gradients has been found to give rise to extremely
fine cellular structures associated with the microsegregation of solute atoms such as Cr and Mo. The hierarchical structures from
nanometer to sub-millimeter scale are the key to the maximized potential of performance of stainless steels by the PBF. Studies on
grain refinement and single crystal growth are also underway, focusing on the unique solidification condition.
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1.1 fHm#st  (Additive Manufacturing: AM)
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HENTW5E, T NizEGET LW ENLEMTH DK
TIAIPROENLHBIZHCOENE, Y VT A MR
AT v LA Cr % 13 mass% FEE. C % 0.2 mass% F£ R
SRR E L. MERICBEAND L I3Z=4E %47 &
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(a)Low energy density (b) High energy density
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Fig.1 Crystal orientation maps in the specimens fabricated in X-scan
strategy with (a) low energy density and (b) high energy
density, observed along the x-, y-and z-directions, respectively,
taken by SEM-EBSD. (c) Misorientation angle variation
along line AB in (a). (d) Schematic illustration showing the
crystallographic orientation relationship between major and
minor layers in the CLM formed under low energy density (after
Sunetal.'”. Reproduced under CC BY 4.0 license) .

Crystallographic Lamellar Microstructure (CLM) & & 15 &
. CLM 2B 2 R TO T ) ZIRo k% Rz
BB LI L) BRREN LR T2 EATRENT Y
%o M. IN7TI8 BEIIBVTH. KD CLM D AVR &
NTWBY, Oz ESELR R CLM O IE. EEih
DOREAE) . FEEFE OB A LTy B Sk
FEJIa & 2 5 <100> HREAER LG W2 122 ¢, Fig.
2R T L) ICERMbo M2 S ET A MFAENSE
LT S N2 BRSSO/ S W RTEDSTERL & L b
CETHRBALEAT A LIZE AL DTHD EFHEN
TWwaY, X 5|2, Ishimoto b DFFZEY Tld. &5 |Z7AR!
ME/N NS FTLIEICEDEREIEONSE Z LIRS
. LB OBREEIZ L 1) . HAEREEEE. CLS. Z#E %, 1E
DT AHZEIZHLEIIL TV B, 25 ORk S Lk
1%, PBF-LB 2B} A A EOMEHEERIE 2 1aE L LT
%o & 52, PBF-LB 2 & 2 AT D B B EE I S S
DHRIZIFBE ST, 7/ LARXVORY—HOFIHEIC X 55
TEFIIZ LA > T b, TS PBF-LB 12 & % 8 S4A5
HHEE 100K I BLRBRAEGEME > TnWAZ &I
L0, BEOHE IO ATERENS L) ZEERITO
FEBI2MA T, WHLRBE M 255 <. TUZL D 316L
AT v L A EME E A 2 EavRr &Y,
SHICHRETIEYTIV A= M F =I5 F ) A= )b
F == FE A REOEEICOER N ET OTV‘Z)ZS)
EBSD 2 & A Hfi~y 7T, W—ICRZLEATDH.
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Fig.2 Schematic illustration depicting the migration of the solid-
liquid interface during melt-pool solidification under (a) low
energy density (conduction mode) and (b) high energy density
(keyhole mode) . In the conduction mode, the melt-pool bottom
becomes flat, so that the solid-liquid interface frequently migrates
along the build direction, which develops (001)-oriented
columnar cells along the build direction in the melt-pool center
(after Sun et al.'”. Reproduced under CC BY 4.0 license) .

Fig.3 (a) Secondary electron (SE) image of the region containing the
melt-pool boundary (YZ plane). (b) BF-TEM image and the
corresponding SAED patterns. The vertical line A-A’ separates
the minor layer (left) and the major layer (right). The double
arrowheads indicate the representative solidification cellular
microstructures (after Sato et al.2® . Reproduced under CC BY 4.0
license) .
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BCWEHLD. ZRT—2D% 0T Y KT M ELIE
N5be

DX ) eV IRHKE. PBF-LB CTHk &7z Ni &
EERETHHEINTEBY), 72 —X7 1 —J)VF (Phase-
Field: PF) i EIC X BEIEHEY I 2L -2 avilioT, 20
TR 4ett & IR AT B & O BRD R S Tw b7,

Sato 52 1%, Fig. 4 127" T & 912, Lk CLM AR
ENDEMETOPBFLBICTHER INAZ316 AT L A
i O R & B E W T B EE (Scanning Transmission
Electron Microscope: STEM— I % )L ¥ — 43 #t X # 5 b
(Energy Dispersive X-ray Spectroscopy: EDS) 12 & 1) FEfiIZ fi#
L. VIR RIEIZIE Cr & Mo MREITLCHB Y., &
5K T4 10-15 nm & F § % Mn-Si-0O O F / H 4 X478
WD HA LT VB WSR2 RO, i
EB)OEEE & 72 B 2 & HYPBF-LB THLE S 7z &8 MR
HOMILDO AN = AL LTIRESN TS, 512, &
VRAE S ORI, BAEPE HFEET D 2 & HHE S
NTWa, INHS, MFEAMESELZE3EZOLN5,
INSHDF ) LAV DOARE— DT ER I AT T B
HH LZ2WF5E5, IST-CREST F / 712212 C. EIINi #4H
EEMBELTREMINTWE®Y,

