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Research Progress on Defects in Metals Fabricated via Laser
Powder Bed Fusion and Their In Situ Characterization
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Abstract: In the process of metal laser additive manufacturing, the extreme nonequilibrium solidification environment with
ultrahigh temperature gradients, ultrafast solidification rates and cyclic thermal loads of the melting pool can easily lead to
the generation of defects such as pores and cracks, which affect the internal quality and mechanical properties of the
components. Traditional material characterization methods are limited by the opacity of materials, making it difficult to
capture real-time information during metal laser additive manufacturing. In contrast, synchrotron X-ray imaging has high
spatiotemporal resolution and can be used to realize in situ characterization of melting pool dynamics and defect evolution
during metal laser additive manufacturing. This article reviews the research progress of synchrotron X-ray imaging in the
field of metal laser powder bed fusion additive manufacturing, summarizes common types of defects in additive
components and their characterization methods, and provides a detailed introduction to the melting pool dynamics and
defect evolution mechanisms during additive manufacturing. Finally, the future research trend of synchrotron X-ray imaging
in the field of additive manufacturing is discussed.
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Fig.1 Classification of metal additive manufacturing defects: (a) part distortion, (b) delamination, (c) balling, (d) solidification cracks,
(e) liquation cracks, (f) solid-state cracks, (g) lack of fusion (LOF) pores, (h) shrinkage pores, (i) keyhole pores!'**
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Fig.2 Schematic diagram of a typical characterization method: (a) DTEM movie mode bright-field image series showing the
solidification of Al-11at. %Cu alloy, (b) high-speed imaging to characterize the particle splash behavior of 316L stainless steel during
additive manufacturing, (c) schematic diagram of a high-speed camera, (d) infrared red imaging to characterize the melt pool heat
information of Ti-6Al-4V during additive manufacturing, () numerical simulation of keyhole formation process, (f) fixed-point heating
at the 32-ID-B beamline of the Advanced Photon Source(APS), (g) the I13-2 beamline of the Diamond Light Source®**#
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Fig.3 Representative statistical results of defects : (a) X-CT reconstructed representative porosity and LOF defects of Ti-6Al-4V,

(b) X-CT characterization of defect detail in wire arc additive molybdenum metal, (c) effect of internal defect distribution on fatigue life
of AlSi10Mg alloy, (d) aspect ratio and sphericity of internal defects in Ti-6Al-4V alloy, (e) spatial distribution of defects in Ti-6Al1-4V
cylindrical components!*7*!
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Fig.5 Dynamic X-ray imaging ofthe keyhole mode evolution during the melting of Ti-6Al-4V: (a) conduction mode, (b) keyhole mode!
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Fig.6 Keyhole depth and front keyhole wall angle: (a) physical diagram, (b) schematic diagram of the calculation of keyhole depth and
front keyhole wall angle, (c) the relationship between the angle of the front keyhole wall and the laser power density, (d) the

