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Figure 1 (Color online) Development strategy of MAM.
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Figure 2 (Color online) Process flow chart of MAM.
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Figure 3 (Color online) Applications of MAM in different fields. (a) Aerospace [8,11]; (b) automotive industry [12]; (c) biomedical engineering

[17].

2 ATEEAE TR, T ZHAR B E R A LLORIIE. 27
JIRR Lk O T 78 7 R EEMAMIE ) I 5l 5 it il i
Wk EREE. ASLHA RN WIE4FTR, HoE
NEMAMER IR IR BRI 55528, 85 R
FET ERMAMEBCR i & A AR RERL 22 1 8, 7 #r T
SZHOS BRI, A HA R SR SR
BALEIANR G55, B 25 G i ] — S & Jm AR
MG TCRCR, A R ANET T 2Ry R i
S SIATERE. R BEAMAMEBOR TPk, Jf
XMAMA KA L7 [ 4T fre 2.

2 ERIEBMHIERE

21 EREMHIENARARE
SR IG M HIE A A BV BR R SR T T I il i

AR ZF . MM EE BRI . &R G+,
RPN £ ML 4 8 1S 1A 1) it 1) Pl 31 DO A B B
(EI5). AMEAR A 28 7] OB 3 3 19404F, Pererafit
FE R ARAR )51 v 50 50 9 18 )= B 45 B = 4 b B 1 7
EEL R, KIA40Z 41 R LT DU TEAMEBIAR
AR B ZER By, LR 19844F 36 [ N Hull i T e il
1kl (Stereo  Lithography Appearance, SLA)HAM)
HRB AMEARA HIEXEE. Y], SLARAIFA R
B X R AR A& B, T A2 R B i A AR S5 K,
A I 2R A MO TR R ST S LU [ A Y, R IEEMAM
PRI AR TE DG, 19844 J5, FH KL FIRIIT i i
YIRBEAKIE 2, HAMB AR )ZE H AR5, 19884E,
F[E Cubic Technologies/A 7] [f]Feyginfiff & Hi & 2 sk
#ilit(Laminated Object Manufacturing, LOM)F{ALRY.
[F4F, 3 [E Stratasys A 7 & B 115 @ty #R B Y (Fused

264614-3



B OATESE R EB MBS J0E ORI 2026 4 HS6 B H 6 M)

SR HiE -
TE. BRMEZM IR

B4 (AR DI ST AR

Figure 4 (Color online) Outline of this paper.
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Figure 6 (Color online) Classification of MAM techniques.
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Figure 7 (Color online) Schematic diagrams of three typical MAM techniques [25]. (a) PBF; (b) BJT; (c) DED.
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Table 1 Comparison of three typical MAM techniques [5,31-33,35,39,48,50]
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(RS, S5 2RI O (B  ok i ek
JHH 4y N8 (Unidirectional) . XY [ (Bidirectional).
B AL (Chessboard) ki 15 (Tsland)« 42 & (Helix) 3155,
W9 fR. B A 433 (B 9(a)) A X ) F 9 (B 9(b)) A2 1%
LI PR R SRS, AT R AR, X
FETHE TR, ER AR T, RREmRm
R B J7 I — 80, TR LA A SRS S AR AR T AT
PR RER S WA, XA B ik 2 7
T, RRAE B DS R S (B 9 (o) it i 4 41 4 X 3k
KI5 R/ NEIIE T T B ek SR SE I, AT LA i 2k
K3 B R g i KRR DR &R, & & TN TR RS
20, Refs aR AT BB R e (E9(d))

