Defects in powder bed fusion metal additive manufacturing
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Abstract

Metal additive manufacturings a disruptive technology that is revolutionizing the manufacturing
industry. Despiteits unrivaled capability for directlyfabricating metal parts with complex
geometries, the wide realization of the technology is currently limitedibgostructural defects,
which could significantly degrade the structural integrity and service performatiee mfoduct.
Accurate detectioncharacterization, and prediction of these defdwse an important and
immediate impact in manufacturing fullense and defeétee builds.This review seeks to
elucidate common defects and their formation mechanismgowder bed fusion additive
manufaeuring processeshey could arise from raw materials, processing conditions, and post
processing. While defects in laser welding have been studied extensively, their formation and
evolution remain unclear. Additionally, the existence of powd@oinder led fusiontechniques

may generate netypes of defects, e.g., porosity transferring from powddyuitds. Practical
strategies to mitigate defects are also addressed through fundamental understanding of their
formation. Such explorations enable the vdlmaand calibration of models aedseheprocess
gualification without costly triaknderrorexperimentation

Keywords: Additive manufacturing; Powdeelated defects; Processinglated defects; Post
processingelated defectd)efect mitigationProcessstructureproperty relationship



Table of Contents

1 Introduction and Background ...............coooiriiiiiiiiemee e 1
1.1 Metal Additive ManUfaCturing............couuuuiueeiiiireeeeiiii e 1
1.2 Classification of Powder Bed Fusion AM Techniques.............ccccoovvviceeeeen. 1

1.2.1 Laser Beam Powder Bed FUSIQN.............uuuiiiiiiieeceiiiiiins e e e 2
1.2.2 Electron Beam Powder Bed FUSION............oiiiiiiiiiiiciiin e 5
| TV L= (T o 1Y (o o [ USSR 8
I 8 A 0o To 11 Tox 1o T 1 1 o o = PP 9
1.3.2 Keyhole MOGE.......coouiiiiieieii et eeeeaae 10
1.4 Classification Of DefECTS......ccooiiiiiiiiiieiieeeeeen e 11
1.4.1 General Microstructural DefecCtS...........uuuuiiiiiiiiiceceiiiiire e 11
1.4.2 Other DefeClS.....uuii it eeee e 17

2 Defect Characterization Methods..............coiiiiiiiiiiiiiccciiic e 19

2.1 EX-SItU MONITOMING.....coiiiiiiiiiiieeee e ieeee et eeeee e e e e e e e e e e e e e e e e 20
2.1.1 OPLICAl MICIOSCOPY. .. utuuririiiiiiiiiiiiieeeeeeeteeeeee e e e e e e e e e e e e e s s s s s smmme e e e e e e e e e e e aaans 20
2.1.2 EIlECtroN MICIOSCOPY.....citiuiuiieeiieiiii e e ceeer s e e e e e e et eeens e e e e eara s 21
2.1.3 Synchrotron Xray Imaging and Scattering............ccccccceveerieeemeeeeeneeeenn. 23

2.2 IN-SitUProcess MONITOIING ........uuuiiiiiiiiiiiiiieieeesiiirbebeee e e e e e e e e e e s eeereeeeeeeeaeens 27
2.2.1 Visible-light High-speed Imaging.............ccoveeiiiiiiiiciii e 28
2.2.2 IR and neaiR High-speed Imaging............oooiiiiimiiiimmmnsiieeeee 28
2.2.3 High-speed Xray Imaging and Diffraction...............ccccceveiiiieemnienniennenn. 29
2.2.4 OtherTeCMIQUES.........uviii e ereer e 33

3 Powder-Related DefectsS........coooei i 38
3.1 Powder Production and CharacteriStCS . .......uieiieiieeeeieeeeiieieee e 38
3.2 Common Metals and DefeCtS.......cccoveeieeiiiiiiiieeee e 43

3.2.1 TIANIUM AllOYS ...t 44
3.2.2 Nickel-Based Superalloys.........cccccveeiiiiiiiicaciiiieeeeeee e AT
3.2.3 AIUMINUM AllOYS.....uuiiiiiiiiiiiiiiiie e mmme e 49
3.2.4 1ron-Based AllOYS......cooeeiiii et 51

3.3 Surface Contamination and OXidation..............oevvveiiiiemeie oo eeiieeeeeeeeiiiiiine 54

3.4 GaS POre TranSIeI......uuuieeiiiiie e eree s e e e e e e e e e eeerannee 56

4 ProcessRelated DefeCtS..........oooeviiiiiiiiieeee e 59
4.1 Powder Spreading Dynamics and Anomalies...........ccccoeiiiiieecveinninninnnnn 59
4.2 Balling OF BEABUP........ccevveriiiiiiiii e ettt e e e e e e e e s enenna s s e e e e e e e e e e eeeeeeees 62



9

4.3 LaCK Of FUSION. ..ottt ettt e e e e e e e e e e e e e mnnas 66
4.4 KeYNOoIe POIOSITY....cooiiiiiee ettt 68
4.5 Turnaround and ERAf-Track POrOSItY..........uuueeiiiiiiiiiiiieeeiiieiiieiieeee e 75
4.6 Spattering and DenuUAAtioN.............ooiiiiiiiiiiiimmn e 77
4.7 Residual Stresses, Cracking, and Delamination...........cccccccoeveeemineenninnenn. 82
4.8 Surface Finish and ROUGNNESS...........oooiiiiiiiimenn e 389
4.9 Metallurgical Factors for Defect generatian.............cooeeeeiiiieeceiiienie e, 95
PostProcessingRelated DefectS..........uuuuuuiiiiiiiiiiceeeiiiee e 102
Mitigation Of DEfECES........uuuueiiiiii e 105

6.1 Powder Porosity and Gas Pore Transfer..........cooooieciieeen e 105
6.2 Balling and BEAEUP.........cceiiiiiiiiiiii et 106
(TG T - od Qo ) 13 o] o 107
6.4 KeYNOIE POIOSITY....cuuiiiiiiiiiiiiiiii e 108
6.5 Turnaround and ERdf-Track POroSItY............uuuuiiiiiiiiiieeeciiciiee e 111
6.6  Spattering and DenUAatioN...........coouiviiee e cceeicccre e 111
6.7 Residual Stresses, Cracking, and Delamination.............cccoooovvccceeeeeeennn. 114
6.8 Surface Finish and ROUGNNESS............ouuiiiiiiiiii e 122
6.9 Metallurgical FACIOIS.........coovviiiiieiiiiieeme e 123
Prediction of Defect CONteNL............oooiiiiiiiiiieeee e 124

7.1 Lack of FUSION POIOSItY......ccouiiiiiiiiiiii e 124
7.2 KEYNOIE POIOSIY. . .uuuueiiiiieiee et 125
7.3 Residual Stress, Distortion, and Cracking..............cccovviviccceeeeeeieiieeee 127
7.4 Other DEfECES....cciiiiiiiiiiee e 130
Properties of Defective Parts..........ccooeviiiiiiiiiieemeccs e eeeme e 133

8.1 Mechanical BENAVIQL..........coooiiiiiiiiiieeei e 133
S 00 O R =T S | RSP 134
B.1.2 FaAliQUE...uuueiie et 141
8.2 Corrosion and Oxidation RESISIANCE............uuiiiiiiii e 150
Current Challenges, Gaps, and Future Trends.........cccooeeeeeeeeeeeevieeeeeeennn. 164



1 Introduction and Background

1.1 Metal Additive Manufacturing

Metal additive manufacturing (AM, also known as Binting) is a family of technologies
consisting of three main production processes, i.e., powder bed, powder feed, and wire feed. These
processes differ in their manner of spreading or layering the material as well as the way to fuse or
bond the feedstociCompared to conventional manufacturing, metal AM possesses many superior
capacities, including sh@meddesignto-marketcycle, lowerenergyconsumption, and the ability
to consolidatecomponentinto unitary parts witltomplex geometrieS.hereis alsothe capability
to fabricatenon-standard microstructures, with the potential to tailor local prop¢tt2k

In fusionbased AM (e.g., laser powder bed fusion), a heat source (e.g., a laser) is used to fuse
the material, and the fundamental knowledge behind the process is about melting and
solidification. In comparison, welding metallurgging highenergydensity beamsuch asases
hasbeen extensively studied for decades. Smtitive idea igo learn fromthis existing body of
knowledgeandapply itwhenunderstanding the formation and evolution of the microstructures
and defects inmetal AM. Regardless of their similarities, it is noted that seraklable alloys
(e.g.,AA6061) are not easy to process by fuslmsed AM processes because of crackiog
solidification phenomena experienced during AM procesg@m; thereforetechnical solutions
such as highemperature preheatirsgeneeded5].

There is a remarkablgrowth in adopting of metal AM technologiesn different industry
sectors to manufacture higjuality, defectfree partsRecently, Snovet al [6] and Sanaegt al
[7] published review articles on the formation and influence of defectmechanical properties.
Moreover several reearch groups have fo@don defect detection in larggcale AM processes
[8,9], in-situ monitoring[10,11], computational modelindL2,13], and machine leammg [14,15]
Significant pogress in metal powder bed fusion AM requires the linking of multiple variables
(e.g., process settings, starting materials, and post treatments) to resultant properties (e.g., physical,
mechanical, and corrosion properties). But so far, the pratesdire-property relationships and
appropriate post r e at ment fAr eci pes o0 asaxtensiely ehhracterdedlasav e n
for conventional materials. Issues includimgcra, micro-, and nanescale defects, repeatability,
inspection, and certificatioare crucial impediments to the wide implementatiorAbf metal
parts.

The goal of this review is to perform a detailed summarthetharacterizations of metal
powder bed fusion AM defects and mitigation techniques to limit their occurrences. The metals
here include nicke| titanium, aluminum, and ironbased alloys. Sequentially, we describe
powder bed fusion AM processes, characterization tooisitu and exsitu), powderrelated,
procesgelated, and pogirocesgelated defects, mitigation techn&g) possible prediction
criteria, and mechanical and corrosion proper@es. aim forthis reviewwas to identifythe gaps
in the published literature and the research nekdsgbyimproving our understanding afnetals
AM processes and guity the operdon of AM machines.

1.2 Classification of Powder Bed Fusion AM Techniques

Powder bed fusion (PBF) techniques currently offer the best reproducibility and dimensional
accuracy within metal AM production and, therefore, have beenrresgrched in both industry



and academia. In general, PBF techniques utilize the followingtstégisricate a part: (1) a layer

of metal powder of specified thickness is spread onto the build plate of the machine; (2) the desired
area within the layer of powder is selectively melted together using a laser or electron beam heat
source; (3) the builglate moves down, and a new layer of powder is spread onto the build plate;
(4) this process is repeated |layrlayer until the part is completed. PBF processes have been
used in various industries for numerous applications such as medical (custontizgzbaic
components and implants from koaterials of titanium, stainless steedsnd cobakchrome

alloys), aerospace and defense (fuel nuzatackets, turbine blades, engine components, and
structural member), and energy (heat exchangers and tunoiks)a[16].

As specified in the ISO/ASTM52900 standafti7], PBF is defined as an additive
manufacturing process in which thermal energyedelely fuses regions of a powder bed.
Processes that fall under this category include electron beam melting (EBM), selective laser
melting/sintering (SLM/SLS), which are described more recently as direct metal laser melting
(DMLM) or direct metal laseristering (DMLS). ASTM has defined the following terminologies
for AM technologies:

1 For direct laser depositioy Laser beam directed energy depositiorDED);

1 For selective laser melting, laser powder bed fusionAetcaserbeam powder bed fusion
(L-PBF);

1 For electron beam technologies such as powder feed or powdéy lEe®ED and E-
PBF, respectively.

1.2.1 Laser Beam Powder Bed Fusion

L-PBF(a.k.a. selective laser melting) uses a laser as the primary tool to manufacture a part in
a layerby-layer fashion. Itis capable of producing parts in a range of metal alloys, including
aluminum, titanium, iron, and nickélased superalloys. There are different manufactoethis
type of metal AM such as EOS, GE Additive, DMG Mori, TrumpF, Renishaw, SLM Solutions,
Sisma Group, Realizer, Phenix, Matsuura, and sd&pn

A stepby-step process methodology IofPBFAM is summarized ifFigurel. Once the full
part has been printed, the build plate and the excess powder are removed from the build chamber.
The excess powder is collected and recycled. As the printed part is fusedhbwilthelate,
mechanical removal is required. Before removal, the parts are left on the build plate and given a
stressrelief heat treatment to minimize residual stresses, eliminate warping, and maintain

dimensional accuracy.
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Figure 1. Gereral build methodology for an L-PBF machine. Rectangular grey drawings represent a bedf
powder during the L-PBF process.

TheL-PBFtechnique fills niches in industries where either rapid prototyping cvibdume
production is needed. The inket additive nature of the process allows printing complex lattice
structures Figure 2a) [19] and parts with intricate internal geometries like the GE fuel nozzle
(Figure2b) [20]. Moreover, it allowdor partconsolidation andhe geometricabptimization for
lighter weight such as the seat brack&igiyre2c) [21].
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Figure 2. Examples of AM geometries. (a) Complex lattice structures. Reprinted with permission from Ref.
[19]. (b) Fuel nozzle printed by GE. Reprinted with permission from Ref[20]. (c) Lightweight seat bracket
produced by GM. Reprinted with permission from Ref.[21].

L-PBFof metal parts hasrgdy developed in recent years. Besides the increasing number of
commercially available machines,gsificant effort has gone into research to improve the
technigue. One of the major challenges, especially in applications where fatigue is a concern, is
the defects that form inside a build. Understanding the building process and defect formation is
the key to building highquality parts.

There are mangtudies o the effect of process parametersmicrostructureporosity leve)
and defect formatianinfluential process parameters are (1) lasémted parameters (e.dpser
power, spot size, pulse duration, and pulse frequency), (2)yslzdad parameters (e.gcan speed
or velocity, scan spacing or hatdtan rotationand scan pattern), (3) powder related parameters
(e.g, powder morphology, particle size andtdlzution, layer thicknesgjosing,and materials
properties), and (4nacroscopi@parameters (e.gpowder bed temperature and its uniformggs
flow, gas type, spreader bar tyg22]. Computational modelinpas beerapplied to the_-PBF
process to predict laspowder interaction, mejool geometryand potential defect formation
based on the input processing paramdiE8s The formation of dfects inL-PBF has several
causesHigh speed xay visualizatior]10,23]has shown that, gufficiently high laser powethe
vapor cavitieskarfkeyhole® thatform above a characteristic threshold in powensity[24] are
very likely to be unstable and gener&i&yhole porosity[23i 25]. At a constant laser power,
increasing the scanning speddngates the keyhole and makes it shallolmegeneral, there is an
optimal combination of power, velocity, hatch spacing and layer diptiprinting [26], i.e., a
process windowNevathelesstransfer of porosity from the powder to the bulah occuria
capillary forceq27]. At high power and speed, bead or humpind28] leadsto instabilities in
meltpool shape that can also cause porosityally, increasing thecan speed at constant power
results in the laclof-fusion (LOF) case wherensufficient melt pool overlap results in unfused
regions in the form of porosigndbr inclusion ofunmeltedparticles[29]. The potential defects
are showne.g.,Figure7) as regions in the laser powsranning speeijrocessing windwd o r



region where full density can be expecfElde point is that efect morphologies in PBF metal AM
follow predictable trends within poweelocity-hatchlayer (P-V-H-L) processing parameter
spacg?28,30] In addition to theé®-V-H-L processing combination, scan stratégigure 3) plays
anessentiatole in defect formation in PBF processes. Scan strategy influences heat transfer, melt
formation from powderand solidification rate, affectinghe type of defects, locatignand
distribution as well as grain morpholog§81i 37]. Thus, it is crucial to optimize process
parametersheat source powgrlnd scan speednd strategyfor minimizing processnduced
porosity.
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Figure 3. (A) Different scan strategies used in the {PBF process. (a) unidirectional or concurrent fill, (b) bt
directional, snaking, or countercurrent fill, (c) island scanning, (d) spot melting, (€) spot melting contours with
snaking fill, and (f) line melting contours with snaking fill. Reprinted with permission from Ref. [32]. (B)
Schematics illustrating scan patterns of (a) 3° alternating, (b) 90° alternating, (c) 67° alternating, (d)
chessboard scanning, and chessboard scanning with adjacent chessboard block scanned in (e) 45° and (f) 90°
rotated direction. Reprinted with permission from Ref.[38]. (C) Examples of fractal scan strategies of (a)
Hilbert and (b) Gosper. Reprinted with permission from Ref.[39].