relationship between the depth of the keyhole and the angle of the front keyhole wall’
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Fig.7 Diagram ofthe melting mode and the processing window®
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Fig.8 Schematic diagram of melt flow in different melting modes: (a~d) conduction mode, (e~1) keyhole mode’
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Fig.9 Powder motion tracking during the melting of the Ti-6Al-4V laser powder bed: (a) 0 s, (b) 200 s, (c) 400 ws, (d) 600 s,
(e) 800 s, (f) 1 000 s
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Fig.10 Schematic diagram of the formation mechanism of five types of spatter: (a) solid spatter, (b) metal jet spatter, (c) agglomeration
spatter, (d) entrained melt spatter, (¢) defect induced spatter!™
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Fig.11 Schematic diagram of powder splash behavior over time and ambient pressure, showing the change in powder splash over time
along the horizontal axis and the effect of ambient pressure on powder splash behavior along the vertical axis: (a) schematic diagram of
melting powder by Gaussian laser beam, (b) narrow steam jet at strong ambient pressure, (c) intermediate steam jet under weak ambient
pressure, (d) wide steam plume under vacuum. (e~f) after vapor jet formation for a certain time period, the argon gas flow induced by
the steam jet is generated under strong ambient pressure and weak ambient pressure, respectively, (g) powder injection driven by a
freely expanding vapour plume in a vacuum. The red arrows and black arrows in the figure represent the effects of vapour pressure and
ambient pressure, respectively, and the length of the arrows indicates the relative pressure intensity. The powder movement trajectory is
indicated by a green arrow!
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Fig.12 Six types of pores created in the additive manufacturing process: (a) pore formation from feedstock powders,
(b) keyhole-induced pores, (c) pores trapped by surface fluctuations in the molten pool, (d) pore formation due to depression zone
fluctuations in the transition regime, (e) pore formation from cracks, (f) pore formation along the melting boundary™™
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Fig.13 LPBF manufacturing process near the laser turning point: (a~c) the laser decelerates after reaching the end of the orbit, moves
one scan spacing and starts a new orbit at an angle of 180°, (d~f) X-ray images of Ti-6Al-4V near the turning point®”
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Fig.15 Solidification kinetics of the molten pool for the 6016 aluminum alloy: (a) bubble-induced crack generation, (b) remelting at the
crack location produces bubbles™
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Fig.16 Kinetic behavior of crack propagation in CM247LC superalloys: (a) solidification cracks, (b) liquefaction cracks””

5t X UBR U R — M R, AT T REUE
BN R TS BT A B RS
SLUHY I BB IR 5 2 — P R E

4 HiLKRRE

AT 30 AF[] 34 b4 1 1 C 28 N B W0 i B0 Bl 3
U4 IV TS LR (A W I 7 A5 e (E 39 44
e A TR S A AL BT TR e BRI T3 b A
PRAE RS U B o IR | 32 T RAEHOR
A ATTR S A i s 2o R R ) BB R (T 545 B A AT
EpSS U A M BRI SRR R TR A B 5 1
M B Z R AR, BRI T AT Gl B B it A 45
ARBHLE PR R, B [R) XO 3 R AR 1
K& 2B AR LI R AT L BRATT A B A AR I 3
SRS AR AT IR AL, K L AR AE R 4B R Bk
B BAR o P S S | A Rl 5 A A R I 140 A

R S R T UL LA S AR R
TG A T A AR PR DL ek i S R K Lk
TEVEMN 8, AN T TR B 4R A XS 2 i R
FE A ] 38 2 B R Tt B0 1 25 AT R Bt B T L
B AIF 5T 0 R AR I [ PN A 5 BUIR 1 A R R
WF5E 5 1) v A LA 5 T 2R AT

(DY J 38 b4 ] s b RMA FR |, 58 385 MR T &
RS, H AT 38 A 1 A A R A R A R
B4 BAEEEEA S, N TR X $4
FAE A BHAE R Z R 6016 45 A 4 (AlSi10Mg,
Ti-6A1-4V .In718 % 316L, R TG &4 M5 . H
T3 A e A o A VA B [ R BT L H AT A RHA R
36 1T 1fe 4 S0 RBUR M v L 2 2045 1) S e 7 R )
R AGUIE R T [ R T R A RMA R, 85 A R
WS,

Q) B R AR 55 05 HAIARSS & . R RS X



(EEE R A )03/2024 F AN Z.eRAEMRKBBATRERERURERRGER

.245.

S BAR PT LA DA 50 285 40 2 o) i i R 9 L S Kl
1713 (7 FCR B Sy — b B0 = B, AT ATl > S5 56 I )
B A, AH R BB ) LS ) D AR 3R
THRBRBERTAL | PR B A i A SR R A T
HAR it — i AR R 38 T S0 it m]
DASE O T 25 B B4 A AR e R

)t — 258 AL R O X S R 7%, 2 BR
T X G BRI, FAT )[R 58 A X LR R
T2 P I SL U 1B 12 . IR I3l 1
AT X 22 SR MO A B0 FAR R XE , 1T 2808 # 2
W ZRITENN R ) 2B R, ko AT T2
T IRALEE K 22 PUIE 1y B G T T B D I i
IO ¢ 35 [A) A e S5 X AR I AR 7 2 &2
Yy R AT 5 R LU = 5B ™

SE k.