Y

(2) EYPI 7 S

WA T LAk 4 R B R, (R RSB A A
153, DRI HE S B v FH 32 31 BRI

B 7 DL D14 SR P i 1) R R A A L A
B 18] () 22 e, J2 (AT e £ R A mT DACSCAR, i DAL 1) g
FEFEA0°, 45°, 67°F190°. N [FJigh £ 1 e K 22 5+
ET EISFEEEANE, AR R A R 3
P HA I 2 X UL A — E TR A T O E A
— M T DASR S U M, R 0 A 3 T REL A R R R P
CGHEh AT . IR TAL), B BB AT T s 1
REUTOL DR, AR SR AT BN EE I NS EAT TR
BB, Sun BRI R ) S A s 4
it [ Hastelloy Xyl 5 4 AR & - 55 5l & 4% 28 (Colum-

Bl 8 (M OR ) A BUZE 28 % R BT RH TiB, UKL 43 4317, (a) A120244542; (b) Cu

Figure 8 (Color online) Distribution of TiB, particles in two materials under different track overlapping [67]. (a) A12024 alloy; (b) Cu.

(d) s

B9 (MZRRRE ) DU i LB 4 SR s i L () BRI, (b) XUAIFH; (o) BELEIA; (d) R4

Figure 9 (Color online) Schematic illustrations of four common scanning strategies. (a) Uni-directional scanning; (b) bidirectional scanning; (c)

chessboard scanning; (d) helix scanning.
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nar-to-Equiaxed Transition, CET), &35/ T 4L
EHUAE . ) A0 [ 4 4 SR AR B, B ) A S
Iy REZRIZE SR, TERCE 2 dRi iz b, [Rf
MO IR FERRFE T ), AR AR T AL R iy, I
HEERe4nil Sk, 5 IR H A SRS I N 1 AT e K A
FHor I = ERPOLEZ A, AR TE R GRS
T8, AT, &P S T A S mB T, Shi
2 \BOUf 5 7 JE A v 3 B )% (High-Speed Scanning Re-
melting, HSSR)HME X L-PBFRJEAISi10Mg & 45 B
ML gEm, 4R EW, VIMEEAH B #E BT B
FRAER A s PR RE A0 B2, 8 vy LA o B e [l skt /2 )
{23 T CET, [F]I SRS 4 /)N B bR M0 45 74 =y %5 B i oK
Fribdl. Bk, AL L-PBEFHE S 08 0T 5B i 4H 233
5 BSOS AN SR AR T B G

HAl, BT8R TZSH00RE BRI R T
%, B W] LA I AU R T BT A O S5 A, A
T PR A S8 14 A T e R < R R AR, 20 A
AT EMYOUW 2H S A 1) 5 A S . o B 3L
JFEMSEERZ R MRk R R T &2 -
(Ginzburg-Landaw)¥#1¢, I8 SKFRARY E. HFHE
MFT 15 BX BN [ AH 37 77 R S B T R R A AU At TR 3,
271 A B RS BRI, AE R A v s HLxE DA
B2 Foua 4. ol BT A &R T B ik fa) . =
B ARFSHINAS BN 228, AR B A% 8 S EE
JrREE, AT TN ETAT ) SR EE A A SR JE AL, EHE

Solid state

Solid mechanics )
transformation

Melt jet
/

Surface deformation

SUrass \ Solidification
finish '
SEEL LR Crack Intrinsic heat

treatment in heat-affected zone

Thermal fluid dynamics

LA e b TS L R T, SR D TR R R
fit, AR R AR KB R (F T AR & IRk,
WERN BT IR 2R & Z R I2oR IR R T E 25
50 S AL SRR O A, AT R R 25 5 AR (A
CET). SR B mbraE, MmN T EZSH0H
2. sREgIEHI AL RE LA IR R .

