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Additive Manufacturing for High Performance of Metallic Materials
I 2
NAKANO Takayoshi

Synopsis: Recently, metal additive manufacturing (AM) has been expected to realize high-performance metal products

by controlling complex shapes and microstructures in metal materials. This review article focuses on the latest

advanced findings found in the author's research group, which skillfully utilizes a powder bed fusion (PBF), and

finally concludes that AM is an extremely promising future technology that can produce high added value in a

wide range of fields including aerospace, medical, environmental, and automotive. Furthermore, AM has the

potential to enable material-driven designs based on microstructural and crystallographic texture control.

Keywords: additive manufacturing (AM); 3D printing; powder bed fusion (PBF); metal powders; crystallographic texture;

aerospace materials; biomaterials; highly corrosion-resistant materials; bone microstructure; intervertebral
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Fig. 1 Change in number of academic articles published per
year on additive manufacturing and those related to
texture since 201 1. Searched by Scopus.
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HE&ER (Additive Manufacturing) IC& 2B ROSERE L

BREEOHRIC1000HENEEDERT — I BREWL
ATD, BATEH2025F4B1HKIWUEZED200#
B EAzsEL. —MHEEAEA BARAdditive
Manufacturing®2® (HXRAMZESR) H8RIY ahfz,
AMIZ, RUKYPHE. BHEADHES T, BETIE. BRP
ASEAN.J%ILJE)‘%‘I Y=Y REIRAL TS,

B EEEERETDIEBAMIT. EUbITMZETF
Eﬁ\ BEIE. IrILF¥F—. tZ EE - ~NVZTT7. B
B -BRIIRRINDBLENVEESH COBERIEDS
nNTWd, F2oFIJA UEMDEREEDXIEDRNDH
T. AMIZEHRRORIE, BEDEHEBNAY LME,
EDHFNRIET COBKRBELEMFFLENODKIEKE
BEMLEZBRILTDOFEE LT, ERDSubtraction
ManufacturinglCHSWNWTIIREE SN TELZ < DFBED
RREFREE L TUVD, MATI =2/ R—=232 )/

— R Z1—FIIINHAEDORBENSBELNDE. AM
RFfiOEREERICTT DEFITKEL,

AMDHTH MMM AZ LR RN ETDIMRKBRES

(Powder Bed Fusion: PBF) &, 3RTEMIIRZSIE
BICEFE T D1-DICHEESINEREMTHD, LA LA
5. RFETIIEIRDAEST . MEOEBEMARE S A
HTD, flzld. BRIFZRH GE. BEIETOR
&, BN - RBICHDREE N DIEAMBEBICEET D
BeDRRICHEHL., RBtIN-EEEHTTDHD
[Alloy Design for AM] &, SEDAMIC KD HTEHIEID
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RBNFIHEZEREL CHRICERITTHARZED TE T,
201 7TFEICEFEREOSmELEBOR K & RO 2 ++
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2. AMOESE

AMIE. 2009FMASTM?" | 2014EMDISO?® # [ZHHL
IDEFORSEERITOOFE. (1) MAKRARES
(2) #EEMIEST (Binder Jetting) . (3) @AM I RILF—
##& (Directed Energy Deposition; DED (L—RIBD15
&l3. Laser Metal Deposition; LMD) ) . (4) > —N&ER
JERZ (Sheet Lamination) . (b) &IEXES (Vat Photo-
Polymerization) . (6) #1#H8H (Material Extrusion) .
(7) ##EE (Material Jetting) . ICH 3TN, 5
FRAMHBICHELZBEICE. (2) FBAM. (b) &2
IYOZAM, (c) BEEAM. (d) 7ILAM. (e) EEMH
AM. (f) X4 7#3DT)>&— (3D 5 —) . (g)
T—R3IDTII—RBEZHTHD. AMDEFHIIDBER
BN EREICS U CGERMICEKE - Bkt LIIEELS T
32 &IChD. ZOFEELTUIERMTRE - MARITTFL T,
L —HE—LPBFE—LREEHEE L TARRES
B2LONS. EABESOHAERAVWTAEERISICEY
HEBIECEEAZERT DFE. SOICIF/NA 2V FH
ICMRZDEISE. EREREERZ. BLEBICKOTN
AVFEBRETDIETETIVIIPERBER K% ER
ID5FE. SOICIIZOMOEELEENBYT 2856H
U YEIMIE I T 2T/ DU RTLENZD,