[1] SCHRODER J, EVANS A, MISHUROVA T, et al. Diffraction-based
residual stress characterization in laser additive manufacturing of
metals[J]. Metals, 2021, 11: 1830.

[2] SRR b = = AR, A5 X5 SR 1R R L AR O

WA 3 BRI SE TR [J/OL). o AT 0,43 J 4 41, 2023. http://kns.
cnki.net/kems/detail/43.1238.t2.20230923.0357.007 .html.
GONG L F, SHUAI S S, L1'Y L, et al. X-ray ultrafast imaging in
situ characterization of laser additive manufacturing processes: A
review[J/OL]. Transactions of Nonferrous Metals Society of China,
2023. http://kns.cnki.net/kcms/detail/43.1238.tg.20230923.0357.
007.html.

[3] GU DD, SHI XY, POPRAWE R, et al. Material-structure-perfor-
mance integrated laser-metal additive manufacturing[J]. Science,
2021, 372(6545): eabgl487 .

[4] WREEID B A, TR S SR S i Bes A ZUB AR
UY1Kt 77 2% M RR[T]. J1 272441k, 2021, 53(12): 3190-3205.
CEHN Z K, JIANG J X, WANG Y J, et al. Deffects, microstruc-
tures and mechanical properties of materials fabricated by metal
additive manufacturin[J]. Chinese Journal of Theoretical and Ap-
plied Mechanics, 2021, 53(12): 3190-3205.

[S] ZHAO C, FEZZAA K, CUNNINGHUM R W, et al. Real-time
monitoring of laser powder bed fusion process using high-speed
X-ray imaging and diffraction [J]. Scientific Reports, 2017, 7:
3602.

[6] RIEHL,IRAN, RN, A5 LR X LR R L = 2 R AE 4
Ja& GBI S B PPN P R[], JEH R , 2020, 42(7): 46-50.
WU Z K, ZHANG J, WU S C, et al. Application of in situ three-di
mensional synchrotron radiation X-ray tomography for defects
evaluation of metal additive manufactured components[J]. Nonde-
structive Testing, 2020, 42(7): 46-50.

[71 SANAEI N, FATEMI A. Defects in additive manufactured metals
and their effect on fatigue performance: A state-of-the-art review
[J]. Progress in Materials Science, 2021, 117: 100724.

[8] HORNAS J, BEHAL J, HOMOLA P, et al. A machine learning

based approach with an augmented dataset for fatigue life predic-
tion of additively manufactured Ti-6Al-4V samples[J]. Engineer-
ing Fracture Mechanics, 2023, 293: 109709.

[9] TRIDELLO A, CIAMPAGLIA A, BERTO F, et al. Assessment of
the critical defect in additive manufacturing components through
machine learning algorithms [J]. Applied Sciences, 2023, 13 (7):
4297.

[10] X, b USAL DT 45 4 JA VBT 3 A T et 1l 0 45 g R e s Dt
A7 S B W DU [J]. k273 4%, 2022, 67(25): 3036-3053.

ZHAO C, YANG Y Q, SHI B, et al. Operando monitoring mi-
crostructures and defects in laser fusion additive manufacturing of
metals[J]. Chinese Science Bulletin, 2022, 67(25): 3036-3053.

[11] KING W E, BARTH H, CASTILLO V, et al. Observation of key-
hole-mode laser melting in laser powder-bed fusion additive manu-
facturing[J]. Journal of Materials Processing Technology, 2014,
214(12): 2915-2925.

[12] R BAMERE A5k, 45 3 bF ] i A4 R B B 2 AE K 254 58

PEPE @ 7 i SE 53R [T]. HLA TR 2441 , 2021, 57(22): 3-34.
WU S C, HU Y N, YANG B, et al. Review on defect characteriza-
tion and structural integrity assessment method of additively man-
ufactured materials[J]. Journal of Mechanical Engineering, 2021,
57(22): 3-34.

[13] RAHMAN M A, SALEH T, JAHAN M P, et al. Review of intelli-
gence for additive and subtractive manufacturing: Current status
and future prospects[J]. Micromachines, 2023, 14(3): 508.