During the laser powder bed fusion processl following powder spreadingvhich is
governed bynanypowder characteristigSection3.1), a lasser selectively scans the surface of the
powder layer to melt and fuse the metal powder following the STL input file in the respective
layer. Thecomplexlasermatterinteraction leadto manyphenomenahat couldresult indefects
in the final par{40]. Commondefectsincludeballing/beadup, lack of fusionkeyhole porosity
the ejetion of spattes of molten metal or powder particles, denudation of the surrounding
substrate, or microstructural defedtsimerousstudies focused on the experimental approach to
visualize and analyze such anomalies. However, an impaspacthat playys a major role in
their formation is the lasanatter interaction.

This is defined as the interaction of the laser with the powder particles, molten pool, and
vapors[41]. On asubmillimeter scale, a soon as the laser hits the surface of the powder, a
complex interaction between the [ aser and the
absorbed by the powders and the rest of it is reflected within the powder layer. The incident laser
undergoesmanyreflections before it transitions intbe melt pool which in turn absorbs energy
by Fresnel absorptiof#2]. The number of reflections of the laser beam is dependelutcah
material properties, particle size, and packing denliitg.also important to note that under the



common occurrence of a keyhole, the laser light may be reflected from the wall cdvitye
several times, e.¢43,44]

A main parameter of interest to the community during asevderinteraction is absorptivity
this is investigated either experimentally or using mathematical models. Bettali. [45]
performedn-situexperimental measurement of the absorption of gas atomized and water atomized
powders coupled with a COMSOLadel to predict the cooling rates in the melt pool. Tratpgl.
[46] used direct calorimetrto measure the effective absorptivity odntinuouswave 1070 nm
laser light for bare and metal powesryated discs of 316L stainless steel as well as for aluminum
alloy 1100 and tungsten. The effective absorptivity was shown to increase markedly with
increasng incident laser power from 30 uplo540 W for scanning speeds of 100, 500, and 1500
mm/s. The change in surface morphology that was observed in thesgegh images was
correlated with a change in the effective absorptivity from 30 W until the on#ie¢ édrmation
of a recoil pressurenduced surface depression, i.e., keyhdlbe possibility of multiple
reflections and absorption steps inside a keyhole is the primary reason for enhanced absorptivity
at high power densitiefgl7]. Beyond the keyhole mode the value of tkffective absorptivity
showed a plateau for discs and powdeated disks. For a powder layer of 100 um thick, the
effective absorptivity was two times that of a polished plate. Toloehkab. [48] experimentally
assessed the absorptance of a number of powders of interest to sintering, including metals and
oxi des, under two diffemeand | h@Ge6 avamavebetaghaéad
lasers, namely N0YAG and CQ respectively. The absorptivity of metal powders was shown to
decrease with increasing wavelen#tf,49 52]; whereas it was shown to increase with increasing
wavelength for oxidef53]. Fischeret al.[54] presentd a mathematical model that compahes
absorptivity of bulk solid and powder of pure Titanium metaltHa first step, the energy is
absorbed in a narrow layer of individual particles determined by the bulk properties of the material,
leading to a highemperature of particle surfaces durtheg interaction. After thermalization of
the energy, heat flows mainly towards the center of the particles until a local steady state of the
temperature within the powder is obtained. Finally, suerounding powder properties are
responsible for further thermal development.

The investigation of lasgyowder interaction has been the topion@nyexperimental studies
using highspeed optical imaginfp5], x-ray imaging[23i 25,43,56] and Schlieren imagingh7]
aiming at the investigation of defects. Howevdue tothe complexity of the lasenatter
interaction, experimental investigatiohave historicallydriven numericalanalyses. However,
recent advances mumerical models allowhe elucidation othe lasermatter interactionthiswill
bediscussed in detail throughout the subsequent se¢gang44,58 63]).

1.2.2 Electron BeanPowder Bed Fusion

E-PBF uses an electron beam as the heat source to selecintdymeltthe powder. The
process is capable of fabricating néaty dense metallic parts that have mechanical properties
comparable to conventionally manufactured parts, e.g., cagtinigrming. ThusE-PBF parts
can serve as lodoearing structures in many @jations. The operation of commercializEd
PBF systems is optimized to minimize defeqtsst as in EPBF. However, those systems offer
less freedom for process maodification and lack direct control over, e.g., power and scan speed.
Many locally-built E-PBF systemd64i 66] have been reported in the literature as being used for
research purposes to study fundamentals, e.g., transientadhsféects and interactions between
the electron beam and powder.



An E-PBFsystem hathree majocomponent$ electrondelivery, powder spreadingystem
andbuild chamber. As suggested by the name, the major difference beiwrRBRandL-PBFis
with the heat sourcdhe E-PBF process useasnelectron gun as the heat source whilocated
directly above the powder bed shown(iigure 5. Electrors are generatethrough heating a
filament, which can be a tungsten filameptifters such a$12, A2, A2X) or lanthanum
hexaboride LaB(printers such adrcam Q10, Q20) cathode. The electrons are then accelerated
by the applied voltagdocused andteeredy a series of electromagnetic lenses. Compared with
laser optics, the etérometric lenses in aB-PBF process can move the electron beam free of
inertia. As a result, the peak scanning speed of an electron beam cari@ea¢h which is
significantly faster than the speed of a laser whidimiged by the scan optics to aden/s[67].

Using an electron beam as the heat source also introduces a unique prhaidemn as
i s mo k of which the outcome is similar to the powder spatterintpéi-PBF process but in
a much more chaotic manner. As the electrons decelematentact withthe powder bed, their
kinetic energyis convered into thermal energy whicls what is neededo sinter/melt the
feedstock however, some of the energy can go iejecing particles fromthe powder be¢66].
Forthe same energy level, electsdrave amuch larger momentucompared to photorsbecause
of the finite mass of the electron. Additionall{hanks to imperfect electrical conduction in the
powder bed, electrons can accumulate which resiutt repulsion betweemegatively charged
powder particles andonsequent additionglowder ejection during the scanning prodé&s68]
Sigl et al [66] have shown that the repulsive force between two adjacent powder particles is on
the order of 16N while the weight of a powder particle is on the omfel0° N assuming that an
electron beam irradiates a specific region with 100 W power fotClesrly, i s madn ben g 0
highly detrimental to the quality of each powder layenjchin turn introduces processing defects
into the asbuilt parts and potentialligads tahe termination of the build. Therefore, a conductive
and fully grounded powder bedassentiato avoidchargeaccumulationyhichalso explains why
only metal feedsttk can be used ithe E-PBF process.

Many aspects of the build chamber are desigr
high preheaing and the vacuum environment. To maintain them, the build chamber needs to be
airtight andthermaly well insdated The vacuum oE-PBFsystems normally pumps down to 10
4. 10° mbar to minimize collisiogbetween air molecuseand electrog it is also important for
reducing the reaction between oxygen and the powder feedstock at hilgpapf@6,69] To
further mit ireggentystems appiwikc onngtor, o | |, mehning a \@cuummwith
a small partial pressuref heliumduring fabrication. Better electrical conductivity and thermal
conductivity associatewith the introduction of helium helps tminimize electrostatic charge
accumulabn in the powder bed and assist the cooling prof&3s

Preheating is ddgned to reduce thermal gradienduring fabrication and is another
count er measur e [74,§2h Tha weheating step lesia defpousecklectron beam
with low powerdensity to sweepverthe powder bedndmaintain thesurface temperaturéhe
elevated temperatuggromotessinteing of the particleswhich raises electrical conduaty to
avoid chargeaccumulationand provides mechanical strength rtake particle ejecton less
common[73]. However presinteringalso lead todifficulty with de-powdering especiallyfor
complexpart geometes with internal passage3ypically the pre-heat temperature varies from
300°C [74] for pure copper to 110TC [75] for intermetalliccompound®r nickel alloys.

The E-PBF process usually has two melting modes after thehpeging steps as shown in
Figure4. Hatching is the melting mode that fills the bulk area and tieebeam to scan back and
forth along parallel scanning paths, separated by thedgimeed hatch spacing distance;



afterward, contouringoutlinesthe edge of each croesection and improves the surface finish.
Some common parameters that can be chaimgédie max beam current, focus offset (spot size)
and hatch spacing distance, etc.

(a) Heating (b) Melting: Hatching (c) Melting: Quasi-multi-beam

<>
Building area Hatching area within part Contour of the hatching area

Figure 4. Actual images and schematics of the three melting modes tine E-PBF process Reprinted with
permission from Ref.[67].

Another critical module inhe E-PBF machine is the powdepreadingsystem of which the
essential goal is tdeliverpowder from the reservoir onto the build pleta@ uniform lger before
the meltingstep In ArcamE-PBF systems, two hoppers and a rale coordinatetb complete
the aforementioned task. The stand&afBBF particle size ranges 45 106 um, which is coarser
than the feedstock usedlirPBF[76]. The coarser powder reduces smokiegause of the larger
particlemassmeaningthatmore kinetic energy is required to ejactly given particleMoreover,
usingfiner powdes is not necessary since theocess resolution, i.e., melt pool sizegénerally
coarser inthe E-PBF process. Certainly, using coarser powder is more-effistent because
standard atomization technologies produce a wider range of particle size than can be used in AM
Sigl et al [66] suggested that water atomized powder is preferabjms atomized powder for
stabilizing the process as the irregular morphology increases the surface contact between powder
particles resuihg in better grounding of the powder bed.

Similarly, asupport structure is requiréor overhangjustas intheL-PBFprocess but serves
different purposes. Unlikdhe latter proceséttle residual stress is likely to be storfed thehigh
pre-heat usedin E-PBFE There is alwayshowever the possibility ofheat accumulation in
overhangs surroured by unmeltedpowder with lower thermal conductivityocal oveheaing
leads toexcessivemelt pool size andleviations from the intendebuild conditions (and
dimensions)Support struatresin E-PBFserveto provide solid channels for heat extraction from
the overhangs.

Being able to fabricate nearly defdate parts is important for safetyitical applications
since the embedded defects can bes sitestressconcentrabn which in tun can initiate, e.qg.,
fatigue cracksBesideshot crackingthat limits the weldability and printability of manglloys,
porosity is the mosh needof optimization Porosity can be simply categorized into raw material



porosity and processing porosity bdson the origin of porosity formation. Studies have shown
that the amount of entrapped gas in powder strongly correlates with the concentration of the final
in-part porosityunder constanprocessing parametefg7]. The morphology of gas porosity is
spherical; yet, they can expand and result in much bigger pore size in the final parts than the
original size in powder particles. Similar to other AM processes;d&flision porositycanexist

in E-PBFparts.As discissed elsewhere, this occurs whenever inadequate melt pool overlap results
in regions that were never meltédhmelted/partially melted powder caftenbe observed within
lack-of-fusion pores whiclypically have elongated shades,79]

Despite the higipower levels available iB-PBF, key-hole porosity is not a type of processing
defect that is commonly observeddfPBF. The primary reason is that the beam power and speed
are automatically controlled by the softwaoealvoid excessive energy input based on the given
max beam current and speed function in@&. Francid81] showed that keyholmeltingcan be
generated irthe singletrack experiment where beam power and velocity and focus offset are
explicitly specified. Intheelectron beam and lasbased AM process, conduction mode and key
holing mode are the two standard melting modes. The power density on the surface of the molten
metd surface determines which melting mode takes place where the threshold is of order 1
MW/cm?[24]. Finally, for postprocessing, hot isostatic pressing (HIP) has repeatedly been shown
to eliminate closed porosity iB-PBF parts[77]; however, subsequent heat treatment of HIPed
parts at high temperature increases the diffusivity of inert and insoluble gas (e.g., Argon from the
powder atomization) in the bulk and leads to the regrowth of the gas pores.

1.3 Melting Modes

Powderbased additive nmufacturing (AM) utilizes a moving energy source (eklectron
beam or laser) to selectively melt the metal powder in a-laydsyer manner to build desired 3
Dimensional (3D) structures, as detailedhe previoussection As the source of energy st
across the metal, two different modes can be distinguished depending on the resultant molten pool
shape. First is the conduction mode which occurs when a relatively low laser power intensity is
used, and aemicircularmelt pool is created. Second iset keyhole mode which occurs when a
relatively high laser power intensity is usetlich creates a deep and slender vapor depression
cavity, i.e. the keyhole, in theeth pool, as discussed abavehe keyhole mode has been found in
laserbased AM tocause defect generation in AM paviken the deptto-width ratio becomes
too large[82,83] Hence, the understanding and control of keyhole dynamicslation tothe
processing parameters is importéot optimizing the proces$o obtaindefectfree AM metal
parts. The printing modes defined in this section are legacy terms from the welding community
that cluster melt pool behavior into two separategoriesHowever, hese terms help simplify
and generalize communication of weld morphology as wedloasefundamental aspects of the
weld.

The difference betwedhe twoprinting modes is substantial. A comparison between the laser
energy absorption ¢f an assumed Gaussian laser distribution) in both conduction and keyhole
modes are shown irFigure5. Notice the difference between the absorption d&mgn the upper
powder layer in conduction mode, whereas the laser energy absorption in the latter case is from
both the top layer of powder and the keyhdldditionally, defocugin L-PBF) [84i 86] or focus
offset (inE-PBF) [87] can affect printing modand porosity formation
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1.3.1 Conducton Mode

Conduction mode is typically associated witleltnpools where thevapor cavity and its
associated effects are negligible. Conduction mode generally producesreeitar melt pools or
melt pools with small aspect ratjass illustrated irFigure5. The energy density in the substrate
is low enouglthatthe substrate temperature does not increase above vaporization hence a vapor
cavity does not form. The assumption of conductiaty heat transfer mode was used by Bag
al. [90] who successfully modeled spot welds using an adaptive volumetric source. In their study,
the melt pools all showed the characteristic, approximately-sieouilar shape associated with
conduction mode welding. In a different approach, Re$s. [91] described conduction mode
welding asbeingwhere melt pool motioor an extended (d®cused heat sourceoes not disturb
the thermal distribution.