AMIZFAZ EICHIRERRZFTEEHLETH Y. H
(MRapid Prototyping (RP) &MEIIN/ZBHKICIE. B
FELXT VEBEICKDERDERST - BiEICEEFE DTN
o LAL. BETIERRNSL. ERNEETHOERE
PESIVIRICETEDBEREEN LN DTNDYY ,
EEBYPEZIVIRIIRBOTERSTE L TZEDORRBIME
&< HEERICESTZERILAANAMER DA g%
KWIEHT VD, EEBMEHICELIZAMELTIE. EF
E—LPL—HE—LEHEEL. EEBMARELEMH
ELEmMRFRBRESE (FNn#h. PBF-EB/M&EPBF-
LB/M) hYNEBE SN, EBMBOEBMEEIRDNES EME
(18) NS A—FDRIENTREE 18D, MA T, L—
PFE—LBEZRHRICEBMAR - VAV EHZATDIEE
MIRINF—HEE (DED) »7—05#EE L TCEB
DAV EBEAERTLHSWAAM (Wire and Arc Additive
Manufacturing) ABRMZEALICEEFE SN THY . tIEIM
TEHEAEHEDIEICKBRBIEFROEEERE
LT3, WThEEFRICEBMEARHESES
CETHEEERDER ZTEE TDRMTH DN, mIEl
EEBMAREZREE LBRNISAR,SMESED2FETHDD
[CX L. BEBIIDELABUISAREEEZRARMNICEHB L
TWFECTHD, UTIC. MRFBRESESEQMT
FIVF—HBEDEI AR T D,
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Fig. 2(a) 3. MARFBRMBEEEICEIIBFAROE
BERGHEERTZFIBERLCEARERT . &F
AL BRFEREMIIRITCAD (3D-CAD) T—FhofEmk
LIC2RTRZART—FICEDNT, 8FE—L (Fig.
2(b)) wL—HE—L (Fig. 2(c)) ZFEL. —BHD
EERMARZEROIER BRESE. ZOERUBRLICEY
ZEZRBEIDIET, SRTBERZENT D, MK
BRBEESEAICIDERMBDERIL. EROHEEPLIH
MIETISHET & Do EMACRDBE R P2 LB 1L,
HDNIRATRBRZSIVBECTRRITEL T Do

BFE—LOL—TE—LENWDZEREDENT. ZN
ENARERRZBIT DN BEZR\DITDIETER
ROEEEMICELECERERAORIENTREE LD,
Table 11213, BFE—LZHRELETDQ10 (Arcam#tt
(RGE#) ) &L —HZ#HREETDHEOS M290 (EOS
1) DRBEMREDLEBZRT, UTICIE. FRODECH
FKIDMFEDFHET EHD,

(1) BFE-LISHBRFCHDIENSBH IV
ZRAVWCRAEICKWVE—LZESR (Fig. 2 (b) B8R ¢
Do —AT. L—TFHIN/ XA—=5ICLDEE (Fig. 2

(c) BR) Z21752&ENS. BAE-—LEEREIIEF
E—LTIEI3MIZEEZE (Table 128R) , IO LE®E
ETOERICKUFPMAZRET D EIE. B ARZE

Electron beam, Laser

(a)

Platform Metal powder Recoater

CADdata \ <= ,  ° necoal
i »
[ _\® \elting of the
first Tayer and supplying new
powder layer
(b)
Electron gun assembly i

Astigmatism lens

Focus lens

Electron beam

Deflection lens

Build platform
Electron beam melting (PBF-EB/M)

Lowering the platform  Melting of the

EEEH (Additive Manufacturing) (&2 EEMRDSHEEEL

Table 1 Comparison of typical conditions between PBF-EB/M

and PBF-LB/M.