[14] STEF J A, POULON-QUINTIN A, REDJAIMIA A, et al. Mecha-
nism of porosity formation and influence on mechanical properties
in selective laser melting of Ti-6Al-4V parts[J]. Materials & De-
sign, 2018, 156: 480-493.

[15] AN N'Y, SHUAI S S, HU T, et al. Application of synchrotron
X-ray imaging and diffraction in additive manufacturing: A review
[J]. Acta Metallurgica Sinica (English Letters), 2022, 35: 25-48.

[16] DASS A, TIAN C X, PAGAN D C, et al. Dendritic deformation
modes in additive manufacturing revealed by operando X-ray
diffraction[J]. Communications Materials, 2023, 4: 76.

[17] KONIG H H, PETTERSSON N H, DURGA A, et al. Solidification
modes during additive manufacturing of steel revealed by
high-speed X-ray diffraction [J]. Acta Materialla, 2023, 246:
118713.

(18] sk, E AN, kA4S 28, JE TR B AR SR b T A5 56 50 B 14 42 g 14

A 3 K B P ) RELAIT 5 R R[], AT 42 MRS LA 2022,
51(7): 2698-2708.
ZHANG N, WANG M H, ZHANG S Y, et al. Review on key com-
mon technologies of metal additive manufacturing based on syn-
chrotron radiation and neutron diffraction analysis[J]. Rare Metal
Materials and Engineering, 2022, 51(7): 2698-2708.

[19] BEVL¥ AR 45 AR, 45 W't 38 A4 il it 2 AR e e R 7 it K 4t
0 15 FH E S [T]. A 42 JE 2022, 46(10): 1365-1382.

NIJ T, ZHOU Q J, YIF, et al. Development of laser additive man-
ufacturing technology and its application progress in aerospace
field[J]. Chinese Journal of Rare Metals, 2022, 46(10): 1365-1382.

[20] MARTIN A A, CALTA N P, KHAIRALLAH S A, et al. Dynamics

of pore formation during laser powder bed fusion additive manu-

facturing[J]. Nature Communications, 2019, 10: 1987.



<246+

FOUNDRY TECHNOLOGY

Vol.45 No.03
Mar. 2024

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

ZHAO C, GUO Q L, LI X X, et al. Bulk-explosion-induced metal
spattering during laser processing[J]. Physical Review X, 2019, 9:
021052.

LIUY, YANG Q Y, WANG D. A study on the residual stress dur-
ing selective laser melting (SLM) of metallic powder[J]. The Inter-
national Journal of Advanced Manufacturing Technology, 2016,
87: 647-656.

KEMPEN K, THIJS L, VRANCKEN B, et al. Producing crack-free,
high density M2 HSS parts by selective laser melting: Pre-heating
the baseplate[J]. Journal of Manufacturing Science and Engineer-
ing, 2014, 136(6): 061026.

LIR D, LIUJ H, SHI Y S, et al. Balling behavior of stainless steel
and nickel powder during selective laser melting process[J]. The
International Journal of Advanced Manufacturing Technology,
2012, 59: 1025-1035.

TANG Y B T, PANWISAWAS C, GHOUSSOUB J N, et al. Al-
loys-by-design: Application to new superalloys for additive manu-
facturing[J]. Acta Materialia, 2021, 202: 417-436.

WANG D, YE G Z, DU W H, et al. Influence of spatter particles
contamination on densification behavior and tensile properties of
CoCrW manufactured by selective laser melting[J]. Optics & Laser
Technology, 2020, 121: 105678.

CHAUVET E, KONTIS P, JAGLE E A, et al. Hot cracking mecha-
nism affecting a non-weldable Ni-based superalloy produced by
selective electron beam melting[J]. Acta Materialia, 2018, 142: 82-
94.

BASTOLA N, JAHAN M P, RANGASAMY N, et al. A review of
the residual stress generation in metal additive manufacturing:
Analysis of cause, measurement, effects, and prevention[J]. Micro-
machines, 2023, 14(7): 1480.

RN A IR, T AR A RO R AR A W R P S I A dk
B B L4 7 k0], T E 06,2022, 49(14): 261-277.