As laser powder bed fusion additive manufacturing gained interest, it was clear that the
printing process is analogous to misrelding processes and these terms have been adopted in
the AM community. Similar to traditional welding, conduction mode inrlassvder bed fusion
is used to refer to regular, senircular melt pools. It has been shown that, much like welding,

PBF melt pools possess a transition from conduction mode to keyhole [@®@3] Figure5
illustrates the penetration caused by vaporization, which is discussed in more detail in the
following section, as well as the increasedneltinginto the previously melted layers. Many of

the physics that dictate this transition carry over between the two processes. Throughout this work,
when the term conduction mode is used it will be referring to melt pools that possess a negligible
vapor cavityand small aspect ratio on the order of 0.5 (depth/width).

Ideally, onduction modeshouldresult in fully-dense printed partsrovided that there is
sufficient melt pool overlap to avoid LOF poros[84]. With increasingpower anddecreasing
scan speeds, the transition of melt pools from conduction to keyhole mode was obssitted
[24] and postsolidification[89,95] Thekeyhole mode has been of interest in the AM community
mainly because of the tendency for unstable vapor cavities to generate keyhole porosity which



may deteriorate properties such as fatigue strength and corrosion resistance. The keyhole mode is
discussedn more detail as follows.

1.3.2 KeyholeMode

As thelaser power intensity increasabove about 1 MW/cfkeyhole mode is achieved, as
illustratedin Figure5 and described nextaserlight impinging on the surface of thenaterial
raisesthe temperaturdeading to melting. As the temperature increases fughdrthe boiling
point is reachedormationof metallic vapogeneratea recoil pressure. The recoil pressure pushes
downthe molten metal resulting in the formation of a long and slender gas cavity known as the
keyhole.After enteing the keyholethe laser lighexperiences multiple reflaonsfrom both the
front and rear keyhole walls beforastabsorbed (or partially reflected authe observation and
characterization of the keyhole phenomehavebeen achieved through both experiments and
simulations that we review in thfellowing paragraphsAs indicatedin Figure5, the already
solidified part will experience more thermal cycles ofrelting and cooling duringhe PBF
process compared with conduction m¢@ig].

Experimantally, observations of keyhdevere initially limited to optical imaging looking
downonto the top of the keyho[87,98] because of the opacity of the substratgng highspeed
imaging the opening of the keyhqgland in some casgsomeportion of the keyhole wallwas
studied howeverandthe underlying keyhole dynamiaserededuced. In a different approach, a
side view of the keyhole phenonmrwasobtainedus i ng t he f s a9doljwhered met h
a thin metaplateis clamped between two thin glass plates. A laser sdangthe length of the
metal plate and the keyhole is observed from a side view at the interface of the metal and the
transparent glass plate. However, the use of a confining glass plate may create wall effects and
affect the keyhole behavior. More recently, advangedy imaging technique provided
unprecedented spatial and temporal resolutions for the imaging of keyhole dyf28n&is43]
The use of xay imaging allowed thén-situ observation and characterization of the keyhole
formation to reveal detailed features of the keyhole shape and its flangj25]. X-ray imaging
has also been combined with higbeed imaging to study the effects of shielding gfke2],
processing parametef$03], melt pool dynamic$104], and laser absorptidd05] on keyhole
dynamics and porosity formation. Details such as the keyhole dynamics, the resulting gas pore
formation/suppressiofi06,107] and other defects will be further discedsnSection4.

Complex physical phenomena affect the keyhole formation and dynamics. Thmédsar
interaction, multiphasehermaofluid flow, and phase change thermodynamics are challenging to
measure experimentally. Therefore, the analysis and understanding of keyhole formation and
dynamics leading to defect generation mechanisms require the use epmmyslts numerical
modeling of the keyhole phenomena to complement experimental obserjddjns

Numerical modeling efforts of the keyhole phenomena were first limited to simplified systems
and isolated studies, e.gnultiple absorptios andreflections of the laser by the keyhole
[108,109] and the front keyhole wall evoluti¢h10,111] Recent modeling efforts have primarily
focused on the development of miptiysics models to simulate lasaduced keybles with
higher fidelity. The keyhole dynamics are dependent on the multiple reflections of the laser beam,
which can banodeled using ray-tracing mode[108,109,112115]. At this level of detailthe
prediced keyhole morphology and laser absorption distribuaagmees well with experimental
observationsRecently, theay-tracing model was coupled with therffioid models and surface
tracking[59,116 122]. Surface tracking is usually achieved using either Volofr€eluid (VOF)
[116,119,122,123pr LevelSet (LS)[108,117,118,124inethods. By combining the mufthase
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and multiphysics numerical modeling, it has been shown that laser reflections are démenden
the keyhole morphology which in turn is coupled with the -ooiform laser absorption
distribution leading to fluctuation of the lasaduced keyhole<learly, numerical modelingyill

be increasingly important foprediction of defects during the Wele phenomemn, further
discussed irsection?.

1.4 Classification of Defects

1.4.1 GeneraMicrostructuralDefects

In general, defects can be created or transferred to the finished part in three specific ways,
mainly through: (1) transfer from the feedstock powalexpowder related defectSé¢ction3), (2)
the lasepowdermetal interaction during melting also known as processtgjed defects
(Sectiond), and (3) posprocessingelated defects due to heat treatmegtx{ion5) [77,80,12%
130] (Figure 6). Moreover equipment, build preparation and part design alsoaffect defect
formation in the AM partsCommonly observed types of defects in metal additive manufacturing
includevarious types oporosity such as laetf-fusion, keyhole, ballingandtrapped gas. Other
defect types includsurface roughness, residual stress, and distortion (warping) due to the rapid
solidification of metal AM processes. In order to limit defect genaratithin metal AM, the
mechanisms of defect formation and transfer must be considered and controlled through
appropriate selection of material, process, and-pastessing settings. The following sections
provide more information on the sources of defeictarticular the specific characteristics of
multiple different starting materiatatlead to defect formation.

Classification and Sources of Defects

+ Powder characteristics
Powder-related defects * Surface contamination and oxidation
Trapped Gas

Powder spreading dynamics and anomalies

+ Balling or bead-up

+ Lack of Fusion Porosity
Keyhole Porosity

+  Microstructural Inhomogeneities and Impurities
Formation of Columnar Grains
Loss of Alloying Elements
Spattering

+ Turnarounds and End of Track Porosity
Residual Stresses, Cracking and Delamination
Geometric Defects and Dimensional Accuracy
Surface Finish and Roughness

Processing-related defects

Post-processing-related defects + Thermally mduced porosity

Figure 6. Defect formation mechanisms in powder bed fusion additive manufacturing fall into three broad
categories (1) powder-related defects, (2processingrelated defects, and (3post-processingrelated defects.

Powderrelated defectsTypically, powder characteristics such as morphology, flowability,
mean size and particle size distribution, surfm@amination affedhe quality and performance
of the final product. In thRusionbased AM processes, powder characteristics are directly affected
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by the powder production technique sumhwater and gas atomization, plasma atomization,
plasma rotatingelectrode proces®tc. Higher apparent density, higher packing density, better
powder flowability and smooth surface finish are attained using spherical powders, however, cost
of powder production is high for spherical powder production. When(firtepm) powders are

used in PBF, powder agglomeration may occur, thus, negatively affecting the powder packing
density, powder flowabilityand final part densityT hetypical particlesize range used in-PBF

is 1545 um while coarse powder particle of-450 um is used ikE-PBF. Layer thickness during
printing depends on the powtemean size and distribution. Feedstock powder may contain
moisture, organic contamination on surfzaed/or trapped gasses, therefardasa detrimental

effect on the final part quality. Further information about the induced defects from powder particles
is presented isection3.

Processingrelated defectsThey are typically the most common means of porosity transfer
[126,127] where defects such as keyhole ab@F porosity can be generally observed
[128,129,131133]. These defects are mostly related to the interaction between heat source (laser
or electron beam) and powder. Numerous studies investigated the effects of processing parameters
such as power, scan speed, layer thickness, hatch spacing, and scan strategy on the formation of
different defects mainly pores and voids. In more detail abledf-fusion porosity boundary can
be determined by whether there is sufficient overlap between melt pools to ensure that all points
are melted at least onf®4]. In contrast, the keyhole porosity boundary corresponds to instabilities
in deep keyholes leading to pinoff of pores24]. A t hi rd boundar yup(dk nown
boundary) is determined by a combination of fluid flow patterns and capillary instability of the
melt pool ands a limiting factor for increasing production rates while maintaining precision (e.g.,
increasing velocity and power simultaneously) HPBF AM systemg134,135] Overall LOF,
keyhole, and beadp porosity boundaries define an effective process window for the production
of parts with nominally full density. Full density can be quantified as samples possessing > 99.9
% volumetric density, althotgit should be noted that large defects are still possible within the
processing windowHigure?7).

Other defects such as cracking, distortion, anmbselevated edges are affected by thermal
history during printing and printing patterns which can be controlled by selecting a proper scan
strategy and part desif@b,136 138]. Mukherjeeet al.[139] showed that the thermal strain could
be controlled by low heat input (low laser power, high scan speed, and small layer thickness).
Further, it was concluded that alloys with lower heat capacity and higher thermal diffusivity are
susceptile to higher peak temperature, larger pool volume, and higher thermal strain. Among
three common alloys of nickel superalloy 718;6Rl-4V, and stainless steel 316, the thermal
strain is relatively higher for alloy 718 and-@AI-4V than stainless ste8l6.

Another source of defect known as spatters is caused by ejected particles from the powder bed
or liquid metal from the melt pool (Secti@gn6) [25,43,140144]. There are two main possible
reasons for the solid/liquid metal ejections in PBF systems including (1) a convective transport of
liquid or vaporized metal out of the melt pool, also known as droplet spatters, and (2) solid powder
particles blown away as a result of the impact of metallic vapor, also known as powder or sideway
spatters. Also, electrostatic repulsion of powder particlag atcur in EPBF systems causing
solid powder particle ejection.

When the spatter powder forms and falls onto the bed of powder, two different types of issues
appear. Typically, the spattered powder is coarse, therefore, if the laser/electron beanvpasses
the spattered powder, it may prevent complete melting leading to pore formation. Further, if the
spattered particle is displaced by the recoating blade, an uneven and irregular powder bed is
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produced which causes a discontinuity in the dispensediaiaté€ectiord.1). Generally, laser
power profile and pulse shaping can reduce spatter particle®BFL In EPBF, the interactions
between elecvbns and powder particles transmit both energy and electrical charge. In this situation,
powder ejection is probable when repulsive electrostatic forces overwhelm the forces holding
particles to the powder bét5]. Finally, plasma formation due to ionization of the metallic vapor
and surrounding gas has been reporte 4% 149]. Plume formation can occur due to vapor
formation and increased temperature of the surrounding gjasga@ch shows chemical
composition, temperature, and pressure difference from the surrounding atmosphere4&gction
This phenomenon may alteretioptical properties of the laser/electron beam path, affecting beam
profile and energy density at the focal point on the powder bed surface. In other words, the
formation of plasma or metal vapor plume can vary the power absorptivity along with melt pool
depth and fluctuating melt pool shape during printing.
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Figure 7. Defect morphologies in LPBF metal AM follow predictable trends within the powervelocity (P-V)
processing parameter space. Common defects can be avoided by proper selection of process variables.
Synchrotron x-ray micro-computed tomography (USXCT) reconsuctions show that by altering process
settings, LOF and keyhole defect morphologies may be avoided. The LOF boundary is determined by whether
there is sufficient overlap between melt pools to ensure that all points are melted at least once (Secati@h The
keyhole porosity boundary corresponds to instabilities in deep keyholes leading to pindiff of pores (Section
4.4). The beadingup boundary is determined by a combination of fluid flow patterns and capillary instability

of the melt pool (Section4.2). Note: standard (recommended) nominal process settings may also result in
keyhole or LOF porosities; therefore, proper selection of processing parameters is vital to avoid laggowder
interaction defects in asbuilt metal AM parts. Reprinted with permission from Ref. [18].

Postprocessing Related DefectBecause of the propensity for defects in AM parts, a hot
isostatic press (HIP) treatment is frequently applied to reduce the number and severity of internal
defects. HIPing involves the application of high pressure and temperature in an inert environment,
which acts to shrink the size of internal defects through the reduction of surface energy and
unbalanced internal and external pres$i&®]. The process needs to occur at a sufficiently high
temperature and pressure to allow the material to deform and collapse the pores, and if the gas is
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soluble, allow it to diffuse out of the porddany sudies have shown the effectiveness of HIPing
to reduce porosity in AM componen{&51] and the subsequent improvement on elongation and
fatigue life[7,152,153] However, the extended timeagtigh temperature can cause considerable
microstructural coarsening, resulting educed strength and unfavorable microstructures.

The problem arises when pores containing inert gas such as argon are HIPed and then
subsequently exposedadigh temperature. Argon pores have been observed to regrow following
high-temperature heat treaénts after HIPing in a process knowntleermaly-induced porosity
(TIP) and be significant enough to often cause degradation in mechanical prd@ett2s153]

This process is the result of heating the now pressurized pore from the HIP process to temperatures
that allow the surrounding material to deform via creep. The question is not whether or not this
will occur with AM metals, but whether or not AM defects contain sufficient inert gas to regrow

to appreciable sizes at temperatures relevant to heat treatments. Tthidateas not been
investigated for processing flaws in AM such as keyholes or lafiks@in, but in the case af

PBF, both could feasibly contain inert gas from the atmosphere, as shielding gas was detected in
keyhole pores laser welding, and lack of fusion poraséy open to the atmosphere before being
closed off by subsequent layePostprocessing related defects are discussed in deta#éation

5.

In terms of defect generation in AM parts, there might be other resources such as equipment,
powder handling and dispensing, and build preparation which could also contaligéect
generation. In the following, each of thésrelaborated.

Equipment Defects may form due to improper performance of the used AM machines due to
setting and calibration problems. Additionally, different PBF machines have their own
spedfications in terms of print resolution, laser power, scan speed, powder layer thickmedst po
dispensing method, laser spot sigie. Amongst these differences, there are four main concerns
related to the possible sources for defect formation associated with the equipment such as (1)
defects caused by the electron/laser beam scanning octabefleystem, (2) defected caused by
the build chamber that requires better environmental control, (3) defects caused by the powder
handling and dispensing system, (4) defects caused by bag&p@te

Typically, porosity (keyhole and LOF) and geometric defects (distortion and low dimensional
accuracy) can be related to the electron/laser beam scanning or deflection[$$8feiMoylan
et al.[154] reported the role of the optical system alignmentdity, mirrors quality, and the beam
profile in the PBF AM process. Fostelrat [155] showed that an incorrectly calibrated system
can lead to a geometrical inaccuracy. Additionally, the shape of the beam (laseron simatce)
can be affected by exposure location causing an elliptical distortion close to the baseplate because
of high scanner deflection angles. Based on the location of the build part, this issue may result in
LOF defects or poor geometric accuracies.