PEF-EB/M PBF-LB/M

Equipment Arcam Q10 EOS M 290

Heat Source Electron beam (CeBg) Yb fiber laser
Power 50 — 3000 W 0-400W
Scanning speed Max 8500 m/s Max 7 m/s
Fabrication rate <80 cm¥h 5—20 cm%h
Atmosphere He 1 x 10 mbar N,, Ar (O, < 0.1%)
Pre-heat 0-1100 °C 0-200 °C
Powder size 45 - 105 pm 10— 45 um

SNATRELEETChI N Y F IS8, VAT RE
WHDMARKFNDHE - REICLDAE-TRKROFELEAN
FIEARDY R — MRS DA D, BFFICFIERICK
UEEROEENOREZES Z2&/IME L. Bk - INHEZ
flTEl D, BRBUOIADEBEBREENFICE
DEN D, —FH. HMDEEZZITPTEBMEITIL.
FMEIC K DBBIERICE LB OWEZELEE BB D, B
A BREBE7ILI DL (A) GEDO—8TIS. @
BMCKWBEETATIOIEEEHD,

(2) EFE—LIEMEREBEICS UIDREDOE NS R
BfiReREIDIENS. EBRMHREICTE0%L
EDOSNTRIVF-RNREZRT, —H T L—TFE—L
FEERTHICN T DMNROREKEFENELS (Fig. 38
) . ERAMDOEBAHICLE KA NTINVEREAR
L—% CRK:9.4~10.6 um) &, F5 2 (Ti) ik

Repeating the process
second layer

(c)
/

Galvanory_
—— F-theta lens

s Protective lens

Fiber laser

Recoater

Laser beam

Build platform |
Selective laser melting (PBF-LB/M)

Fig. 2 Schematic illustrations of procedure and equipment configuration of powder bed fusion (PBF) process. (a) PBF procedures,
equipment configuration of (b) electron beam PBF (PBF-EB/M) and (c) Laser-PBF (PBF-LB/M).
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HE&ER (Additive Manufacturing) IC& 2B ROSERE L

(Fe) . E5ICIFZDAEZICH LTI BRSO\ IRINE
ERTEDD. APAISETIIED TENRNERERT
ENSERHIRMTHDIze —FH. BEDA VTILED L
(Yb) Z74/1\—L—% GRE:1.07 um) DAMEH
3. FEAEDEBMROER ZTEE Lz, SOICERE
MARADBE TS, L—HIZBEEELIC KW EEEIDIRYY
DHESEBDZEND? | BHEMEROYT A X, k. 9
Ik LT, EICIEFig. 3TRIMINEL Y £ 5%
TIRNFE—HIRENEND, T5LEIRIF—IRNED
BLDDS, BFE—LEL—FE—LTIIRERRCSE
EtaRRTELEEREREP IR F—BENAEL
£742% (Fig. 488R) ¥, Z5LEBETOER/IS
A—HZDENI. Fig. BICRT K DITAREHASR DR &
EFR<EhY., BRITHIF T NSTIO—HEICELD
RERESHEBOTRICEAS<FEEEX5, TRILF—
RN DKL \PBF-LB/MTIS. SERSHISEL RIBTH DD
IZ3 LT, BUINEDS\PBF-EB/MTIZLEL 75 M
BREEAER SN,

Semiconductor laser YAG laser, fiber laser CO, laser
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Fig. 3 Laser absorption rate of various metals as a function of
laser wavelength.
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IWFE—RINENBFE—LTIIL—FE—LICEARSL
EFE—LTIIHRBDOREICLDRE—VRKEMNFIL
BITNZIESENDHTHD, SIS, HRBEEBMIT. 7
N A ZETERLUEKIKMANRE CTH DA, BBIEMR
DBEITIIREFR DB TS T DIEEEH D, B
AREDEFBEIL. MATAXIKEL, EFE—LK
WEL—TE—LTEL KD, (1) ODEBREEEER
L BREEIIEFE—LTOOEA. EBRICITH
ROBBRENBERREE LD END, BEFREEILY
FTLERESADKEL,