SONG C H, FUH X, YAN Z W, et al. Internal defects and control
methods of laser powder bed fusion forming[J]. Chinese Journal of
Lasers, 2022, 49(14): 261-277.

FU J, LI H, SONG X, et al. Multi-scale defects in powder-based
additively manufactured metals and alloys[J]. Journal of Materials
Science & Technology, 2022, 122: 165-199.

DEBROY T, WEI H L, ZUBACK J S, et al. Additive manufactur-
ing of metallic components-Process, structure and properties [J].
Progress in Materials Science, 2018, 92: 112-224.

QIU C L, PANWISAWAS, WARD M, et al. On the role of melt
flow into the surface structure and porosity development during se-
lective laser melting[J]. Acta Materialia, 2015, 96: 72-79.

GUO Q L, ZHAO C, QU M L, et al. In situ full-field mapping of
melt flow dynamics in laser metal additive manufacturing [J].
Additive Manufacturing, 2020, 31: 100939.

LIUJ W, HU P F, KOU S D. A CED study on intergranular liquid
feeding and cracking during solidification in welding[J]. Metallur-
gical and Materials Transactions A, 2023, 54: 4342-4355.

ZHOU Z P, HUANG L, SHANG Y J, et al. Causes analysis on
cracks in nickel-based single crystal superalloy fabricated by laser
powder deposition additive manufacturing[J]. Materials & Design,

2018, 160: 1238-1249.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

BRENNAN M C, KEIST J S, PALMER T A. Defects in metal ad-
ditive manufacturing processes[J]. Journal of Materials Engineer-
ing and Performance, 2021, 30: 4808-4818.

GRIMM T, WIORA G, WITT G. Characterization of typical sur-
face effects in additive manufacturing with confocal microscopy
[J]. Surface Topography: Metrology and Properties, 2015, 3 (1):
014001.

MORRIS WANG Y, VOISIN T, MCKEOWN J T, et al. Additively
manufactured hierarchical stainless steels with high strength and
ductility[J]. Nature Materials, 2018, 17: 63-71.

BATHILA V, LIU C, ZWEIACKER K, et al. Interface velocity de-
pendent solute trapping and phase selection during rapid solidifica-
tion of laser melted hypo-eutectic Al-11at.%Cu alloy[J]. Acta Ma-
terialia, 2020, 195: 341-357.

BIDARE P, BITHARAS I, WARD R M, et al. Fluid and particle
dynamics in laser powder bed fusion[J]. Acta Materialia, 2018, 142:
107-120.

WANG D, WU S B, FUF, et al. Mechanisms and characteristics of
spatter generation in SLM processing and its effect on the proper-
ties[J]. Materials & Design, 2017, 117: 121-130.

GOULD B, WOLFF S, PARAB N, et al. In situ analysis of laser
powder bed fusion using simultaneous high-speed infrared and
X-ray imaging[J]. JOM, 2021, 73: 201-211.

WANG L, ZHANG Y, CHIA H Y, et al. Mechanism of keyhole
pore formation in metal additive manufacturing[J]. npj Computa-
tional Materials, 2022, 8: 22.

GUO Q L, ZHAO C, ESCANO L I, et al. Transient dynamics of
powder spattering in laser powder bed fusion additive manufactur-
ing process revealed by in-situ high-speed high-energy x-ray imag-
ing[J]. Acta Materialia, 2018, 151: 169-180.

RENZO D A, CROCCO M C, MALETTA C, et al. X-ray comput-
ed p-tomography analysis to evaluate the crack growth in an addi-
tive manufactured Ti-6Al-4V alloy sample stressed with in-phase
axial and torsional loading [J]. International Journal of Fatigue,
2023, 175: 107727.

MOSTAFAEI A, ZHAO C, HE Y N, et al. Defects and anomalies
in powder bed fusion metal additive manufacturing [J]. Current
Opinion in Solid State and Materials Science, 2022, 26(2): 100974.

[47] WU B, JIXY, ZHOU J X, et al. In situ monitoring methods for se-

[48]

[49]

[50]

[51]

lective laser melting additive manufacturing process based on im-
ages-A review([J]. China Foundry, 2021, 18: 265-285.