It is probable that any contamination from the gaseous byproducts and reflected energy from
the bed of powder impacts the local beam spatial energy distribution, causing poor geometrical
accuracy. Samest al. [32] suggested that the chamber environment can cause defective part
production. Typically, an inert gas is flown over the build surfacenduhe L-PBF process and
the gas flow rate and its pathway affect the powder bed, leading to the formation of defects
(porosity, spattered powder, poor dimensional accuracy, surface roughness) during the printing
step[156]. Dai and GuU157] showed that the chemical composition of the used gas affected
keyhole depth, surface roughness, and porosity of the final AM part and Ar atmosphere could
reduce metagvaporation resulting in a uniform recoil pressure forced on the free surface and the
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formation of fine and flat melt pool surfacEigure 8). Anwar andPham investigated spattered
powder during the {PBF procesg§142]. They showed that increasing the gas flow velocity
resulted in increasing the powder bed contamination due to powdsparaby the inert gas flow

and a higher chance for spatter particle formation and ejection from the melt pool. Another
important concern related to the print environment is the oxygen content which is loweBir E

compared to tPBF. High oxygen contemh the chamber promotes balling or bagainitiation
[158].
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Figure 8. (A) Influence of the used protective gas on the vaporization metal velocity fiileand morphology of
the top surface, (B) SEM micrographs showing the surface morphology of the-BBF samples depending on
which protective gas is used, (C) Relative bulk density of the 3frinted parts depending on the protective gas,

(D) melt pool depthvariation as a function of time during keyhole mode LPBF. Reprinted with permission
from Ref. [157].

Powder handling and dispensingrheseare other sources for defect formation in PBF
processes. Kleszczynsét al. [159], Fosteret al. [155] and Scimeet al. [160] showed that the
recoating system may affect powdedhensity and smoothness of the spread layer, causing an
inhomogeneous powder bed formation. In addition, if there is any spattered powder on the
solidified areatheblade may hit the surface and defaitm printed part. In other words, defects
from spatered powder can cauaeanomaly in the new spread layer of powder duthédinear
motion of the recoating system over the build area. Furtherith@eaneven layer of powder has
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a detrimental effect on powder packing density and the -fas&der interation leading to
inconsistent processing conditeand potentially porosity formation. It is possible to replace the
blade with a brusbr rubber recoaterto reduce wear and friction betwete dispensing system
andthebed of powder. It also prevertdlisions withthe partbeing printedvhen the dispensing
system goes over the build arelmwever, brush omubberre-coatersare more easilgamaged and
typically need to be replacdckquently[161].

During fusion AM processes, printing occurs on a baseplate, thus, thickness affects heat
dissipation. Defects shcas warping, deformation, layer delaminati@md crackg are all
affected by the baseplate (as well as print strategy and laser power or energy [d&aitfeng
[163] showed that heat dissipation and thermal stresses caused by solidification are both influenced
by baseplate thickness. DuriggPBF, preheating of powder bed is part of the AM process, while
L-PBF does not have this option. Preheating can lower thermal gradient, residual astoess
deformation and enhance final part dengi§4i 168].

Build preparation Some defects are caused during the build design step for additive
manufacturing including (1) part/build orientation with respect to the build plate and the printing
direction and (2) support structure design and sacrificial components.

Build direction afects microstructure (texture and grain orientation) as well as potential
porosity formation in the AM paiftt69]. Additionally, dimensional accuracy and surface finish
are two other criteria affected by build directigbiy0]. The anisotropic behaviors such as
mechanical and corrosion resistance can be strongly edfduy build direction[171 175].
Jamshidinia and KovaceVjit76] showed that the spacing between parts on the build plate affects
heat accumulation leading to different surface quality. When parts are close to each other, heat
distribution and dissipation are governed by the spacing betmadénsuch that partial melting of
the powder particles increases and they adhere together on the solidified surfaces, leading to
increased surface roughness.

Selection and design of support structures are crucial steps of the build design, affecting final
part quality and performance. After printing, the support structure needs to be removed to finish
the AM part. For complex parts, support structures are required due to (1) avoiding the collapse of
AM parts with overhang structures, (2) controlling thdrgradient and heat sink from the AM
part to the build plate, and (3) reducing warping and distortion caused by residual stresses
[155,163,177180]. Figure9 illustrates examps of support structures and defects.

Detailed explanations for the processhetpted defects are presented in Sectloand
possible mitigation techniques are proposed in Section 6.
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Figure 9. (A) Reconstruction process for a practical component showing how the support structure idaded to
the AM part, (B) various support structure designs for double cantilever beam, (C) example of AM parts with
different support structure indicating no crack was formed at the interface between the support structure and
the build plate. Small crackswere observed in the teeth support design but it had no warping effect on the AM
part. Reprinted with permission from Ref. [177]. (D) Overhang failure in PBF AM part. Reprinted with
permission from Ref.[163]. (E) Examples indicating crack formation was dependent on the sample's height, in
which all higher specimens from 8.2 mm and above cracked at the corners of their interfaces and shorter
specimens from 8.1 mm did not crack at their ends. Reprinted with permissin from Ref. [181].
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1.4.2 OtherDefects

In this review, we focus on the general msatractural defects in powder bed fusion AM that
are commonon the macroscale and microscale. Usually, these defects tend to degrade the
properties of the builds. When stepping to the downstream of length scale, there is a smaller body
of research on defects in the atomic/naoale. Here, we summarize the key hssteported in
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the recent literature papers in PBFed metallic parts to facilitate further exploration and discovery
on this topic.

At nanoscale, defects can be classified by dimensiags:zdro-dimensional defects
(vacancies); if) one-dimensional defectgdislocations); €) two-dimensional defects (grain
boundaries); andf threedimensional defects (voids).

Vacancies are empty lattice sites, which tend to accumulate during the cyclic heating/cooling
process in additive manufacturing. Mechanical, thelexdric, and electrochemical properties in
additive manufactured alloys can all be subject to the influences of vacancies. IrAhedre
aluminide alloy systerfiL82], the vacancy concentration was found to have a positive correlation
with fracture strength and hardness, while negatively afigeiongationandductility. Mirzade
and Islamo\183] used phaséield modeling tosuggesthatvacang migrationalso influencethe
stress field in the grains and vice versa. On the other hand, vacancies play an important role in
thermoelectric materials (e.g., semiconductors) made by P@MFBF processing of theBi2Tes
alloy system[184], thermally induced high concentration tellurium vacancies act as electron
donors and the predominant active point defeghich can shift the originaHype material to fn
type. Similar behavior was observed ir6AI-4V [185] where oxygen vacancies form aype
semiconductor in the oxide layer, increasing its affinity toward aggressive ions and thus weakening
the corrosion resistance.

High dislocation densities are a normal feature Hyak PBF partd186], primarily due to
cyclic thermal expansion/shrinkage in a constrained medi8%]. Although identified as a
crystallographic defect, dislocations are beneficial to AM parts in tleiog aspects:

(1) Dislocations help maintain the part integrity in two forms: (a) During dendritic growth, the
cell boundaries have higher dislocation density to accommodate the mismatch between
each dendrite brancfi88]. (b) Geometrically necessary dislocations (GND) form to
accommodate the deformation gradients that come frorhaprogeneous deformation
among different phases/grains/peldsand the smalbut nornegligble plastic strain that
accompanies thermal shrinkgd89 193]

(2) Dislocations contribute greatly to the mechanical progerof parts. Dislocation can
actively interact with other defects in the material, such as particles, twin/grain boundaries,
and even segregated elemdtl,194,195] Such interactions create a progressive work
hardening rachanism. Dislocation networks in stainless steels, especially 316 L stainless
steel, were recently identified and deemed as a critical contributor to the excellent strength
and ductility of asbuilt 316 L stainless ste§191,196,197] The dislocation network can
not only strengthen the material by hindering (not fully stopping) the dislocation movement
but also improve the ductility by guaranteeing a continuous plastic flow by allowing
dislocatiors from transmittingandtherein braking the strengtkductility tradeoff.

Grain boundaries appear to be densely populated and highly anisotrophwilit 8F parts,
thanks to grain refinement and epitaxial grain growth. As a result, grain boundaries play an
important role indetermining the mechanical properti@®8i 201], electrochemical properties
[202,203] and even magnetic propert[@®4,205]in the parts. Weak grain boundaries containing
low melting phases at partially melted zone were found to initiate icquettacking, as elucidated
in Section 5.7. The cracking behavior under tensile loading is also subject to the relative direction
of the loads and the direction of columnar grain boundaries, which has also been documented in
Section 5.7. Besides, the fatgcrack path deflection is strongly influenced by the grain boundary
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structure Depending on the orientation angle between neighboring grainsahigé grain
boundaries can blodkansgranular cracks if no available slip systems are oridoteshsy sp
transfer[206,207] The corrosion behavior of PBF parts has been reviewed in Section 9.2, while
the opinions on the effect of grain boundaries on corrosion resistance are qgrgeioimong
different researatrs On one hand, grain boundaries can be the preferred sitesrfosion due

to the irregular arrangement of atoms and the-umaform distribution of elements breaks the
passive film[203]. On the other hand, improved corrosion resistance has been found to closely
relate to grain refinement, because of the formatioa dssive filmin the presence of high
densityof grain boundarief202]. Such divergence in observations may lb@tso contradictory

Recen researclj208] suggests that the corrosion resistégeain boundary density relationship
depends on the actual corrosion rate: when the corrosion rate A/di®?, high grain boundary
density will lead to high corrosion resistance; when the corrosionirat® ¢ A/cm?, the grain
boundary density will have a negative influence on corrosion resistance. Therefore, further studies
should consider such an effert a cas-by-casebasis Even within the same material system, the
process differs in the degree of chemical segregation, stress concentration, texture development,
etc. In the end, grain boundaries also influence the physical properties of PBF materials, such as
magnetic propemrs In-situ or post infiltration with PBF manufaced magnetss practicedio
enhance the coercivity by modifying the grain boundaj2€gl,205] For examplg204], the
enrichment of Tb (introduced by infiltration) at the surface off¥dB hindered the nucleation

of reversed domains, thus leading to increased coercivity in PBF NdFeB magnets

A void can be viewed ag nanoscale cluster of lattice vacancieise equilibrium vacancy
concentration increases wimperatur¢209] and can be partiallgreservedy rapid cooling. A
smalldensityof smallvoids (<1 vol.% < 1 un) doesnot usually posarisk for material failure
[210] under tensile or cyclic loading. However, it should be noted that a pair/group of voids can
work together as a fracture nucleation spot due to the increased stress and temperature by local
significant plastic slip between the voifisl1l]. In addition, voids may influence the material
behavior at elevated temperatures (but less than recrystallization temperature) during their
interaction with other nanoscale features (vacancies, dislocations, impurity elementz0@kc.)

Large voids, however, are well known act as fatigue crack initiation sites, as discussed
elsewhere.

2 DefectCharacterization Methods

Defect measurement is typically puesuusing bulk methods such as Archimedean density,
ultrasonic inspectignor crosssectioning to compare pore volume to total bulk volJai5].
While these methods are generally fast and inexpensive, they only offedl@isipproximation
on the defect structures seen in metal AM and are not able to generate information such as the
threedimensional (3D) spatial distribution and morpholofgefectd77,80,127] For the desired
outcome of fractional density greater than%9the frequency with which a cressction
intersects a pore is low enough that large areas must be characterizechteealtaable statistics.
Alternatively, more timeconsuming techniques such as laboratory scale and synchbaisek-
ray computed tomography (XCT) have proven very useful in analyzing defect structures in
welding [131,132] laser welding133], and recently in metal ANiB0,125,127,212,213KXCT
provides 3D information on internal defects by the reconstruction of a series of radiographs taken
as the sample rotates over 180°@0%3125,214 216]. Each scan typically requires several hours
of data acquisitionComparatively synchrotrorbased XCT methods enable fast data recording
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and colletion timesof a few minutesimproved spatial contrast and resolution to uXCT methods,
and submicron voxel resolution. However, important challenges currently exist within the
research community to make synchrottilased XCT commonly accessible and to tlee high
demands for beam tinj217].

Other recently developedray imaging techniques allow the-situ observation of the laser
material interaction at high speeds (>Mb¥) and visualization of defect formation mechanisms
inreattime usingt he s o c¢ al |dgndmicg-iayradographgn ¢ efc H28i25448]e s
Cuttingedgein-situ x-ray technologies have been used generate important insights into defect
formation for powder and keyholing porosif23,25,77] and have the potential for greatly
enhanced understamgj of melt pool dynamics, powder ejection, rapid solidification, and phase
transformations within metal powder bed AM builds with unprecedented spatial and temporal
resolutions[25]. In addition to imagingthe x-ray diffraction technique probes the atomistic
information of the AM materials, such as residual stress, crystal structures of the precipitates or
other secondary phases, and dislocation density, whildl-amgle x-ray scattering(SAXS)
techniques probe the morphological information of-subron precipitates. A more detailed
description of the use ofray imaging and scattering applied to metal additive manufacturing is
provided in the following sectiorin particular, inprocess monitoring image data can assist
researchers to develop computer vision algorithms to automatically detect and classify defects
using machine learnini®3,25,43,130,21825]. This area of research and development on PBF
AM machines will also be prestad briefly in this section and a few examples will be detailed in
other sections.

2.1 Ex-situ Monitoring

2.1.1 Optical Microscopy

Optical microscopy is a widely available characterization technique that is used to observe the
powder feedstock, microstructure, surface profiles, and defects in AM sai@lesesolution
optical microscopy is commonly used to obtain the particle sigilditions of the powder
feedstock before printing. For characterizing AM parts, the sample surfaces are typically polished
using a series of fine grit sandpapers and other grinding solutions such as diamond slurry. To
visualize the microstructure, thensples are normally etched using an appropriate etchant to show
the microstructural details. Typically, a berop compound microscope in conjunction with a
digital camera is used to record the images.

Optical microscopy has been used to visualize the-pwall shapes and sizes (for example
[226,227), defect morphology (mainly voids and crad@28i 230]), and grain structure of the
printed parts (for exampld226]). Figure 10 shows an example of optical micsoopy
characterization oFeCrCoMnNihigh-entropy alloy samples built usingDED with different
laser powers. The pores, mievoids, and cracks can be readily revealed by optical imaging. The
main advantage of optical microscopy is esgccess; it also suffers from less distortion than
electron microscopy because of, e.g., variable accumulation of charge. Both microscopes are
limited to the surface information for one location in the sample. Although reasonably high spatial
resolution (~um) at a given location, acquisition of 3D infoioratrequires lengthy serial
sectioning[231]. To overcome the single surface limitation, some researchers have also used
confocal optical mioscopy to characterize the surface deff3&]. Optical microscopy is also
limited to postmortem analysis and is a destructive technique. Optical microscopy provides
guantitative assessmeswf defects and grain structure provided that the micron resolution limit is
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appropriate and more advanced techniques such as XCT must be used to obtain 3D defect
information.
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Figure 10. Optical micrographs of crosssectiors perpendicular to the build direction of FeCrCoMnNi high -
entropy alloy samples built using LDED process under different laser power(a) 600W, (b) 800W, (c) 1000W.
The scan speed dahe three sampless all 800 mm/min. Reprinted with permission from Ref.[233].