4 SRIBMHIETIE P ERIGHIRAIZH

MAM: {1 i T 52 21 e [ 3 75 o 82 2% ) 4 g s A
PERAE I (Aot Re SRS ST, B R BRLIZ 3l 4
WAL, TEAATESD, feIh, fLT, [FRpt%, BRI
MBI, S ERIBREE S A R). AHEBE
TRk (R AL, LA ZR) LT i G ith A2 77 )
5, E0FTR™. XL BRI B E AR T OB (R
AN PERE, RTMAMI) ] S PR A a) 8 R
T B, PR T R R R, RN BRI
SER I H T LR, PR T A ) 7 i AT
RSl ROUEE B LR e OF R X T MAMEHE
JORISE LA AR E A R

41 BETR

{54 R K (Lack of Fusion, LOF)iB ¥ & H THEE
BIANAR . WOLSEOEBEA Y M ARIRIAA 2 8
T I AR A SR S R UL TR SR R, Ry

Particle dynamics

Laser
Metal beam . )
canning
vapor
direction ‘ !
— 4 P4
\ w
% Particle entrainment
® due to gas expansion
P -~
-~ I \
P\asma‘\
plume \

Laser Second phase
reflection precipitation
Gas pore 1hermal fluid convection \

B 10 (W2 ROR 1) <6 J 8 b e o e v 52 A A LA R e i P

Figure 10 (Color online) Schematic illustration of complex physical interaction during MAM processes [82].
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BEG . EIX BT T, R REEBERE S e B 1
WS, A LOF B A N T /N ER L FLBR, AT A1
NGRS iV TA
42 57l

SILEMAM L2 55 WLk —, HAFEHE
B S EURIV A B0 B FGRE AR, FI PR 4 )R
TETT - WIS T IR & At A fa e M M e 4R
b, EFT EP R R, S s I B B 5 P T v i
B, i R R S B R . R L IR
A, & PR ARG, TR LY. BRI 2
fiif it R T BRI, T R 1 T IS BT 3R R RS
FLmE12)PY, (REAE A F P A, R FE
L B ARG AR SRS O, FENEIR

AT N K Hb I 2B B 0 11 3 3 P2 PR L 45 3 AN T
T A, 2 Uk L T 3 R B Ok, et
ST R AL B0

T BAEMAMRIE LR I FLBRR, BRSO RS
FLIIE BRI HEAT TR, T A Bk b 5 U
PR AR LI R ) TR, DRI e R SR AT
PALHE. Leung NV 52 45 B, EALYTT LAfE
SIMAM TR AL B A% 7 2, ke 7L B I 5 i
SRR A LA B, TR B AL B0 O AR R, A
R A s . TR0 BRI AT LB 5 I MAM
SRR R AR AL FOUR, T LA T2 S 5000 1 F £ 1
ST FLIR I [ . Hojjatzadeh s N S45 & J5
57 [ 25 0k 28 X 0 2 AR S B0 0 S B e, R
T L-PBFRIE T 2 O AR T 1 FI X 10 5 90 6 2
3] 10 BN 77 FT A B M e 0 AL, SRR T
L-PBFit 12 i 4L USRI BR 11030 154 L. 45 3%
B, WO TR SR o (R R BT R
WETE, Feis sy alise A A OB AE MO TLIE, M
TN LB R ST AR Bh A, LI B T R R 0t
4y, G BT B R R AT 2B L R (0 AT A T
DL 3 A T FLBE AT B2 5 2 ) 5 2 1 LA 0%,
Bitharas2 A S5t [7 35 X 5 26 A1 405 A% B 1
T BORTH IR I ZE ISR S L S Bt 0 B A ST

B 11 (994 OB B M 3 A BN b SR [ LOF R I T30, (a) LOFYIFT MRt LR (b) (o) 4L e ZRAE [X 4301

EBSD St 5 (c) 5 (b)H A X s K AM K]

Figure 11 (Color online) Typical morphology of LOF defect in AM stainless steel [85]. (a) High-contrast image of LOF slice; (b) EBSD inverse
polar figure of region in the dashed red rectangle in (a); (c) KAM map of the same region as (b).
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Building direction

B 12 (P4 % Bk AlFeCr & 4 tP LB RS FLBRBETESCY. () XS BN 434, (b), (c) A1y )7 [ EBSD