(4) BFE—LIBE—LDBEHUEFRDEHICESER
EL. ZOE7ZILOY (A) HZTHNTREERDS(
AN L (He) AZEFB. HLLIZEEFTERUKRL
CETFT—oT VT EBITIEEFNICEERSRE—Y
BREFBLETZ , #RELTAKSTORFEN DR
ARz 5NE, —H. L—FE—LZBWBIESICIE.
—BERICTHIEALLFERARTRI T CER T
ERZNH, BEIFIL—TE—LICBINTE, BEE5|2%
T5. LIS —ILREAEBSHDZ ET. REMHER
SNEEMERERAENMEOND L DB DTS,

(5) AMIZREI & L CBAKA SR RERR %
AI2ZENSERNDORILENERICETL. 10°~
108 K/SENWSFHERBICKEAFBEASHDEIELICH
%339 | ZDRR. BEHROERATODERED HDIFE
TISBEORBRREIIAT BLDIEEESL. FT
BHROERPHTEYDR R, SOICISRIBEEEARYS
BEEBERABEDBEICLY . BESBDNDERSUDEBE
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Fig. 4 The process map of (a) surface morphology and (b) relative density in PBF-LB/M and PBF-EB/M. Inserted pictures in (a) show
the typical top surface morphology with porous, flat and swelling shape in the PBF-LB/M and PBF-EB/M-built samples, and
those in (b) show the morphology of the pores in the PBF-LB/M and PBF-EB/M-built samples. The color in (b) represents the
relative density of the build part, and the red color region means the relative density of the build part is over 99%. Modified from

reference 33) (published under CC BY 4.0 license).
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Fig. 5 Relationship between the crystallographic texture
formation behavior and melt pool shape in the PBF-LB/
M and PBF-EB/M. PBF-LB/M generates a narrow and
deep melt pool, whereas PBF-EB/M generates a wide
and shallow melt pool. Cell growth direction inside the
melt pool and consequent crystallographic orientation,
depending on the melt pool shape and scan strategy is
shown. Modified from reference 33) (published under
CC BY 4.0 license).

TIN—LELTEREL, E1—AERYBHMEMFELT
BEITDHIEICKD, HREBOKRE (EEZBHMMAMR
WBRALBNZENDS, ZORUJRNIISTDETEN D
EThD,

PIE. PBEEISEFE—LDPL—FE—LE DR
ICEDEBRNICERESBYAREZEARTDFETHY. B
FEOBHEROMARERUBRL ZET. ERAZEIRT 5,
BREMKIZONULEBNBATED LD, —BHICIZE
—HROMADAHEFBET D, SOICKRETERLRE
SNEHMREBBOICHIBT2/\05— /1)y REE
F° LRESNTNDH, KEERDELDESHE
CEMMEIDBERICIIREAETHY . SHEELICITERT
BEMI T EDTOACRINS A — 5 EB(LSE DI ETEFR
LKW BB DBBETRSBEZDENH D,

TOBZRNS A—5F, BEEEYSEY DI RIIF—5
E () TRRTZIENZL, HA (P) . E—LDFE
BEE (v . EBEBERE v) . BEES (h) OBE#EL
T. % (1) TREIND (BEI)/m?) 9,

E=—2" (1)

vew - h
EZSERERAEZERTDLHOOTOAER/NTA=F
BIROERICE D,
SHICBFE—LZHRETDHBEICIE. X (1) OP
I3, IEBE (V) EF|AME (D T (2) XADEKDICKRS
ns.

P=V-I )