2.1.2 ElectronMicroscopy

Scanning electron microscopy (SEM) and TEM (including scanning TEM or STEM) are
among the most waly adopted techniques for characterizing the microstructures of AM materials.
Compared withoptical techniques, SEM and TEM are available to essentially all researchers.
Many otherwidely adoptedechniques cannot rival the spatial resolution of electri@noscopies,
particularly TEM that can achieve atomic resolution. Beyond structure defects, AM materials
exhibit drastically different microstructures than the same materials processed using casting or
forging. Some of those unique structure attributedarorable which help improve the properties
of AM materials, while others are detrimental. Waatgal comprehensively characterized the
microstructures ob-PBF 316L stainless steel samples and elucidated how the unique features of
AM materials affect their mechanical properti£81]. The capabilities of electron microscopy for
mul tiscale multimodal structure characteri zat
as well as many other cases present in this contribution. The secondary electron and Electron
Backscater Diffraction (EBSD) images commonly collected in a SEM maps crystallographic
orientation from which grain morphology and orientation can be derived. The cellular structure
and complex dislocation network in AM materials are well visualized by TEM biigjat and
darkfield imaging. The chemical composition of different structural features can be measured
using energy or wavelength disperskveay spectroscopies (EDS or WDS) provided by a SEM or
TEM. In addition, the phase of the precipitates can betiftked using selected area diffraction
(SAD) [234], and the elemental species and bonding state of a feature can be revealed by the
electron energy lasspectroscog235]. Both are commons tools afforded by a TEM.

Because of the vacuum environment, limited chamber space, and special sample requirement,
electron microscopy is used more frequentlyd®isitu microstructure characterization tham
situ. It worth noting here the dynamic transmission electron microscopy (DTEM) technique is
capable of studying laser melting and rapid solidification behavior of metals under conditions
relevant to AM. The temporal resolution of DTEM é¢®mparable to whathe highspeed
synchrotronx-ray imaging [23,25,43]affords (i.e., MHz frame rate, ns exposure time), yet its
spatial resolution is far higher, approaching standard TE6]. Figure 11 shows the DTEM
study of the laser melting and rapid solidification of hygudectic Atllat.%Cu alloy[237]
DTEM allows the gquantitative measurement of solidification interface velocity with nanoscale
spatiotemporal resolution. Coupled with the followergsitu TEM characterization of different
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microstructure zones, particularly the secondary phase and itdbuwtien, the unique non
equilibrium solute partitioning behavior could be understood.
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Figure 11. (a) In-situ DTEM movie mode bright-field image series showing the solidification of Allat.%Cu
alloy. Numbers in the images are the time delays (ins) between the peak of the Gaussian laser pulse that
melted the film and the 56ns electron pulse used to form thémage. (b) Ex-situ TEM characterization of the
solidified sample. The top row of HAADF STEM images showing the morphology of the solidification
microstructure in the distinct zones of theheataffected zone (label 1), the transition region/zone (label 2), the
columnar growth zone (label 3), and the banded morphology zone (label 4). Enlarged detadf the
microstructures in these zones, as well as the SAD patterns of main and secondary phases, are shown below
Reprinted with permission from Ref.[237].

An emerging electron rmafoscopy technique that is worth noting here is the TriBeam
tomography, i.e. a dudleam SEM system equipped with an additional femtosecond laser for
precisely and rapidly removing material with minimal damg$8]. The TriBeam system was
developed by FEl andlrof. Tr e s a P o | | thedJkiv@rsity of Eaiforniea $anta Barbara,
and have been used by the team for collecting 3D dtlggtaphic, chemical, and structural
information from AM samplef239,240] Polonskyet al. found that sharp discontinuities in the
grain morphology extended several build layers beyond the layer where thad-fasion defect
originated. As shown iRigurel2, equiaxed grains present right above the-lafefusion porosity,
and the columnar grain growth resumed within the next two build 1§9888. The 3D EBSD
characterization by the TriBeam system is-geifiently destructive, so it cannot be usedirer
situ experiments as, for example, with the HEDM technique.

22



< .8 v
500 um
001 101 ——————————

Figure 12. 3D EBSD data of an alloy 718ample fabricated using electron beam melting additive manufacturing
technique. (a) Columnar grains surround the lackof-fusion defects. (b) Equiaxed grains with nof001]
orientations fill the area immediately above lackof-fusion defects. (ee) 2D slicesfrom the full 3D volume
perpendicular to the build direction (c¢c) wiReéphnted , (d)
with permission from Ref.[239].

2.1.3 SynchrotronX-ray Imaging andscattering

Synchrotron xray imaging and scattering are among the most versatile and effective
techniques for characterizing materials microstructures as well as their evolution in response to
different external stimuli. Compared with electrons and neutrorrsyxphotons strike a good
balance between the interaction volume and resolutions, which makes them practical for studying
bulk materials under real conditions. A variety of synchrotrenayxtechnigies are used for
studying AM materials to understand their unique microstructures and defects, including, but not
limited to, highresolution diffraction241] and pole figure$226] for measuring residual stress
and texture, computed tomogragdRy] for characterizing porosity in three dimensions (3lue
microscopy[242] and highenergy diffaction microscopy243] for grain morphology and strain.

Owing to the large thermal gradient, rapid cooling rate, and complex part geometry in laser or
e-beam AM,substantial residual stress can develop during the build process, which may lead to
part distortion, cracking, or even delaminatiorray diffraction (XRD), particularly higlenergy
synchrotron XRD, is one of the most frequently used techniques for rmgasesidual stress in
AM materials. In order to measure all six stress tensor components, the sample is typically
mounted on a fouaxis diffractometer to gain freedom of translational and rotational motions. As
shown inFigurel3, Pharet al. mapped out the residual stress in an alligy 625 bridge structure
built by L-PBF [244]. The spatial resolution in this particular measurement is fb®@nd the
strain sensitivity is 18. XRD and neutron diffraction haaesimilar resolution in the reciprocal
space (i.e., lattice displacement), whereasxray technique affords higher resolution in real
space, but has less penetration power thaneutron.
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Figure 13. Residual strain maps of the a$huilt AM alloy 625 bridge structure (sample photo is on top of the
figure) measured using synchrotron XRD.Strain measurements were made in the middle cross section of the
sample (Y = 2.5 mm) of the (A) longitudinal (X) strain, (B) the vertical/build (Z) strain, (C) the strain at 58°,
and (D) calculated shear strain {};). Reprinted with permission from Ref.[244].

Precipitates are an essential component of most engineering alloy systems processed using
laser or ebeam AM, given the extreme thermal conditions involved. Transmission electron
microscopes (TEM) and the equipped tools are particularly suitable factdi@zing the chemical
composition and phase of the precipitates, as will be elaborated in the next section. If the volume
fraction of the precipitates is sufficiently large, SAXS is an effective to@dquiringstatistical
information on their sizeral morphology. As shown iRigurel14(a-b), Zhanget al collectedin-
situ SAXS data during isothermal heating treatment of AM alloy 625, and quantyatieasured
the growth of deleterioud phase precipitat§45], which is confirmed by then situ XRD data
(Figure 14c). Thesein situ synchrotronx-ray experiments revealed that elemental segregation
unique to AM processes is the root cause for the unusual precipitation behavior in alloy 625 during
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the stresselief heat treatment, i.e. heavy elements such as Nb andebfegates in the

interdendritic regions due to the rapid cooling.
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Figure 14. In-situ synchrotron x-ray study of the growth of deleteriousd' phase precipitates in AM alloy 625
during stressrelief heat treatment. (a)A complete set ofn-situ SAXS data acquired from thealloy 625sample
during isother mal heat treatment at 870 eC for
shows the SAXS data. (b) Timedependent evolution of average diameter and thickness of thephase. The
SEM image of thealloy 625 sample after 1 h is shown in the inset, which reveals the formation pfphase
precipitates. (c) In-situ XRD results during the isothermal heat treatment show the growth ofd phase
Reprinted with permission from Ref.[245].

613

Synchrotrorbased high energy diffraction microscopy (HEDM) is an emerging technique for
3D characterizing the grain morphology, phase, orientation, and strain in polycrystalline materials.
Since HEDM is nofdestructive, it has become a powerful technifprein-situ probing the
response of each individual grains to various external stimuli. Satgal used the HEDM
technique to track the orientation and strain of 70 grains inrgosessed AM alloy 718 (aka
Alloy 718) during tensile loadind-igure15) [243]. The HEDM technique is still progressing and
evolving[246]. X-ray sourcs, detectors, and data processing algorithms are all advancing rapidly
to allow detection and reconstructionadarger number of graing amuch shorter time. Given
its irreplaceable capability and evieicreasing practicality, HEDM will become a powerful tool
for studying the unique microstructures and properties of AM materials.
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Figure 15. High-energy xray diffraction microscopy of postprocessed alloy718 built by laser powder bed
fusion, in which 70 grains were tracked throughout the tensile loading sequend@eprinted with permission
from Ref. [243].

X-ray computed tomography (XCT) uses the projeckeny images of the sample from
multiple angles to reconstruct the 3D model and obtain the thiitwggthickness information
[247]. Over time, three main methods of XCT have been used with increasing data collection rates.
The three methods use the point, line, and plane sourceagfradiation respectivelf213]. The
projection image of the sample is collected by translating-tlh¢ beam and the detector as needed
for the point and line sourcesn€e the projection at a particular angle is collected, the sample or
the sourcaletector pair is rotated by a small angle and the collection process is repeated. After the
projections are recorded for all angles (180° or 360°), computational algorithmseteto
reconstruct the 3D volume. A critical review of the use of XCT for studying AM parts is provided
in [213,248]

XCT is mainly used to study two major flaws in AM parts: porosity and dimensional accuracy.
XCT offers many advantages over traditional metrology and inspection techniques including serial
sectioning and Archimedes measurements. XCT is adestructive measurement technique. It
can be used to probe the ssurface porosity and features that mayriaecessible ttough other
techniques. It also provides information about the individual pore sizes and shapes in 3D, along
with the bulk porosity values.

Two different types of XCT setups are currently used to study the AM parts and materials.
One is the laboratorybased XCT setup wheren x-ray tube is used to generate tkeaays
[34,94,249259]. The other is thesynchrotrorbased setup where synchrotromays are used
[227,260,261]In both techniques, careful analysis of the competing experimental parameters must
be performed to obtain good quality XCT datad reconstructiong he main data quality factors
for the XCT setups are the resolution and the contrast of the images. Both of these must be
sufficiently good to detect the small porosity and features that are typically present in the AM
parts. Since the technique dependghex-ray penetration through the object, an increase in the
size of the object typically demands increasing magnification and subsequent reduction in the
resolution of the images. Higher density materials are also more difficult to measure because of
limited x-ray penetration. Hence, the object sizes are also limited by the material density to achieve
requisite contrast. In many cases, a small piece or a reference coupon is scanned in lieu of the

26



object. Although the scan quality can be improved inrttasner, the actual object is not scanned
and the results may not be representative of the real object because of, e.g.-depsiatent
porosity.

Figure 16. Visualization of porosity in Al-10SkMg AM sample using XCT. setupat the APS. The pixel size in
the dataset is 0.69 um. Even the small pores can be visualized. Reprinted with permission from R261]. (b)
powder porosity measurement using XCT. Reprinted with permission from Refl262]. (c) Surface roughness
analysis using XCT. Reprinted with permission from Ré& [263].

XCT has been used extensively to study the porosity in the parts built using*®BIie283
294]. An example of visualization of porosity in AM AOSEMg sample is presented Figure
16(a). XCT analysis was used to correlate the process parameters used during the print to the
generated porosity in parts in several studé25249,251,275,276[The effect on the residual
porosity of posprocessing heat treatments and HIP has also been s[R8i§dAlong with the
pore-size distributions present in the parts, XCT is also used to correlate the porosity present in
the part to the subsequent mechanical performance of th2p@y252,254,258,273,275KCT
has also been used to characterize the stzape, and porosity present in the feedstock powder
particles Figure16 (b)). Another important application of the XCT is the metrology of the printed
parts for determining dimensional accurgd4,250,277] Lastly, XCT can be used to analyze
surface roughnesgigurel6 (c)) [263]. Over time, XCT has been implemented as a technique to
study the AM parts, particularly the porosity and dimensional accuracy of the parts. Although XCT
provides accurate information@ltt the flaws present in the parts, it provides only limited insight
into how these flaws are generated.

2.2 In-situ ProcesdMonitoring

It is no doubt that the PBF processes discussed herein are revolutionizing metal manufacturing
with advantages such as laweaterial waste, consolidation of parts, etc. However, it is also clear
that the qualification of AM parts is problematic in that some defects present in a printed part
originate from the additive layday-layer process. Hence-situ monitoring of thesgrocesses,
even though limite278,279] provides valuable insight into the defect formation process, which
enables mitigation of defects inipied parts by controlling the process parametesstu.

Realtime monitoring (aka in-situ or in-process monitoring)will bring capabilities of
observing defects formation on the bed of pow&arcently, Grasso and Colosimo published a
literature reviewin the area of process defects anesitu monitoring [130]. Other inprocess
monitoring domain in powder bed fusion AM processes inghateder dispensing (e.g., defective
spread powder layer, uneven powder bed due to part distortion, incomplete spreachagenre
hopping, recoater streaking, etc[280i 282], laserpowder interaction (e.g., spatter formation,
debris, supeelevation and part flare) [25,43,130,148,159,218,221,2&B5], melt pool (e.g.
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size, shape, temperature intensity and profildB,149,278,280,28 294], scan path (e.g., track
geometry, ejected materials, and temperature profigD,221,284,295]and slice (surface
pattern, geometry, thickness profile, temperature prof8ej2,221,224,225,284,296Powder
spreading monitoring is mostly focused on anomaly deteetnd porosity formation imperando

Some efforts are focused on the use of optical imaging to monitor metal powder melting and
consolidation, in which the powder layer is monitored usingdwalor pyrometry to investigate

the metal powder consolidatigonocess. Others are coupling the acquired data withdistan
techniques (e.g., convolutional neural networks, computer vision) to identify and classify defect
formation using data from optical imaging or IR imaffe&0,280,297300]. There are also reports

on thein-situ monitoring of defect detection and their correlation with propefigs,281,301

303]. In each case, an-situ process monitoring technique could be employed to detect potential
defect formation.

2.2.1 Visible-light High-speed maging

Quality and reproducibility are areas of improvement in additive manufacturing and
manufacturer are inclined tdilize inexpensive, paical monitoring tools on AM systemidigh-
speed imaging using visible light has been attracted interest in fusion AM processes to correlate
in-process defect generation with those obseesesitu [212]. Cameras operating with visible
light and wavelength of 38800 nmare classified in this type a@fi-situ monitoring method11].
Systems imaging at high scanning velocities with a high resolution requires an external
illumination sourceSeveral studies use cameras to charactéaserpowder interactiorwhich
provides valuable informatioon spdter [11,45,304,305] melt pool signature[280], surface
quality [287], andpowder bed anomal282]. Loughet al.[290] proposed using optical emission
spectroscopyn L-PBFto measure the spectral content of light emitiad gaininsight into the
chemistry and relative intensities of excited species vaporidad. method relies on chamber
atmosphere type and pressure and can be effectively used for alloys ogntagh vapor
pressureKleszczynskiet al. [306] utilized highspeed imaging to detect some types of process
errors inthe L-PBF procesicluding process stability (e.g., insufficient powder supply, support
connection, superlevations) and part qubli (e.g., recoater damage, poor compounds,
dimensional accuracyPne main benefit of usinigigh-resolution imaging ishat it isfeasible to
integratecomputer vision and machine learning approaches to minimigeugess defects.