QU M L, GUO Q L, ESCANO L I, et al. Controlling process
instability for defect lean metal additive manufacturing [J]. Na-
ture Communications, 2022, 13: 1079.

MA H, MAO Z Z, FENG W, et al. Online in situ monitoring of
melt pool characteristic based on a single high-speed camera in
laser powder bed fusion process[J]. Applied Thermal Engineering,
2022,211: 118515.

WU Z H, TANG G N, CLARK S J, et al. High frequency beam os-
cillation keyhole dynamics in laser melting revealed by in situ
X-ray imaging[J]. Communication Materials, 2023, 4: 5.

XS SC, R A AR A A [ D i S B v T A S R A 3 6
T AR 1 T[T, o O, 2022, 49(19): 1902002.

DENG H W, ZHANG Y, QUAN A D, et al. Application of syn-



(EEE R A )03/2024 F AN Z.eRAEMRKBBATRERERURERRGER

247

chrotron radiation and neutron diffraction technologies in addi-
tive manufacturing[J]. Chinese Journal of Lasers, 2022, 49(19):
1902002.

[52] SIMONDS B J, TANNER J, ARTUSIO-GLIMPSE A, et al. The
causal relationship between melt pool geometry and energy ab-
sorption measured in real time during laser-based manufacturing
[J]. Applied Materials Today, 2021, 23: 101049.

[53] ZHAO C, SHI B, CHEN S L, et al. Laser melting modes in metal
powder bed fusion additive manufacturing[J]. Reviews of Modern
Physics, 2022, 94: 045002.

[54] SCIME L, FISHER B, BEUTH J. Using coordinate transforms to
improve the utility of a fixed field of view high speed camera
for additive manufacturing applications[J]. Manufacturing Letters,
2018, 15: 104-106.

[55] QUM L, GUO Q L, ESCANO L I, et al. Controlling melt flow by
nanoparticles to eliminate surface wave induced surface fluctuation
[J]. Additive Manufacturing, 2022, 59: 103081.

[56] HUANG Y Z, FLEMING T G, CLARK S J, et al. Keyhole fluctua-
tion and pore formation mechanisms during laser powder bed fu-
sion additive manufacturing[J]. Nature Communications, 2022, 13:
1170.

[57] HUY N, WU S C, WITHERS P J, et al. The effect of manufactur-
ing defects on the fatigue life of selective laser melted Ti-6Al1-4V
structures[J]. Materials & Design, 2020, 192: 108708.

[58] WANGJ C, CUI'Y N, LIU C M, et al. Understanding internal de-
fects in Mo fabricated by wire arc additive manufacturing through
3D computed tomography [J]. Journal of Alloys and Compounds,
2020, 840: 155753.

[59] SANAEI N, FATEMI A, PHAN N. Defect characteristics and anal-
ysis of their variability in metal L-PBF additive manufacturing[J].
Materials & Design, 2019, 182: 108091.

[60] BAUMGAERTNER B, HUSSEIN J, HAUSOTTE T. Investigation
of the shape and detectability of pores with X-ray computed to-
mography[J]. Joural of Manufacturing and Materials Processing,
2023, 7(3): 103.

[61] BAUMGAERTNER B, ROTHFELDER R, GREINER S, et al.
Evaluation of additively-manufac tured internal geometrical fea-
tures using X-ray-computed tomography[J]. Joural of Manufactur-
ing and Materials Processing, 2023, 7(3): 95.

[62] GARCIA-MORENO F, NEU T R, KAMM P H, et al. X-ray tomog-
raphy and tomoscopy on metals: A review[J]. Advance Engineer-
ing Materials, 2023, 25(8): 2201355.

[63] ZIABARI A, VENKATAKRISHNAN S V, SNOW Z, et al. En-
abling rapid X-ray CT characterisation for additive manufacturing
using CAD models and deep learning-based reconstruction[J]. npj
Computational Materials, 2023, 9: 91.

[64] ZHOU X, WANG D Z, LIU X H, et al. 3D-imaging of selective
laser melting defects in a Co-Cr-Mo alloy by synchrotron radiation
micro-CT[J]. Acta Materialia, 2015, 98: 1-16.