—7Ji. Sato b DENTTIE, R FTE & IFIEN 5 EH5T
ZE VIR PFEE L W EDUREINT WS, T,

Fig. 4 STEM-EDS elemental maps: (a) HAADF-STEM image, (b) Fe
map, (c) Cr map, (d) Ni map, (¢) Mo map, (f) C map, (g) Mn
map, (h) Simap, and (i) O map. The elemental maps are shown
in mass % (after Sato et al.*®. Reproduced under CC BY 4.0
license) .
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AR R X, LB OERIZ L o THEBED, S BEAN & B
TEHEHTH Y BEHEL/NS L REARAR E W
BHEGOE L2 WEHTORET 270 L HFIND
A5, B S L A O BRSOV T, Bako ¥ — ARGt
FEERR, B K74~ (Computational thermal Fluid Dynamics:
CtFD) Y I 2L — ¥ 3 VI X BH%e & ol T &
No2dH 5,
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EDBRIZOWTRT Z EDHRTH D, FE, EEOIF,
PBF-LB il LB O M4+ & 2 SEEAMRE & TEWR S 5 Mfk &
OO EEHL TV b TOT— FITBEETIER
AHTHD72ORMHTIL, BICHLE LTABHLTY2
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RIZOWTHANT D, STTRATLIEREORKL G0
72 PBF H LB Ha4412 X % G mIAMIZ B B 9 5 f i3l 4
BETLFETH S,

Fig. 512, ki L 72 EB FUFEBROBAK &, 304 27~
L Agi~® EB HEHIC & 0 TERL S N7z E s o 1T o i
BE ., LEEL - -EMEIC L Y FEI L S SRR,
M. ZOFETId. ZZEEN% EBM-6LB-1 % H\»C EB I4f
2475720 EBIEREM O L0 & FERICANT TEA S N,
WANZ EB 2SIRGF S -3 ~ 7 v 7 RumidbER LTl Y.,
WAICHGT SN2 T T e o> TV b, 2,
Co-Cr-Mo &4~ EB MR FERT b Bl S /Bl 5 & 3l
LTWv5, CFDRHEICY 3 2 L — b SN ARG R E) %
WAL O~ 7 0 il % R T. Fig. 51R L7zo & Ak
DR EMALPBEN TS, Zhid, Fig. 6 12RL7ZD D
C RO EBEEE S U2 2 & 2 RIET B,

Height [pm]

@  ®

Electron beam  Scanning

z direction
[
Y

Fig. 5 Typical examples of (a) a surface laser microscope image and
(b) corresponding height map of 304 SS. The electron-beam
power, P, and scanning speed, V, are 1200 W and 100 mm/s,
respectively (after Miyata et al?. Reproduced under CC BY 4.0
license) .
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Fig. 7 1%, 316L A7 > L A7 5 N2 304 A7 >~ L A
DNV R (BRERM) ICEB 2 BEE S S22 5BET 5 2
& TR & M7 VA RIS O B 28 5 1A BB 70 W T CHlloE L
TeAEER AN v TTH B NABEMER R THERE L 72 R
BoOAOHEZEHL LTV O%F@mw%\tﬁwﬁ
OBERVEMBER (BHESE CIXBEMREE I 5) 12
HET %, ﬂ&XT/me@%u\Wfﬂ@E—AﬁE
WZBWTH, BRI TR 2 L 2o TB D,
% ALERNFRIS O B HLLIASTA A o TR L 724K &
o TWh, HL, SR LBIEINZ0L CITEm
MBREEICHFLELTD LIRS, $7-. BEE%
BWTHSEHELF EHLANTEY, TEFF T v ILEE
LTWb, —H. 304 25 ¥ L AHDOE, NV o HOE
FEEALL D LM SRS L R EIN T WS, BfES
SR L T B i mRiAs % <. IR TIEH 2205, £
BOMEEPERFERF CEBR L TWE IIICRZLZZ ERD
BHERDPSHEL-EEZONL, 20X H 12, Hict—
AFFAMNAT UV LVAHITHALLOD, fifEIcL->T, H
U — 2G5 MT O BEMMITRE (RS2 LIdIER

(b) Temperature [K]
2000

Scanning direction
—_—

300

Fig. 6 Snapshot of CtFD simulation of electron-beam irradiation on
316L SS with process parameters of P = 1200 W and V' = 100
mm/s. (a) Bird s eye view, (b) side view on the vertical cross
section along the center of the scanning line. The color indicates
the temperature (after Miyata et al?. Reproduced under CC BY
4.0 license) .

Fig.7 SEM electron backscatter diffraction (EBSD) IPF orientation
maps on the transversal cross section of (al-a3) 316L and (bl-
b3) 304 SS samples irradiated with electron beams under V =
100 mm/s and various beam power conditions: (al,bl) P = 600

W, (a2,b2) P =900 W, and (a3,b3) P=1200 W (after Miyata et
al?. Reproduced under CC BY 4.0 license) .
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Fig. 8 G-R plots of (a) 316L and (b) 304 SSs colored by an aspect
ratio of crystalline grains. Average aspect ratios of (¢) 316L and
(d) 304 SSs calculated for each mesh of the double logarithmic
grid using the points of solidification condition within each mesh
(Reproduced under CC BY 4.0 license) .
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Fig.9 Comparison of (a) solidification microstructure (EBSD IPF
map) of melt region in 316L SS formed by scanning electron
beam and (b) a corresponding snapshot of CtFD simulation
colored by fluid velocity (Reproduced under CC BY 4.0

license).
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Fig. 10 (a) G-R plot of 316L SS colored by a fluid velocity. (b) The
average fluid velocity of 316L SS calculated for each mesh of
the double logarithmic grid using the points of solidification
condition within each mesh (Reproduced under CC BY 4.0

license).
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Fig. 11  Schematic illustration of p-Helix scan and EBSD-IPF maps
and <100> pole figure of a single crystallization of SUS316L
fabricated using PBF- LB (after Liu et al.*") .
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