2.2.2 IR and nea#R High-speedmaging

The use opyrometry(describing sensor devices utilizing principles of pyrometry to measure
temperaturg and imaging, including infrared (IR) monitoring, emphasizes part process
dependencies on thermal condigo279,289,307] In PBF technologiesmany studieshave
focused on the monitoringf the temperature fields in order to predict anomalies and underlying
microstructure$308i 310]. The firstefforts in monitoring focused on the process variables, mainly
the melt pool temperatuf@78,285] Researchers have usidsitu IR measurements to mior
the geometry ofthe melt pool and corresponding temperature during fusion AM procesags.
anomalies inhemelt pool would be considedas possible defect formation in part. Nevertheless,
tracking melt pool temperature and potential fluctuatioquires ahigh-rate data acquisition
(10kHz) capability which is costly and considerably adds complexity in machine laser optics to
the cost othemachine As an alternative, fulfield imaging can be employed wittiower frame
rate as well as lesser dagtorage requirement8ooneet al.[311] suggested that using nd&

(e.g., silicon focal plane) could decrease the effect of emissivity on the measurements; therefore,
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resulted in lower measurement uncertainty.is worth noting that absolute temperature
measurement needs assessment of material emissivity and background tem[255i8i2] IR
imaging was used iB-PBFto observe temperature distribution and potential defect generation
[313]. Bartlettet al. [285] used fulifield IR thermography of entire layers to identify material
defects (e.g., keyhole atatk-of-fusion pores) and correlated results withséd observations
L-PBF. Recently, McNeiktal. [314]found that the spatial and temporal variations in IR signatures
were associated with thermomechanical drivers of defects (e.qg., cracking) within th iguiid
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Figure 17. (A) examples showing lack of fusion (small localized hot spots) and swellifigdicated by the red
arrow). (B) Average IR intensity vs. time for different locations onthe sample Reprinted with permission from
Ref. [314]. Different locations on the inset XCT micrographs representefectfree (location B and C) and
defective areas (A, D, E)Location A is at the thin wall and experienced thermal cycles anthe possible defect
is a crack/pore.Location B and C indicateda similar decay rate and there was no additional noise or signal at
the peak suggestinglefectfree areas.A high noiselevelwaspresentin the IR data at location D due to spatter
from the surrounding area. Location D and E showed longer IR decay, meaning that they remained hotter and
resulted in defect formation.Reprinted with permission from Ref.[311].

Pyrometry and imaging praseadvantages and setbacks. Temperature measurements are
performed without the need for physical contact which could disturb the process, and the operating
temperature range of digital cameras fits within the expected melt pool temperatures. However,
the sze of the imaging setups might not be practicailf@ituobservation because of the limitation
on the size of the printerds chamber as well
calibration of digital imaging setups is complicated. Spedlify, pyrometry is based on the
measurement of emitted radiation of the body compared to a black body; hence the emissivity of
the body must be known a priori to achieve accurate measurements. Emissivity measurements are
complicated due to the complexity the phase transformation(s) that occur during the printing
process.

2.2.3 High-speed Xray Imaging and Diffraction

In addition to posbuild characterizations, synchrotronray imaging and diffraction
techniques have also been useddperandostudy of theAM processes. The results provided
remarkable insights into the mechanisms that are responsible for various structural defects in the
builds.

Prior to synchrotronxays, laboratory xays were used ithe 19909y research groups such
as the Seiji Katayama group at Osaka University to monitor the deep penetration of laser in
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keyholemode weldind106]. However, because a tubeay source was used in their works, the
limited flux generated images with relatively low contrast and resolution. Therefore, information
on the fine sucture of front keyhole wall, melt pool morphology, and melt floaslacking in

their reports Figure 18 shows the visualization of keyhole porosiiging thein-house xray
imaging technique.

In 2016, Zhacet al built a laser powder bed fusion simulator and integrated it with the high
speed synchrotronpay imaging and diffraction techniques at the Advanced Photon Source (APS)
of Argonne National Lboratory. In 2017, they demonstrated the power of the platform and
published the results in Scientific Repd@$5]. This is the first time that synchrotrorrays have
been used to monitor the laser melting process of metals. The experimental schematic is shown in
Figure19. As demonstrated, many important phenomena in metal additive manufacturing could
be examined with micrometer spatial and -salmosecond temporal resolutions, like keyhole
dynamics, melt pool dynamics, powder ejections, rapid solidification, aht/mgn-equilibrium
phase transformatid25,315] For examplekigure20 shows the details of the formation process
of a keyhole pore and the growth process of columnar d2bihsUsing various detectors such as
the Shimadzu, the imaging frame rate could be as high as 10 MHz. Later, the platform was
extended to study other AM processes such as direct emdemysition and binder jetting
[316,317]

A5083 (12 mmw); Bead welding; Po =10 kW, v =25 mm/s, fg =0 mm(f =381 mm),
Assist gas: He, Rg =0.85 x 10-3 m3/s, nf =200 f/s

t+0ms t+20 ms t+30 ms t+35ms

t+50 ms t +60 ms t +65 ms t+90 ms

Figure 18. Laboratory x-ray imaging of keyhole porosity i laser welding. Reprinted with permission from Ref.
[106].
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Figure 19. Schematic of highspeed synchrotron xray imaging and diffraction experiments on laser powder
bed fusion at the Advanced Photon Source of Argonne National LaboratoryReprinted with permission from
Ref. [25]. Besides the two detectors shown here, visibight and infrared detectors can be added to collect
complementary sample information simultaneously{318].

Figure 20. High-speed synchrotron xray imaging of Ti-6Al-4V in laser melting and solidification (a)
Formation of a keyhole pore. (b) Growth of columnar grainsReprinted with permission from Ref.[25].

Currently, many teams across the world are using-figiedsynchrotron xray imaging to
study the defect formation in AM processes. At the APS, teams from academia, national labs, and
industry have been doing research to understand how different defects are generated in AM.
Cunningham and Zhaat al reported th&eyhole morphology evolution during laser melting and
rigorously defined the conduction, transition, and keyhole zones in the laserymoaty space
[24]. Zhaoet al discovered a new mechanism for the fast spatter formation, where the bulk
explosion of a tongukke protrusion on the front keyhole wall is the Hdg]. Guo and Zhaet
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al. investigated the influence of ambient pteseson the powder motion and elaborated the critical
roles of metal vapor plume and argon gas flow in the spattering phenof3d®¢rHojjatzadeh

et al calculated the major forces that the micro pores experienced inside the melt pool and found
that in the melt pool region closethe vapor depression, the thermocapillary force induced by the
large thermal gradient dominaf@61]. Most recently, Zhaet al found that the keyhole porosity
boundary in the laser poweelocity space is sharp and smooth and that, around the porosity
bourdary, there exists a dominant keyhole porosity mecharn&3h The citical keyhole
instability emits an acoustic (shock) wave directly into the liquid below. The wave then drives the
pore near the keyhole tip to accelerate rapidly away from the keyhole. When the pore is captured
by the solidification front, it becomes atdmental structural defect in the build.

Besides, at the Stanford Synchrotron Radiation Lightsource, a collaborative team with
researchers from Lawrence Livermore National Laboratory, SLAC National Laboratory, and
Ames Laboratory having performed fast mireg experiment$320i 323]. This team focused on
the keyhole dynamics and studied the porosity generation causetstaple keyhole and laser
beam turning. Defect mitigation strategies were proposed in these studies to guide the practice. At
the Diamond Light Source, Leumrg al. useda high-energy monochromatic beam for fast imaging
experimentg41,324] They observed porosity generation and spatterinmgllaser interaction
with freely packed powder samples and also found that the oxygen content of aged/used powders
can change the surface tension of the molten metal and thereby alter the Marangoni flow in the
melt pool. Another interestingperandosysten developed by Lhuissi@t al enabledn-situ 3D
x-ray microtomography study tfie L-PBF proces§325]. In contrast to the fullield high-speed
imaging experimets, thesan-situ tomography measurements were performed between build
layers. The packing configuration of feedstock powder as well as the morphology of defects (e.g.
porosity) can be characterized in 3D.

Except for imaging, higispeed synchrotron-say diffraction has been applied by several
teams across the world to study material phase evolution during the solidification process relevant
to AM [25,326 328]. In 2017, Zhacet al observed the appearance of strong diffraction spots
during the initial solidification and their disappearance as the sample continues to cool down, as
shown inFigure 21 [25]. Through the transformation times, they estimated the cooling rate and
the solid phase trar@mimation rate. Quantitative measurement of the stress development during
the cooling process yet remains challenging, due to three major factors. First, owing to the rapid
cooling rate in AM processes, sample rotation and translaionpossible, which rakes the
characterization of complete strain tensor extremely difficult. Second, the thermal effect also alters
the lattice spacings of the material as stress dides.cevelopment of an effective approach to
isolate these two effects holds the key foruaate stress measurement. Third, the geometry of
operando diffraction is generally limited by the experiment setup, so a diffraction pattern
assembles the signals from the entire penetration volume, except for the refieation
diffraction experimenf329]. Given the large thermal gradient involved in laser-beam AM, a
high-resolution stress measurement will require major assumptindsnumerical modeling.
Brown et al. estimated the stress development during wire arc AM of 308L stainlesg32&el
More effort is certainly needed famperandostress measurement associated with other AM
processes with larger thermal gradient, faster cooling rate, and more complex sample environment,
such as.-PBF.

Since the work of Zhaetal. [25], more and more teams have started to adoptigfespeed
synchrotron xray techniques in their research to unravel the physics underlying the formation of
different types of dfects in AM processes. With further advances of synchrotron techniques (i.e.,
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major source upgrades;ray technique development, and beamline instrument improvement),
finer details of the energmatter interaction involved in AM processes will be reveéateeating
opportunities for building defedtee products.
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Figure 21. High-speed synchrotron xray diffraction of Ti -6Al-4V in laser melting and solidification. Reprinted
with permission from Ref.[25].

2.2.4 OtherTechmiques

Except forvisible-light imaging, thermal imaging,-say imaging and diffraction techniques,
integrating sphere radiometry (ISR) and acoustic testing (AT) are also used to monitor the additive
manufacturing process of metals. Here, we introduce the gesgratimental principles and
methods. Because of the difficulties in signal interpretation, these techniques are often combined
with other techniques to help the understanding.

2.2.4.1Integrating sphere radiometry

Experimental principles and method#n integrding sphere was used by J. T. Nogisl at
Sandia National Laboratories in 2008 to temporally evaluate the laser absorption during a laser
welding proces$330]. As shown inFigure22A, there are two spheres, one primary sphere and
one secondary sphere. The primary sphere is positioned beneath the lasendé&ald Bample
locates inside the sphere and at the focal plane of the laser beam. Depending on the melting mode
(conduction vs keyhole), the reflected laser light from the weld surface is either captured by the
sphere or escapes from the top opening®stffhere. The former is detected by a NIR photodiode,
assisted by a narrow bandpass filter. The latter is captured by the secondary sphere and detected
by a second NIR photodiode. The laser energy absorbed is estimai®d a¥) © O ,
whereO is the energy enters the primary sph&e,is the integrated energy from the primary
sphere, an® is the integrated energy from the secondary sphere. Prior to J. T. &tcatifR.
Fabbroet alat LALP (CNRS)/GIP GERAILP implemented the technique i62Figure22B) to
measure the laser energy transmitted through the keyhole during a full penetration laser welding
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procesq98]. The temporal resolution of the photodiode was a few microseckadsgnal was
linearly rehtedto the laser power entering the sphere. In 2018, B. J. Sinatradatthe National
Institute of Standards and Technology used the techfigere22C) to investigate the dynamic

laser absorption during the melt and keyhole formation procg3&s The temporal resolution

was less than 1 microsend. In their contribution, the inner surface is coated with Ba&@@l a

baffle design is adopted to avoid the direct detection of laser energy from the weld pool or the
vapor plume.
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Figure 22. Experimental setups usingntegrating sphere radiometry.(A) By J. T. Norris et alat Sandia National
Laboratories. Reprinted with permission from Ref. [330]. (B) By R. Fabbro et al at LALP (CNRS)/GIP
GERAILP . Reprinted with permission from Ref.[98]. (C) By B. J. Simondset al at the National Institute of
Standards and TechnologyReprinted with permission from Ref.[331].

Integrating ISR with other monitoring techniquedn 2020, B. J. Simondst al combined
this technique and the inline coherent imaging or {sigbed xay imaging, and correlated the
laser absorption with the keyhole evolution (e.g., keyhole depth), as shéwuia23[47,332]
The inline coherenimaging system is capable of extracting the sample surface depth as a rate of
200 kHz and the spatial resolution is 15 microns. The main results are shbiganrm23C. At
low incident laser power, the laser absorption continues to increase from 0.30 to 0.51, and the
simultaneous depth measurements were attributed to thermal expansion of the sample as well as
surface tension pressure and fluid flowtlre melt pool. At high incident laser power, the laser
absorption rapidly increases and largely fluctuates around 0.60, which agrees well with the change
of sample surface depth over time. The measured depth fluctuation was attributed to the keyhole
wall collapses and material ejections. At intermediate incident laser power, both laser absorption
and sample depth oscillate rapidly, and occasionally, the sample surface depth can suddenly, but
temporarily, increase with a simultaneous increase in laser sibsdg#,43]
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Figure 23. Correlation laser absorption and sample surface depttSample surface depth measured from (A)
inline coherent imaging and (B) highspeed xray imaging. (C) Timeresolved keyhole depth and laser
absorption from conductionto transition to keyhole mode. Conduction mode: 0.35 MW/cf Transition mode:
0.440.46 MW/cm?. Keyhole mode: 0.52 MW/cr. Reprinted with permission from Refs. [47,332]

2.2.4.2Acoustic testing

Experimental principles and method#coustic testing has been used to monitor the laser
melting process because of its fast data acquisition and procgs381835]. Thebasic concept
is that the amplitude of the scattered waveform is related to the elastic properties and mass density
of the melt pool and build plate. With the melting of a metal, the shear modulus vaarshédse
compressional modulus and mass densityely reduce. As a result, there exists a large acoustic
impendence difference at the boundary of the melt pool. This causes the strong scattering of the
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incident shear wave from the melt pool. Besides, the shear wave is more sensitive compared to the
longitudinal wave because of its shorter wavelength.
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Figure 24. Understanding of ultrasound testing of lasetinduced melt pool. (A) Schematic of pitchcatch
configuration. (B) Ultrasonic waveform during the formation of melt pool. (Q B-scan image over time. (D)
Measured scattering amplitudes and melt pool depths. (E) Fused melt pools at various laser durations.

Reprinted with permission from Ref.[333].