SRk

Figure 12 (Color online) Typical morphology of porosity defects in AM AlFeCr alloy [91]. (a) X-ray computed tomography; (b), (c) IPF-EBSD

maps in the z and y directions.
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RIS r R A A2 o S0 91 o L B W PR R T TR R,
R AR N K R R A R, IR R R I X (1
ORGSR A e 24001000,

i T 2RAGUUR I, VR RS A e nT i Tk
ZEIRH, FERIEEN S SN LAEREA, 25
FTEN . TEJFUR SRR R PRIt 4Rk it
LA —FPRAT BAT 2B 2 S, TT DB R ok
AR R ER RN 1, RIS ARG 2 BN, T 1 BE
FJB101102 S AR 5 S % Martin5 A PIZE L7075
Al606 148 &4 My R | B 2L B B g K TR N 22 B 77
AT HE AL, By RIS TE U S b R L AL Zr &2 J& (7]
WEIAAKA, B REIRE T a-Al RAZRE 22, SRAG R
S0, ANERRIES, WE1B3HR. TanZe NV
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(a) standard alloy powder

Laser or
electron beam

(©)

e) &

Large columnar grains with cracks

Melt pool

(b) Nanoparticle-enhanced
powder

(d)  Equiaxed growth

Powder bed

'\ "
Crack-free, sma

Bl 13 (LR ) P AR R 8 SRy AR 5 i SLMUSUE 4 Jai A P U AR B 70 (10 0718, (a) HRLALTOTS KR (b) 49K
R SRINAITOTSHY R (c) A17075 6 kel R FE rh TR AR A AR A RS (d) G9RIBURE TS T AR 1 SO TEAZ L i3t ok
SEEA AR T PR AIRIRE [T I 2E 5 (e) A% Gt AR SLMBRTE. < Ja A4 1 K b A1 ) 303 14 SR SCEBSD A B (£) 68 FH 0 K DR M8 iy A T

7 A 2N ) 25 il R B AR SLEBSD S ]

Figure 13 (Color online) The method for improving thermal tear resistance of SLM forming metal components using nanoparticle-enhanced powder
[3]. (a) Conventional Al7075 powders; (b) nanoparticle-enhanced A17075 powders; (c) cracks in A17075 alloys due to solidification shrinkage by
columnar growth of dendrites; (d) nanoparticles promotes heterogeneous nucleation and equiaxial growth of grains, thus reducing solidification strain;
(e) EBSD inverse polar figure of large grains and periodic cracks in SLM forming metal components using conventional powders; (f) EBSD inverse
polar figure of using nanoparticle-enhanced powders can produce fine equiaxed grains and further eliminate the hot cracking.

ROUNAR24EG 4. HABMKIANSE. TiB,w ALOs. TiN.
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AMFE HR A ) Rl 0% 1041061
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SRR U ) IR oK 7 IR AM 42 J8 4 24 1 fi s 37 1
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B, Rk TR AR LT BRI TR AR D SR, AR R
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BRI RR, 7 458 ] 3ok A2 o 6l s oA 247 R 1 7 4
P, IR T AL AL, S8 AMIN T Ti-
6AL-AVHIR kAL, ARG A &a BGE T
PUAZLRE ), PR E SRS T 12%. WangZe A\
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Figure 14 (Color online) Microstructures of nano-eutectic lamellae in AICoCrFeNi, | high-entropy alloy fabricated by L-PBF [114]. (a) Bright-field
TEM image showing the BCC and the FCC nanolamellae; (b) lamellar thickness distributions of BCC and the FCC lamellae in as-built AlICoCrFeNi, ;
high-entropy alloy; (c) HAADF-STEM image of the modulated nanostructures within BCC lamellae; (d) APT maps of the elemental distribution

around an FCC/BCC interface.
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Table 2 Quasi-static tensile properties of typical AM metals