[65] TAN P F, KIRAN R, ZHOU K. Effects of sub-atmospheric pres-
sure on keyhole dynamics and porosity in products fabricated by
selective laser melting[J]. Journal of Manufacturing Processes, 2021,
64: 816-827.

[66] JING G Y, WANG Z M. Defects, densification mechanism and me-

chanical properties of 300M steel deposited by high power selec-
tive laser melting[J]. Additive Manufacturing, 2021, 38: 101831.

[67] MOTIBANE L P, TSHABALALA L C, MATHE N R, et al. Effect
of powder bed preheating on distortion and mechanical properties
in high speed selective laser melting [J]. IOP Conference Series:
Materials Science and Engineering, 2019, 655: 012026.

[68] ESCANO L I, PARAB N D, XIONG L H, et al. Revealing parti-
cle-scale powder spreading dynamics in powder-bed-based addi-
tive manufacturing process by high-speed X-ray imaging[J]. Scien-
tific Reports, 2018, 8: 15079.

[69] ASHERLOO M, WU Z H, SABISCH J E C, et al. Variant selection
in laser powder bed fusion of non-spherical Ti-6Al-4V powder[J].
Journal of Materials Science & Technology, 2023, 147: 56-67.

[70] OKO O E, MBAKAAN C, BARKI E. Experimental investigation
of the effect of processing parameters on densification, microstruc-
ture and hardness of selective laser melted 7075 aluminium alloy
[J]. Materials Research Expres, 2020, 7(3): 036512.

[71] SHIPLEY H, MCDONNELL D, CULLETION M, et al. Optimisa-
tion of process parameters to address fundamental challenges dur-
ing selective laser melting of Ti-6Al-4V: A review[J]. International
Journal of Machine Tools and Manufacture, 2018, 128: 1-20.

[72] ABOULKHAIR N T, EVERITT N M, ASHCROFT I, et al. Reduc-
ing porosity in AlSil0Mg parts processed by selective laser melt-
ing[J]. Additive Manufacturing, 2014, 1-4: 77-86.

[73] ALMANGOUR B, YANG J M. Improving the surface quality and
mechanical properties by shot-peening of 17-4 stainless steel fabri-
cated by additive manufacturing [J]. Materials & Design, 2016,
110: 914-924.

[74] YADOLLAHI A, SHAMSAEI N. Additive manufacturing of
fatigue resistant materials: Challenges and opportunities[J]. Inter-
national Journal of Fatigue, 2017, 98: 14-31.

[75] CHENJ K, WU M W, CHENG T L, et al. Continuous compression
behaviors of selective laser melting Ti-6Al-4V alloy with cubocta-
hedron cellular structures [J]. Materials Science and Engineering:
C, 2019, 100: 781-788.

[76] BEIRAS, EAEH  HMERR 55, 4 8 A RO 1 A i 1 B be = A=

HLEE J 5 LR 22 [T]. P 0%, 2022, 49(14): 278-288.
YAO X J, WANG J W, YANG Y C, et al. Review on defect forma-
tion mechanism and controlling method of metallic components
during laser additive manufacturing process[J]. Chinese Journal of
Lasers, 2022, 49(14): 278-288.

[77] LEWANDOWSKI J J, SEIFI M. Metal additive manufacturing: A
review of mechanical properties[J]. Annual Review of Materials
Research, 2016, 46: 151-186.

[78] KATIKIREDDI S V, GREEN M J, TAYLOR A E, et al. Assessing
causal relationships using genetic proxies for exposures: An intro-
duction to Mendelian randomization[J]. Addiction, 2018, 113(4):
764-774.

[79] LIUJ Q, WEI B, CHANG H J, et al. Review of visual measurement
methods for metal vaporization processes in laser powder bed fu-
sion[J]. Micromachines, 2023, 14(7): 1351.

[80] PATEL S, VLASEA M. Melting modes in laser powder bed fusion
[J]. Materialia, 2020, 9: 100591.