Integrating AT with other monitoring techniquedn 2018, C. M. Kubeet alused ultrasound
and a few spherically focused immersion transducers to measure various shear scattering from the
melt pool as it evolve833]. As shown inFigure24, they found that the scattering of ultrasound
is very sensitive to the melt pool depth. The melt pool depths were obtained from thepest
crosssections after the laser weldimgso, asthe melt pool evolves, the arrival time of the initial
pulse increases because the shear wave velocity decreases. The link between the acoustic signals
and the part quality is not straightforward. To address this challenge, S. Shehallaikthe Swiss
Federal Laboratories for Materials Science and Technology proposed a method for detection of
process instabilities that cause defects in real (884,335] Firstly, as shown ifigure25A, they
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used three techniques to monitor the laser melting processspégdd xray imaging, laser back
reflection, and acoustic emission-ry images are es for the ground truth of the part quality.
Secondly, they applied a deep artificial neural netw@igure 25B) to reveal the signatures of

those events causing defects in wavelet spectrograms from the laser back reflection and acoustic
emission signalgFigure 25C-E)). It is claimed that the classification accuracy could be higher
than 70%, for the conduction, stable keyhole, and unstable keyhole melting and the formations of
spatters and pores. \ih combining the two signals, even higher accuracy could be achieved.
Besidesthe temporal resolution could be down to 2 ms.
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Figure 25. Deep learning for quality monitoring of laser melting.(A) Experiment setups. Three techniques are
used: highspeed xray imaging, laser back reflection, and acoustic emission. (B) A deep artificial neural
network for signatures of events in laser back reflection and acoustic emission signals. Classificatiesults for

(B) the laser back reflection signal, (C) the acoustic emission signal, and (D) the combination of the two signals.
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The numbers in each cell are conventional CNN, cross residual CNN, and temporal CNN, respectively.
Reprinted with permission from Ref. [335].

3 Powder-Related Defects

There are different gwwder characteristics such as morphology, mean size, particle size
distribution, powder flow, packing density, powder porosity, and surface contamination that affect
the quality of the final AM parts. Powders with spheticaorphology are preferred for AM
processes since higher powder packing density with better powder flow can be attaimed.
packing density will result in internal voids in the AM parts. Depending on the AM process, mean
size and size distributioof the powdermay vary. Typically, internal voids in feedstock powder
can be transferred to the AM paisd it is difficult to remove them during printing (post
processing such as hot isostatic piesgeeded t@ompressesidual pores). Furthermomgwder
compositionjmpurities and inclusions with feedstock materials can be transferred to the final part
and deteriorate mechanical properties and corrosion resistance. Therefore, it is esegatiait®
potential powderelated defects and remesli® improve build quality9,336 340].

3.1 Powder Production and Characteristics

A critical component of the powder bed fusion machines is metal powder feedstock. It is
produced by one or multiple techniques including gas atomiz&B@y), centrifugal methods,
plasma rotating electrode processed (PREP), hydetigdride (HDH), wire atomization, and
plasma atomization (PAB41]. The most commonly used methods will be discussed herein. For
more information about other powder production techniques, the reader is referred to the extensive
review by Daweet al.[342].

Atomization is a typical powder production process. The setup consists of a vacuum chamber
that contains molten metal that isated using an induction coil at the top. Vacuum is especially
crucial to metal thais susceptible to oxidation. The molten metal is poured through the nozzle
with a concentric higipressure gas flowing which results in the breakup of the stream ofinetlt,
surface tension results in the formation of spherical microdroplets of powder metal. The resulting
powdered metal is collected in the lower chamber that is commonly filled with Argon gas or even
water to collect some types of nogactive metalsMany high-speed videos of the atomization
process are presented by Kouraytenal. [343] in their supplementary data. Even though water
atomized powders are used in PBF, gas atomized powders are usually preferred due to their higher
sphericity resulting from the lower heat capacity and slower quenchirggdatiag atomization.

A number of variations for GA have been introduced, notably vacuum induction melting with gas
atomization (VIGA) and electrode induction melting gas atomization (EIGA). The variations
mostly differ in the type of melt pool release magism or release of the melt through the nozzle.
The EIGA technology is notable for eliminating contact between the feedstock and any crucible
because the melting occurs via raantact induction heating.

The PA method consists of a vacuum chamber cantaglectrodes across which an arc is
induced to generate a plasma. The material of interest is in the form of a wire that is fed into the
chamber and heated rapidly by the plasma. At that stage, other features of the system (that are not
disclosed publigl) lead to the rapid breakup of the powder particles and then collected in the lower
chamber. Another variant of PA is PREP, in which two electrodes are used to maintain an arc. On
one side, an electrode (roonsumable) is fixed whereas the other oneéhés rhaterial to be
atomized (consumable). By rotating the electrode, the liquid metal pinches off in the form of
powdered metal. The size of the powder is related to the rotating speed of the e[8d#bde
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Rabinet al. [345] analyzed a variety of rapidly solidified powder particles produced using
different atomization techniques including vacuum gas atomization, centrifugal atomization,
ultrasonic gas atomization, and inert gas atomization. The materials analyzed inylpe €304
stainless steel, FE6wt.%NCr, Fe40wt.%Ni, NsAIl, Fe-Owt.%Crlwt. %Mo, Cu2wt%Zr, type
4340 steel, pure Al, and Alloy 2124 Al. They showedhat both gas concentration and porosity
increased with increasing particle size owing to the presehgas bubbles within the powder
particles. This was due to a mechanism for gas bubble entrapment during liquid droplet formation
and solidification during the atomization process. Importantly it was found that much of the
observed gas was accounteddsrmacroscopic gas porosity. In general, it was also deduced that
gas content and porosity increased with increasing particleestzeisa greater fraction of larger
particles contained gas pores.

Besides atomization, a completely different approabtlyaside dehydride (HDH) that works
with hexagonalalso Nb and Tajnetals, commonly used to produce Titanium. In this method,
hydrogen is added to titanium to form a hydride @)ihich is very brittle and easily milled into
fine albeitrough powdersGiventhat hydride is thermally unstable, the hydride powder is oxidized
back to metal by driving off the hydrogen content using heating. The final titanium powder remains
in similar size to the prior hydride, namely rough which makes it less interestinggon AM.
For AM, these powders are usually spheroidized by plasma tregiddéijtalthough access in
using the aslehydrided powder has recently been demonst{a].

Resulting powders are characterized by several quantifiable properties that would affect the
resulting part quality and performance in PBF procef3&8], including geometric properties
(e.g., particle size andistribution, mean size, shape, surface roughness, circularity, aspect ratio),
chemical properties (e.g., bulk and surface compositions), microstructural properties (e.g., internal
porosity, crystal structure, grain size, oxide layer thickness), bullegrep (e.g., thermal stability,
tap density, flowability), etc[348]. Depending on the powdergauction process, different
powder characteristics are expected. For instance, powder production techniques that involve gas
are generally prone to porosity entrapment in the powf8#8], which is discussed in later
sections as a potential source for the transferability of defects. More details will be presented on
powderrelated defectsSection3), and powder spreading dynamics and anoma8iest{on4).
The resulting size distriliion of powders produced using different powder production methods
are highly spread. For powder bed fusion applications, the average particle size of interest is mainly
less than 100 um. Howeven,a conventional freefall gas atomization system, onbuath0% of
the powders produced are generally less than 128rmdmmay be of interest to powder bed fusion
processes. Consequently, these powders present a higher cost of production knowing that only a
very small fraction of the powder is useful for AM.oRr a point of view of cost efficiency for
powder production, it makes GA techniques less interesting forAdwever, Fritschinget al.
[350] suggested controlling the flow of the system, resulting in powder particles being shifted to
smaller sies. As a result, more than %@ of the produced powder may be used in powder bed
fusion processes.

It is important to understand the flow propertieshafpowder. Usually, a flow rheometer is
used to test the rheological behavior. A cup is filled with powder, and a rotating propeller blade is
driven into and out of the powder to measure the torque to rotate it. Two types of measurements
are possible using ithtechnique, namely the confined and unconfined flow. In the first type, bulk
flow energy (BFE) is measured during the entry of the propeller blade and is analogous to the
stress encountered under the spreader in a powder bed fusion machine. In thg/gecspéecific
energy (SE) is measured during the pullout of the propeller, analogous to the stress in front of the
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spreader or a system where the powder is dropped out of a hopper. If either of these values is small,
the powder is considered to fiee-flowing under that condition.

Powders have been classified for their suitability to be used in AM depending on parameters
such as the flowability. The flowability of powders is a function of the internal friction of the
powders, i.e., Van der Waals, elestiatic and capillary forces. Typically, powders with lower
internal friction(such as aluminum and stainless segt®w better flowabilitywhile powders
such as titanium exhibit waeslowability [351].

In addition to the conventional funnel test for testing the repagie af powders, the rotating
drum instrument has been presented to measure the dynamic properties of [gs&]eiche
method consists of a cylinder wisliransparent wall that gets filled wilsample of powder. The
drum is turned while systematically changing the rotating speed and the dynamic anglsef repo
is computed from the average interface position while the dynamic cohesive index is measured
from the fluctuation of the interface. The instrument is based on an automated powder flowability
test based on the rotating drum principle hence lower vafuésiong angle usually correspond
to better flowability.

As important as optimizing the process parameters for desired part properties, understanding
powder characteristics is imperative in powder bed fusion. Whday defects are generally
correlated tdhe processing window or the inclusion of gas in powdsnsiedefects may result
from the characteristics of the powders used in the feedstock. During subsequent layer printing,
powders are spread using either a ratert rotates to stir up the powdas it spreads it out or a
blade spreathatscrapes the powder into a lay853]. Hence, good spreadability and flowability
of powders are two important measures. Powders are characterized using various methods such as
the bed expansion ratio, the angle of repase, shear cell, bulk/tap density, and the avalanche
angle as well as bjnanyquantifiable properties. Furthermore, reuse of the powders may lead to
alteration in the feedstock behavior and resulting part properties.

Spherical powders are typically usedtiwimaximum powder size less thar55e m i n
diameter, hence less than %0fraction of the powders generated using gas atomizf3mt].
Gasatomized powders generally display a-logrmal size distribution, with sudden changes due
to sieving that will be discussed shoiffBb5]. Hence, powders are expected to achieve a random
packing density that is lower than the theoadtdose packing density. However, the addition of
powder batches with large and small powders allows the small size particles to fill the voids
between the large ones and increase the packing dg8&#ly In applications for AM, Zhet al
[357] presented a theoretical model ofrbodal and trimodal powder packing to achieve high
apparent densityAlthough theoreticallya bimodal distribution with at least a 7:1 particle size
ratio yields a packing factor of 0.868, actual packing density can be much lower due to
inhomogeneity and other factdf58]. Karapdis et al [359] adopted the bimodal approach with
the ratio of 10:1 to enhance the packing density of direct metal dadered nickel powders.
McGeary[360] suggested that a mixture of fine and coarse powder with a ratio of 10:1 can lead to
a maximum packing fraction of ~82. In L-PBF, the maximum patrticle size i$5um, so a 10:1
size ratio means 5 pum particles but havirgpbstantial fraction of such small particles will make
the powder very Osticky6 -modakepowdersswould/be glsowery f | o w
expensive, thus seems impractical. When tested usiRBF, the part produced using the-tri
modal powderachieved a final density within the apparent density values, whereas the part
produced using the {mhodal powder exhibited a lower final density. Other techniques to add
smaller particles consist of wg61] or dry coating362] of powder particles with nanopatrticles
which is implemented for oxide strengthening of the material or improving the density of the
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powder, respectively. In the first method, nanopatrticles are suspended in water then mixed with
the metal powder, and fifgldried in a furnace. Such a techniquay bechallenging to avoid
oxidation of the metal powders. However, Kagal [362]established a wider powder size
distribution by dry coating aluminwusilicon powders with silica nanoparticles to increase the
density of the powders. During the printing procedsut 2630 % of the powler in a layer is

used, resulting in a used batch of powder that may be reused.

After the use of metallic powders during the powder bed fusion additive manufacturing
techniques, powders may be reused. It is important to undertarifie-cycle of different
powders as &unctionof degradatiorduring AM processes, chemical compogiti@ariation(e.g.,
interstitial pickup), powder flowability, surfacecontamination apparent density, powder
morphology, sphericityand size distributiofi363,364] Moreover,the surface roughness of the
fusionbased AM processed parts is negatively affected by powder recytiipgally, powder
properties change after each time of use, thus, it ikedlging to identify which alteration is
influencing the component properties. Further, different materials do not age in the same way, and
the same material will age differently when subject to different AM process parameters. Industries
such as the aerpace, military and medical sectors have highly specific requirements for the
components produced, thus composition differenoethe powder can affect performance.
Therefore, precise prediction of powder degradation is hard and thus troublesome tmeebem
point at which metal powders are no longer acceptable for use within AM.

After the first use of a virgin powder, sieving should be performed to separate the smaller
particles from the larger ones. To perform the sieving operation, thpowseer is passed through

various stacked mesh sizes, depending on the ultimate desired powder size where the mesh size is

linked to equivalent particle size. During reuse, powders are expected to alter in size distribution
and composition, specifically due the reheating of the alloys which ultirdgt affects the
mechanical properties of a printed part. To investigate the effect of recycling powderseArdila

al. [365] studied the mechanical propertieslePBF alloy 718 printed using powder that was
recycled up to 14 times. The authors established a methodology of consecutive sieving and drying
iterations to recovet he powder 6s iTheipbwderldistrputianpaed powders .
composition were nominally maintained. The mechanical properties of the build parts tested using
a Charpy impact test also exhibited similar results. A similar approach was also fdpwegdari

et al [366] to printL-PBF parts using recycled AISi10Mg powder with the platform preheated to
200°C. Results of this study unveiled comparable powder characteristics, microssuatde
mechanical properties (hardness anditenmoperties). Cordovat al. [367] compared powder
characteristic$or the virgin and used metal powders (e.g. alloy M&AI-4V, AlSi10Mg, and
Scalmalloy). It was shown that powder morphology, size distribution, powder flow, circularity,
chemistry and microstructure were affected after using powderns-foBF (Figure26). Rafieazad

et al.[368] showed that the virgin powder of AISilOMg hathe an particl e si ze
while it incr eas évdtime cecydify.oft-PB¥ pré&cessehpoaders. d¢t was

also shown that the part porosity increasieélarea fractio of Al-Si eutectic increased, and cracks
were formed between eutectic arms. In other waadsgher density of internal defecsuch as
porosity, micresegregationand cracks appeared forPBF processeavith the recycled powder.

Since the mean size ofthe recycled powder was larger with irregular morphology, thermal
conductivity was reducettherebyleading toa lowercooling rate of the melt pool and coarsening

of Si at the melt pool boundaries. This issue caused crack susceptibility and lower corrosion
resistance. It was shown [h40,369 371] that fine sptered particleshatwere not removed by
sieving would cause porosity formation in the build by disrupting powder spreading, in turn
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influencing the packing density and leading to the formation of pores.
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Figure 26. Comparison between various characteristics of the virgin and used powders irnLBF, (A) scanning
electron micrographs and powder size distribution results, (B) crossectional SEM micrographs showing the
effect of remelting and agglomeration zones in used powders, (C) oxygen content measurement for the virgin
and used powders, (D) comparison of the flow rate, tap density, true density, Hausner ratio and Carr index for
the virgin and used powder, (E) particle shape vs. circulaty parameters of powders Reprinted with
permission from Ref.[367].

One of the risks of using sieving is that powders thategeelleshaped, with high aspect ratios
thus undesirable in the printing process, may pass through the sieves. The availability of such
powders within the batch may lead to defects such as isstles spreading of the powder layer
and the inaccuracy in the final shape of the printed |&ewder sizes may be characterized
depending on the powder sizes using microscopy, sieving, light scattering37at. More
efficient ways to characterize powder morphology inclidagebased computer vision and
machine learning techniques that were applied to classify powder geometnyaimycategories
[373,374] Other efforts by Scime and BeUdft98] implemented a Convolutional Neural Netko
(CNN) to detect and classify defects in the spreading of powders during the laser powder bed
fusion process.