U ERHEITELERURBICBATSND I AL
F—ETHY. BENDOHEAIFIEB=NTIVE, EED
EDORZIR - ABBEERETCIIAGEE - REZEBE LI

EEEH (Additive Manufacturing) (&2 EEMRDSHEEEL

DEOHENRELEETHY . FICAEDOEEICK UK
SNDBARBIR. S SICIIZOREOHRLARZESUERE
NHEDERIIVAELD,

22 EAMHEIRILF—#TE (Directed Energy
Deposition; DED) &

PBEENERMARE —EES ICE . BESSDH
RF 7B/ BESEDFECHDDICL., EEEAMET
FIVF—HEERIT. BEEBPTRICIRE L. ARIhH RS
P, ERRNICERERDEBMARD LLIIERT 1 VA
EEBAL., EEBZAMERSECWWCAHETHD
(Fig. 62H) 2729 %0 . ZD#R. PBFEEEFICE—
IWRLATERGEZEIRTDENTE, ROBMARES
EYEEICZ<EZBIBARLVH, KEOMKREBNT D
WEHNIZN. LIzh' 2T #iE 9 DEMMARDER P HEE
BEZESEDIET. MARER UICEREDCESTTRIO
EFEREE T2, AFERISEREAI—T 1 I WES S
DB L TERSNTE . FOSLIIERMELE
IFELTHUHIMIZRTSZ E&FHRICLTINDYY , B
BEFEMmA—F -/ RILBIE. 2AEBEBEE
WO B RDERICIIARAETHD, —FH T, HNH%E
RELTDEABITEREEADREHR AR A (FIZLLHIRIIC
BN EONDH. ERREIIS . SSICT7—I&H
BEETDHWAAMEDEDED—BTHY . BHENLEEED
ATVDH/RAT. SREICEBMHZER - BB &
W CES, DEDAIISBRDODERMNEFEINDEBAMFEE
D—DThD.

Laser

Powder

--------

Shield gas N
------ ) v
. (]
A Shield gas
L]

Newly added layer

Fig. 6 Schematic illustration of directed energy deposition
(DED) system with powder feed.
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BEER (Additive Manufacturing) IC &2 EBMHOSHEAEL

EB5525,

SO (W) 13, ZOFEICENER (3422° C)
ERGEER, BAOSIVHEDH. BallingZz & £7500
BOORRIDEET D . 52, KB TORRMBILD
f=th, HATODBREELDZEND, PBEETERT S
ZENERICRELEHBDIDTHDY

Fig. 7123, BRYE. HATMNYAZE T2V T K
VA ZETHERLUEMADSEME G E. L —HEIITET
BT LIENERTERT, BN RNFIIZERTHY 5
ELTTRNZETERLTWDDIZH L. 7 b1 MR
FIIHFEERL, EUDITTSIVT MY A ZHRFIE
BERIGES T TS MIFMNFEAEFTELENY

TSAVT YA PRI, HROKE, BE. R4
(CRIT DEEMTIER (Table 2) KLV, Hausnertt (=%
TBE/INVOBE) iMISEL. BEAVRZEA. RE
TS0 ENS, BBENDREIMEICEN
%, §EbhbE. T2V T7 YA ZIMEKRIT. BEHNDY
—BMARREFER T D ENTED

(a) Grushed * %%

4 (b) GaS atomized

1 |I
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i ||.|.|||H
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1 10 100
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Fig. 7 Morphologies of (a) crushed, (b) gas-atomized, and
(c) plasma-atomized tungsten (W) powders and (d)
corresponding powder size distribution. Modified from
reference 17) (published under CC BY 4.0 license).

Table 2 Characterization of routine, atomized, and plasma
tungsten (W) powder samples in terms of size
distribution, tapped density, and flowability. Modified
from reference 17) (published under CC BY 4.0

license).

Do (um) 17.7

Ds, (Um) 10.7 8.3 27.4

Dy (HM) 24.6 16.5 418
Bulk density (g/mL) 3.61 7.50 13.64
Tapped density (g/mL) 4.84 9.09 15.00
Haunser ratio 1.34 1.21 1.10
Avalanche angle (deg) 5913 47.9 324
Rest angle (deg) 41.3 40.4 255
Surface fractal 4.25 2.99 2.21