[81] GUO Q L, ZHAO C, QU M L, et al. In situ characterization and



. 248

FOUNDRY TECHNOLOGY

Vol.45 No.03
Mar. 2024

quantification of melt pool variation under constant input energy
density in laser powder bed fusion additive manufacturing process
[J]. Additive Manufacturing, 2019, 28: 600-609.

[82] CUNNINGHAM R, ZHAO C, PARAB N, et al. Keyhole threshold
and morphology in laser melting revealed by ultrahigh-speed X-ray
imaging[J]. Science, 2019, 363(6429): 849-852.

[83] FABBRO R, CHOUF K. Keyhole modeling during laser welding
[J]. Journal of Appplied Phhysics, 2000, 87: 4075-4083.

[84] CLARK SJ, LEUNG C L A, CHEN'Y, et al. Capturing marangoni
flow via synchrotron imaging of selective laser melting[J]. IOP
Conference Series: Materials Science and Engineering, 2020, 861:
012010.

[85] LEUNG C L A, MARUSSI S, ATWOOD R C, et al. In situ X-ray
imaging of defect and molten pool dynamics in laser additive man-
ufacturing[J]. Nature Communictions, 2018, 9: 1355.

[86] HOJJATZADEH S M H, PARAB N D, YAN W, et al. Pore elimi-
nation mechanisms during 3D printing of metals[J]. Nature Com-
munications, 2019, 10: 3088.

[87] MARTIN A A, CALTA N P, HAMMONS ] A, et al. Ultrafast
dynamics of laser-metal interactions in additive manufacturing al-
loys captured by in situ X-ray imaging[J]. Materials Today Ad-
vances, 2019, 1: 100002.

[88] FE IR, MR nT A . 3% DXROLIE A b Ik A7 S i B 5 3k e [J].
K # ME TR ,2023, 15(6): 163-173.

YUAN M X, LIU X K, HUA M. Research progress of splashing
behavior in selective laser melting[J]. Journal of Netshape Foorm-
ing Engineering, 2023, 15(6): 163-173.

[89] YOUNG Z A, GUO Q L, PARAB N D, et al. Types of spatter and
their features and formation mechanisms in laser powder bed fu-
sion additive manufacturing process [J]. Additive Manufacturing,

2020, 36: 101438.

[90] CHEN Y H, CLARK S J, LEUNG C L A, et al. In-situ synchrotron
imaging of keyhole mode multi-layer laser powder bed fusion
additive manufacturing [J]. Applied Materials Today, 2020, 20:
100650.

[91] YOUNG Z A, CODAY M M, GUO Q L, et al. Uncertainties in-
duced by processing parameter variation in selective laser melting
of Ti6Al4V revealed by in-situ X-ray imaging[J]. Materials, 2022,
15(2): 530.

[92] HOJJATZADEH S M H, PARAB N D, GUO Q L, et al. Direct ob-
servation of pore formation mechanisms during LPBF additive
manufacturing process and high energy density laser welding[J].
International Journal of Machin Tools and Manufacture, 2020,
153: 103555.

[93] ZHAO C, PPARAB N D, LI X B, et al. Critical instability at mov-
ing keyhole tip generates porosity in laser melting[J]. Science, 2020,
370(6520): 1080-1086.

[94] FENG S, LIOTTI E, GRANT P S. X-ray imaging of alloy solidifi-
cation: Crystal formation, growth, instability and defects[J]. Mate-
rials, 2022, 15(4): 1319.

[95] MIYAGI M, KAWAHITO Y, WANG H Z, et al. X-ray phase con-
trast observation of solidification and hot crack propagation in
laser spot welding of aluminum alloy[J]. Optics Express, 2018, 26
(18): 22626-22636.

[96] KOURAYTEM N, CHIANG P J, JIANG R B et al. Solidification
crack propagation and morphology dependence on processing pa-
rameters in Al6061 from ultra-high-speed x-ray visualization [J].
Additive Manufacturing, 2021, 42: 101959.

[97] GHASEMI-TABASI H, DE FORMANOIR C, VAN PETEGEM S,
etal. Direct observation of crack formation mechanisms with operan-
do laser powder bed fusion X-ray imaging[J]. Additive Manufac-
turing, 2022, 51: 102619.