oy G &Ry 3 )i 7 JEJRBEFE (MPa) ihiskE (MPa) LA (%)
AlSi1oMg!'™! L-PBF 270 446 8.2
HEae Al7075+Zt"! L-PBF 325-373 383-417 3.8-5.4
Scalmalloy®!!®! L-PBF 276-287 403-427 14.2-17.7
. 1140 1290 7.6
EAlAyIT] _
Ti-6Al-4V L-PBF 110 1305 96
Ti-6Al-2Sn-4Zr- 483 1183 26.9
6Mo!!'"®! L-PBF 582 1209 25.5
a4 1127 1190 8.2
. 1175 1249 7.2
N [119] B
Ti55531-0.5Nb L-PBF 1193 1278 50
- 1300 12
desﬁfiiﬁ%TLszp LDED 1016 1103 28.7
1297 1450 125
B SeE AR 21] _
15-5PH/NE 4 L-PBF 1100 1467 150
41404122 L-PBF 1175 1280 7.2
1180 1365 6.0
[123] _
- HY100%4 L-PBF 1160 1200 12.0
904 1118 11.7
[124]
A WAAM 833 1026 8.0
1236 1712 4.1
H13 T AH!>] L-PBF 835 1620 4.1
1073 1965 3.7
1084 1333 8.4
L-PBF 1007 1221 16
949 1194 19.9
849 1126 22.8
. L-PBF 1084 1371 10.1
-2 VE A [126-128]
HRERE S Inconel 718 1046 1371 123
925 1138 15.7
894 1061 115
EBM 822 1060 22.0
669 1207 21.0
AlCoCrFeNi, !4 L-PBF 1333 1640 13.5
(CoCrNi)g; Al DED 1050 1500 45
WAAM 550 952 35
923 1486 11.9
. ERA S VCoNi[130:131] 922 1462 12.3
LMD 941 1505 103
948 1536 10.0
861 1344 15.6
CoCrNjl132 LAAM 621 873 44.8
FeCrNil!33! L-PBF 745 1007 31.0
(48-54 MPa m"?). Hba] WL, AMM T2 AT BERaE MERIRA T SE 1k

FEA R L B2 I H A& me bk, i — P
ROY EHAR T B R PR MR E. Bk, U

54 WMAFMRE

G 3G S IR AR ROV 45 44 B B35 1 AR A
PERE [ %, AR GE R W2 A IR T vE R s HL = B i

AT F S SIS A HE B AT Tt pAY FSlL B Ao 2 7
P2, AT gs WP 1 2% 170 e, AT B A A1k
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AM AISi10Mg and AIMgScZr alloys; (b) fatigue limit-fatigue ratio of NTD AlSi10Mg alloy and other Al alloys; (¢) multiscale specimen validations

Microscale
printing defects

Centimetre scale
ASTM standard specimen

I )

Fatigue limit, 0,,,, =260 MPa

Micrometre scale

(b) s00
s AM NTD-Al *
Intrinsic fatigue limit
400 |- Microsample
&
?, 350
£ 300
= AM NTD-AL
§ 250 * Macrosample
>
o 200
>
B | °
& 150 o &2 ® Alalloys
100 F o8 SoINe
%9 o "t ASM handbook'
@ ® °800, ASM handbook”
50 Henry etal.”
Kaufman!
O 1 1 1 /| Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fatigue strength-to-tensile strength ratio
Metre scale
End-use parts
i Multiscale
validations
Passed fatigue qualifying test
Static test results of extracted materials
similar to standard specimens
Millimetre scale
73 pm .
Multiscale
structures

Eliminating irregular
LOF defects and
reducing defect size

for fatigue performances; (d) multiscale structures with high fatigue performance.