Fig. 8ICld. 3BBOWKMKREZRWTER L ERAD
ENEBEEOL - IR F—BEREEE. L—TFIx
IWE—BEA375 J/mm® (L—HHHI360 W, EEEE
600 mm/s. /\vFRIFE0.08 mm. BEEBEZ0.02 mm)
ICEE LIISEDERAMBEOSEME . KoUICEY
N—RABEERT ., BEFREDBEEIIBES MRS
kzL. T2 AV MY A AMATEICEEBEZRL
feo MBEIRTIE. BUVMRARBEICER TSV IORKRR
Mah'ERHOoN. BICEBEETRT, —H. 7 A
RICBNTIE, YIOOBRMBISITEAERE LA,
B AR (BD) ICEFRABHEARELTHY ., #EAEN
FEENTIVEY . Fig. 8ICRT LD KRERS@EICFET
BBaRII. B REICCGEREREICHBRET SiEAMD
BRIOSBENRICHKRT D, ZOLDBERAEICEE
35<100>//BDfESRKuIE. SUS3T6LRT L 2§89
vl (N) EE2"7 %V ICBNTEZDERNBRE
éhtzBU BRCERBOBREFEZEARES TEAEZDEH
RHBELRT DIBEICBEETERINSY , 250Uk
<100>//BD%:.aaMé:%1’L CEEEONADERIT. EXE
ICBN2EETHNITBRLICESTD P —5T. WD
KOICHATODERELIIBEDRERELDIEND,
<100>//BD#ERMDTRERE T 2HBHLH D,

PAE. MFREFEICHEKR T DMRROBERRENE SIS
AOBEEICERET D, ERAORERLICAT/-RER
BMFREHEIT. SRAMICBIT2—TE—EHTH2,

(a) Crushed

(b) Gas-atomized

Relative density: 93.4% Relative density: 97.8%
Vickers hardness: 376 £7.5 Hv |vickers hardness: 383 £ 12.8 Hv

(c) Plasma-atomized

Relative density: 98.7% g4l
Vickers hardness: 400+ 7.4 Hv P

150 200 250 300 350 _ 400
Laser energy density (J/mm3)

Fig. 8 (a-c) Scanning electron microscopy (SEM) images of
the cross-section of as-built W samples with highest
density and (d) the change in relative density as a
function of laser energy density. Modified from reference
17) (published under CC BY 4.0 license).

4. AMIZE B ERELDI-OHDNER/ RERR
i) fE]

AMISZIRTTE K % BRERZIR 1 S B2 IR & THIE A

Sanyo Technical Report Vol.32 (2025) No.1



BETH D, EMIC. Fig. QIIIHEA BEBAMIZ X DET
BERTH. BRGNS - WEFOR. AV 2R, AP
FEREDREITAZILIZV )y REK. REANDA Y22
FRDE A7 E3D-CADICEB3RTHRERBESED 2
ENHBETHD. AMICHINT. BMEASDFO/NA >
SEMBLEEEMR. €5 I v IMRDERTIE. £
ELTHERBEDFERE L TORMBAEZD2BHWELD,
AMIZB T D BEBRDRRISAMBEDHIRISHDEHD
DEEDIRTFERDHEHATEETH D, ZD—fFlEL
T. ABERORELICEIES T BRHESTEKRS
NOBEERMERIRSIEDIEETREET D,
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on solid surfaces, reflecting 3D design on CAD.
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Fig.10 Possible Young's modulus variations as a function of the
number of solid cube subelements when the subelement
is composed of polycrystals, calculated using the Reuss
and Voigt rules. The number of direction-dependent
pillars dominates Young's modulus anisotropy. Modified
from reference 52) (published under CC BY 4.0
license).
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Fig.11 SEM images of the lateral surface of PBF-EB/M
fabricated samples with scan speeds of 100 mm/s,
500 mm/s, and 1000 mm/s, and the corresponding
compressive stress-strain curves. Arrows indicate the
building and compression direction. Modified from
reference 55) (published under free access condition).
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Rabbit
Ulna c Collagen ?lcf
Anterior o
Rabbit g‘ Suture line AC 90H
Calvaria G / c
ol @
Monk Several P 5| % [lessd
onkey c | tensof By giigh
Ma"d'b|e®cB; Ag | nanometers a* Yol
B B
Monkey Crown @ T%?(?eue Apatite crystal
Mandible@ 2 =S
@  Buccall Apatit
Monkey A Vertebral ¢ side Apatite
Lumbar B body orientation
ve(rltjt;ra C A Mechanical
property
0 5 10 15 20 25 30 35