REMIZESRE. REEERIRT RO MR R FME . B2
PFBQEESZL)&aa*ﬁ&#kik@ﬁﬁ@éﬂéﬂ%rﬂ#ﬁ. AV
if?ﬁﬂiﬂﬁﬁél‘ﬂ%%?%*ﬂ%‘%ﬂﬁﬁ/ﬁ%@ﬁ%ﬂ"*
JRAARAL R X ) 5

P RE

|
HA T H. De Forma-

noir&5 AU i 44 K 5 IR AR 20 & T oo’ A K a
0 4o A Ti-6A1-4VE & 1 R ERAE B, R IlaflafH 2
[ (RO P 22 3 K o g A TN 22 57, AT 32 3007
oo AR A 4 FE 3t B8 S 25 1) S 38 92 A 4 T R

264614-18

Millimetre-sized
topological structure

B 57 BRI 57 L (c) 157 VERE R 22 RUBEIRAEBURE; (d)



&

C|

SRRl WER: )y RO

2026 £ FHsS6E 6l

40
. (C) R-curve behavior of AlSi10Mg iy
> ¢ \ -
Crack Parallel
to B.D-XZ Crack Perpendicular
5 to B.D.-XZ
304 3| Koo 5| O
—~ % g
(9] o s} e
e H s
S & (o——
s
N ) D
— = - Lt
S 20 - -
g il
-—
£
1 o
] d 7
" & = 7" solid Lines: Horizontal Orientation
)
10 - " 3 %300 ’ Dashed Lines: Vertical Orientation
L 2
& o £200 £
g 2 g
:F{’ ¥ 100 e [ —
'j"’-i‘ @) “orzontal-H_vertioal v
0
{/ 01 2 3 4 5 6 7 8
0 ¥ Strain (%)
1 1

I I I
1.0 1.5 2.0

Crack Extension (mm)

25

Fine Zones

(3
b
“

P
P
.

B 16 (M4 E) L-PBFUEAISITOMg A & 1 M. 28 RILIABRDIE ). (a) FA7 TR g5 i RL ik
A5 (b) 3 LTI ) O ZRELY TR BRAT: () ZRSUPH 77 v 2 B 16 77 i RO AR AR, 4 PR D R 2 )z A iR 36 45 3R (d) L-PBF AR

TEAISi10Mg & 4 i i ZH 21

Figure 16 (Color online) Microstructures, crack growth morphology and fracture toughness of AlSil0Mg alloy processed by L-PBF [138]. (a) The
crack growth path parallel to the build direction; (b) the crack propagation path perpendicular to the build direction; (c) the crack resistance curve, and
the corresponding stress-strain curve shown in the inset; (d) microstructures of AISilOMg alloy processed by L-PBF.
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As a transformative manufacturing technology, metal additive manufacturing has surpassed the constraints of
conventional techniques in customized design and integrated structural forming, exhibiting the broad application
prospects in the fields of aerospace, automotive industry, and biomedical engineering. To secure a leading position in the
global competition for advanced manufacturing science and technology and to address the formidable challenges posed
by the international situation, some countries have established strategic initiatives focused on metal additive
manufacturing. Against this backdrop, metal additive manufacturing has achieved remarkable advancements over the
past 30 years. In this paper, we first reviewed the evolution of metal additive manufacturing technologies, and briefly
introduced their classification, principle and main characteristics. Using the laser powder bed fusion process as a
representative example, we summarized the influences of laser power, scanning speed, scanning spacing and scanning
strategy on the material microstructures. We further concluded the formation mechanisms and control methods of various
defects during metal additive manufacturing process, and highlighted the unique structures and superior properties
enabled by innovative processes and design approaches across different metal material systems. We also emphasized the
importance of investigating the micro-mechanical properties in revealing the correlation between the unique
microstructures of AM metals and their macroscopic mechanical behaviors. Finally, we pointed out the current
challenges confronting metal additive manufacturing technology and offered insights into future development, with a
goal of advancing scientific research and technological innovation in this area.

metal additive manufacturing, development history, processing parameters, microstructures, mechanical
properties
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