Degree of apatite c-axis orientation:
Intensity ratio of (002)/(310)
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Fig.18 Comparison of solid-liquid interfacial growth directions
of beta-titanium (Ti) and tungsten (W) in the melt pool
governing the formation of scan strategy-dependent
crystallographic textures. Modified from references 5,
17) (published under CC BY 4.0 license).
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Fig.19 Scan strategy-dependent crystallographic texture
formation in NbSi, with a hexagonal-based C40
structure. (a-c) IPF maps (projected in z-direction)
and (d-f) the corresponding pole figures. Modified from
reference 12) (published under CC BY 4.0 license).
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Fig.20 Changes of Young’ s modulus depending on the (a)
number of valence electrons per atom (e/a) and (b)
crystal orientation. Young' s modulus of beta Ti-15Mo-
57r-3Al alloy decreases in the order of <111>, <011>
and <100>. Modified from references 84, 85).

REIEFITAHMBICERE T DI5E T HICDEROINEIRA
I,

PBF-LB/MZAGZEICERAL. ZFv AT TI—

K DEERRESAOEREHEIS. Fig. 21I2RT LD
12, BREAFRTORERSUEEEZERIRL. ERADIRES
BRI RD<100>%BEREBSED I EETEE
57, ZOBEE. <100>h'BERRRELISUICH
T3, #69 GPaDBEW\T >V IREZRLTINVD, —F.
<011 >BEFERBERABTDY > IRIIH100 GPaTh
., EBAMICEOMEBESRMAEB T 2BMDER N AT EE

128D, TORDEREEHDSERILERTRDERE
ERLUCERBHAEMSIEICKY. PO IRIIBEEROERE
IOEDE, BICEN LY VIR ERTEDEDEEF
TN,

COULIEERDERANIS. EBAMTIIBMUI EICR
FPURANSTO—EFIHTEIETEANTRETHDI
. B ERESEEBOBENTETHD, flZI.

Fig.21 Selective control of crystal growth direction by scan strategy and the resulting low Young' s modulus in the <100> orientation
direction. Modified from reference 5) (published under CC BY 4.0 license).
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Fig.22 Conceptual illustration showing localized control of
texture (mosaic-like texture) in bone plate and real
product in which mosaic-like texture was developed,
fabricated by PBF-LB/M. Modified from references 15,
16) (published under CC BY 4.0 license).
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Fig.23 Microstructure of the vertical cross-section of Ti-48Al-
2Cr-2Nb alloy sample fabricated by PBF-EB/M. Modified
from reference 54).
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Fig.24 Microstructures of two types of BioHEA developed by
cast and PBF-LB/M. (a) Phase diagram, microstructure
of (b) casted and (c) PBF-LB/Med materials, and (d)
crystallographic texture of (TiZr)sq43(NbTaMo);30. (at.%)
alloy. (e) Phase diagram, microstructure of (f) casted
and (g) PBF-LB/Med materials, and (h) crystallographic
texture of (TiZrHf),s33(NbTa)s74Mo; 55 (at.%) alloy.
Modified from references 20, 77) (published under CC
BY 4.0 license).
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Fig.25 (a) Crystallographic texture, (b) mechanical properties,
and (c) anode polarization curves of SUS316L stainless
steel fabricated by PBF-LB/M. Modified from reference
48) (published under CC BY 4.0 license).
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Fig.26 Temperature distribution after laser irradiation calculated
thermal diffusion simulation.
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oriented in the building direction, which has recently
become possible in metals with cubic crystal systems.
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symmetry of crystals. Modified from reference 25)
(published under CC BY 4.0 license).
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Fig.28 Variation and anisotropy in the Young's modulus of the 3D puzzle products. Color bars indicate measured
values, and dashed lines indicate calculated values using Reuss and Voigt laws and moduli for single crystal. *:
P < 0.05. Modified from reference 25) (published under CC BY 4.0 license).
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Fig.29 Next-generation product design via optimization of not only shape but also material properties using a novel 3D-CAD.
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