Powder characteristics may affect the printed part surface quality, density/porosity, and
mechanical propertie§357,375,376] Powders may also include defects within the powder
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particles as presented by Morraw al. [375]. The authors studied thdfect of defects in the
feedstock on the microstructure and qisdatic response of Stainless steel parts. They showed
submicron particles visible on surface defects of certain powders resolvable using TEM. Those
submicron particles also showed up iretmicrostructure and fractography images along the
cracked surfaces and exhibited a chemical composition that defriate that of thevirgin
powder.

The characteristics of powders produced using different manufacturing techniques have also
been shown taffect the mechanical properties of printed pE7s]. To test this effect, Irrinket
al. [377] used a gastomized (mostly spherical, bimodal distributicamd a wateatomized
(irregular morphology, monomodal distribution)-4PH stainless steels powders with two median
particles sizes of each type. Testing the effect of energy density while varying the values of the
power and speed, results show an eftéche powder characteristics on the density and ultimate
tensile strength. At low energy density, parts printed using the-aterized powders exhibited
lower density and ultimate tensile strength. With the increase of the energy density, those effects
faded in the case of the part density, and ultimate strength. However, at higher energy densities
the ultimate strength decreased overall. Hence,dost wateratomized powders may be used to
produce AM parts with good mechanical properties when the gsmgeparameter are adjusted.

The enhancements of powder characterigtteone of the ways to improve the design and
production of AM parts with improved surface quality and mechanical propertiesnvaitly
recommendations offered by Andersenal. [378]. As mentioned earlier, spherical powders are
usually preferred for their better flowability, layer spreading, and loose powder pddkingver,
powder characteristics such as size distribution, porosity, and argon content have been shown to
vary dependig on the powder manufacturing technique in spherical powders 844l These
characteristics and their effect on the transferability of pores from the powder to the printed part
will be further discussed in a subsequ&atction3.4 with the presentation cdomerelevant
investigations.

3.2 Common Metals anBefects

Additive manufacturing of metal powder is rapidly growing in different industries such as
aerospace, automotivand biomedical. It is necessaryawealuate theypes of metal powdethat
can beeffectively used infusionbased AM machines. Althohdusionbased AM technologies
havethe potential for the efficient production of complex, precisely dimensioned components,
there are limitations in tersrof composition for being used in AM machines. The main reason is
related tothe processability and eldability of metallic materials durinthe AM process to
fabricate defectfree parts. Elemental evaporation, oxidation, segregation, crackmtpore
formation are the main concerns limiting materials selection for fusion AM processes.

Amongst all feedtock prealloys, nickel superalloys (mainly alloy 718 and 625), titanium
alloys (mostly Ti6Al-4V), aluminum alloy (mainhyAISi1l0Mg and AISi1l2 and uncommon ones
such as 7075, 6061, and-B8L-Mg), steels (stainless steels such as 316, 42@, RA and tool
steel mostly H13) and a few other alloys such as magnetic maf8ial880] Co-Cr [381,382]
and W [383i385] have been used for wder bed fusion AM. Although using petloyed
feedstock is the most common option in AM, there is an interest to useixed powder from
available compounds and perform-situ alloying in PBF processesdn situ alloying from
elemental powders opgrupa wide range of composition adjustment possibilities to any alloy
whose powder is difficult to obtain. There have been a numbegpairts ofusing elemental
powder blends to fabricate parts in PBF AM such as Al + 8§iRBF[386], Al + Cr + Mo + Nb
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+ Ta inE-PBF[387], Al + Sc + Zr inL-PBF[388], Al + Mn in E-PBF[389], stanless steel 316 +
Fe-Cr-Ni-B in E-PBF[390], Ti + Nb inL-PBF[391], and Ti + Al + V inL-DED [392]. All these
studiespointed out the possibility of AM part production using -prixed powders that can
compete with pralloyed powdered materials and effectively adtf’ dimension to 3D printing

of metals. However,there remainsthe obvious challenge of achieving homogeneos
microstructure from AM of premixed alloys. Energy density plays an important riolehe
formation ofthe desired composition from piixed powder. Evaporation of alloying elements
such as Mn and Al during fusion AM processes requtagher fracton of these elemesin the
premixed powderg389,392] It is also possible that new intermetallic compounds and phases form
duringthe PBF ofpre-mixed alloys[386]. Besides Clayton[393] found thatalthough fusion AM
processed stainless steel 316 from-pieed and pralloyed powders showed similar
microstructure and mechanical properties, stainless steel 430 showed fully ferriticrstfactu
pre-mixed powder and ferritic martensitic structures in-g@iteyed powdersHe also found that

the microstructure of T6Al-4V was dependein feedstock such that pedloyedpowder showed
theformation of basketveave alpha along with regionsaimartensitic alpha prime within prior
beta grains; prenixed powderby contrastexhibited darger alpha lath widtbecause o$lower
cooling rates. Ife-PBF, preheat temperature is neetedoreprinting, thusthepre-mixed powder
containing low tempmture melting materials may increase concerns for local melt formation and
powder agglomeration (In F6AI-4V or Al-Si premixed powder).Indeed, some groups have
suggested that local orientation gradients from incompletely mixed powders may have advantag
[394]. Here, four main pralloys feedstock used for industrial application are presented.

3.2.1 Titanium Alloys

In powderbased additive manufacturing (AM), titanium alloy normally refers to a particular
composition, Ti6AIl-4V, which is the workhorse alloy in AM production.-8AI-4V is widdy
applied intheaerospace industfg95] due to the outstanding mechanical properties (stigingth
to weight ratio) and corrosion resistance; it is also used in the biomedical industry, mostly for body
prostheses and orthopedic implants, because of itsstuelied biocompatibility396]. Besides
many reports discuss the development and testing of novel titanium alloys for AM application,
such as theurn resistant BUuRT[397], the damage tolerance T388], the higher strength and
lower density Ti5553[399], and the biocompatible -B448[400].

Similar to other alloysas shown ifrigure27 pre-alloyed spherical T6Al-4V powder can be
produced through methods like gas atomization ({88},402] electron induction melting gas
atomiztion (EIGA) [403], plasma rotating electrode process (PREPX,405] and induction
plasma spheroidization (IPB)06]. GA is acostefficient and the most populaowder production
process as of today; however, it is inevitable to introduce entrappd@7a8,127]which can
potentially become a source of deteict asbuilt AM parts. Water atomizatiof#07], fluidized
bed [140], and hydridedehydride (HDH)[408] are processes thaan produce nespherical
titanium powder. As discussed above, the HDH process involves both chemical and mechanical
processes in which the titanium alloy is hydrogenated and transformed to an embrittled
intermediate stage so that the feedstock canfeetieely milled to fine powder; later, dehydriding
can be completed by simply elevating the temperature. Although entrapped gas is not a concern
for these irregularly shaped powders, the powder morphology can make the sieving process and
the control of pader size substantially more difficult. Other novel powder production methods
include the Metalysis or FFCprocesg409], electrolytic methods, and metallothermic processes
[410].
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plasma atomization, (c) plasma rotating electrode process, (d) plasma spheroidization frani40 + 200 mesh
HDH powder, (e) granulation-deoxygenation, and (f) HDH process-140 + 200 mesh) Reprinted with
permission from Ref.[411].

Ti-6Al-4V is a standard alloy for both laser and electron beam AM processes which have the
applicablepowder size from 20 to 45m and from 45 to 10@m, respectively. This potentially
increases the cost of AM powder. The renrarcoarse powder is normally recycled or used for
conventional powder metallurgy, e.g., hot isostatic pressing. Note that ritadioy is highly
reactive to oxygerespeciallyat elevated temperatuseOxygen can be picked up during storage,
fabrication and powder recyclinf#12]. Thus, it is preferable to store, handlad build titanium
powder in a vacuum/inert gas environment. Oxygen content in titanium powder has always been
amajor concern especially building witecycled powder. A standard solutigi3] is to addthe
virgin powder to regulate the oxygen content meanwhile balance the size distribution and
compensate the alloy elements which are selectively evaporated during melting. Interestingly,
Simonelliet al.[414] mentioned that the alloying elements reduce the volatility of titanium as no
formation ofthe oxide layer or elemental segregation on the e8Ai-4V spattered particles in
the L-PBF processvere observed. Oxygen concentration must be limited to % @2 avoid
ductility problems. It is, however, a potent strengthening addition. @aalg[415] measuredthe
oxygen content of the virgin and reuseebRil-4V powder and it was found that the oxygen level
increased from 0.08 wt.% (virgin) to 0.19 wt.%. In addition, powder particles became less
spherical, rougher, and coarser after 21 times of recydinglar to[412] in which spherical
powders were replaced by deformed and irregular pow@mnposition variation in recycled
powder was also reportedrigure 28). Surprisingly, powder flowability was improved with
increasing the reuse timadthe printed specimens showed highly consistent tensile properties
[140].
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Figure 28. (A) SEM micrographs from the virgin and recycled(after 21 times) Ti+6Al-4V powder, (B) volume
fraction showing the particle size distribution of Ti-6Al-4V powder dependingon recycling times, (C) oxygen
content in powder, and (D) Al and V content as a function of recycling timefeprinted with permisson from
Ref. [140].

In the fabrication of F6AI-4V alloy, the evaporation of the aluminum alloying element is a
major concern since it affectee properties of the aBuilt componentsFigure 29 reveas the
inhomogeneity of aluminum in the cressctions of abuilt Ti-6Al-4V fabricated by selective
electron beam melting. The loss of aluminisrpositively correlated with the energy ingdi.6]
and the number of reuses. Mastudies[417,418] attempted to usa modeling approach to

understand the evaporation phenomenon in additively manufactured titanium alloy.
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Figure 29. Aluminum concentration of samples built with different scanning speeds and line energies in an E
PBF by electron probe microanalysisReprinted with permission from Ref.[416].
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The common phases in titanium alloys inclad®, w and martensitea(j andajj). In Ti-6Al-
4V, the addition of vanadium stabilizes thphase which makes-BAl-4V aa + b alloy at room
temperaturg419,420] The asbuilt microstructure of F6Al-4V depends on the cooling rate of
the building procesit21i 423]. Fast cooling suppresses the phase transformatiorbftora and
introducesatremendous amount of strain into thebaslt part (noted that the paattachedo the
base plate more directly causes strain to develop during thermal shrinkalgals to the
formation of martensite through diffusion-less transformation in laséased AM processes
[230,424 426]. In contrastthe E-PBFprocess has a much lower cooling rate and smaller thermal
gradient due to #nhigh preheat. The matrix of aluilt E-PBF microstructure is primarila + b
meaning the abuilt E-PBF part exhibits lower strength but higher ductility compared with parts
from laserbased AM processeigl24,425,427,428] An important feature in AM T6AI-4V
microstructures the coarse columnar pribrgrain which means that the microstructure of AM
Ti-6Al-4V can be easily differentiated from conventionally manufactured material. In AM
processes, epitaxial growth is the dominant solidification mode meanibgythen preérentially
grows alongone of the variants of the <100> crystal orientation that closely aligns with the largest
thermal gradien{426,429] Thijs et al [230] and Narraet al [430] have demonstrated the
capability of varying the directional grain growth and the local grain size in different AM processes
by controlling the scanning steagy.

3.2.2 Nickel-Based Superalloys

Nickel-based superalloys are a class of precipitation strengthened alloys that perform well in
high-temperature environmen431i 433]. The excellehhigh-temperature properties of nickel
based superalloys have resulted in the implementation of this class of alloys into many aerospace
applications[434,435] The inherent interest of the aerospace industry in powder bed fusion
additive manufacturing technologies has driven research in the ability to print these material
systems.

The fine precipitates that form within the facentered cubic matrix, known gsare what
provide the Nibased superalloys with their improvieigh-temperature properties. The two major
strengthening precipitates aretie phas e @ ngh dagheph abe i-centeeel so a
cubic structure possessing the compositiog(Alj Ti) [436]. Thegd 6 p h a s ecentesed a b od
tetragonal phase and possesses the compositigiNd\iV) [437,438] Different Nibased
superalloys possess different fractions of e aghdpr eci pi tates dependi
composition and processing. MC carbide phases are also ofted fo Nibased superalloy
microstructures, with the majority of the MC carbides being [Ri€5]. Additionally, the Laves
phase is observed in some Nickalsed superalloysnéluding the popular alloy 71836]. s-
phase also appesin Ni-based superalloys that are exposed to high temperatures for long periods
[436]. Large amounts of the-phase can be embirittling.

Nickel-based superalloys have been traditionally produced using powder metallurgy
manufacturing techniques due to the improved homogeneitytbgeast Nibased superalloys
[439]. Ni-based superalloy powders for powder metallurgy appticathave been produced using
a wide range of technigaéncluding gas atomizatioj#40,441] electrode induction melting gas
atomization442], and, more classically, hydrogen reduction to powder from an aqueous solution
[443]. Gas atomization, pbmarotating electrode process, water atomization, and electrode
induction melting gas atomization are all popular techniques in the modern era for the production
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of powders for powder bed AM manufacturing techniq(@82,444 446]. Many Nibased
superalloy powders are available commercially.

A wide range of Nickebased superalloys have been develdpea variety of applications.
The alloy 718 alloy system is considered one of the most weldable of 4hasBiil superalloys
[447]. As a result, parts of this alloy have been frequently fabricated &sigF and E-PBF
manufacturing methodgl48i 451]. Other Nickelbased superalloys have also been used in the
fabrication of parts using powder bed machines including alloy[425,453] alloy 738[454],
Rere 142[455], Hastelloy X[456,457] CMSX-4 [445], and Haynes 23[158].

Ni-based superalloys are prone to cracking duwelding[459,460] Both hot cracking and
strainage cracking are observed in-based superalloy weldg60]. This cracking behavior
extends to AM applications as wElB8,461,462]The extent to which cracking is a concern varies
from alloy to alloy due to the composition variations between the differebadéd superalloys.
Figure30(A) illustrates how weldability is affected by differing amounts of aluminum and titanium
content in different Nbased superalloygl63]. Cracking duringL-PBF of Ni superalloys are
shown inFigure3Q(B, C) and it is seen that cracks mostly form along with the build direction at
the brain boundaries. Additionally, oxidation is a potential threat tdased superalloy
components. The wide variety of alloying elements found wbds$ed superalloys presehe
possibility of forming many oxidation produdi464]. These oxidation products can negatively
impact the performance of nickkased superalloy paifd65]. Additive manufacturing processes
are susceptible to exposing the alloys to environments where oxides cdth40r466]
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Figure 30. (A) Plot of aluminum vs. titanium content in NiBased superalloysThe dottedline separates regions
of good and poor weldability (reprinted with permission from Ref.[463]), (B, C) Microscopy images showing
cracks present inL-PBF of nickel superlloys (B) CM247LC (reprinted with permission from Ref.[467]) and
(C) IN738LC (reprinted with permissionfrom Ref. [468]).

Spattered particles and oxide layer formation on powder surface continuously theRBF
process and will change powddraracteristics such as morphology, mean size and particle size
distribution, surface featureand flowability. Additionally, melt pool shape and behavior are
influenced by them. In nickel alloy 718, alloying elements of Al and Ti have high oxygen itgactiv
and form nanoscale Ti&and AkOs layers on the powder particle surfaces (on spattered powders,
Figure31(B)) or submicron oxide particles (as ingdions) in the microstructure or top surface of
the AM parts Figure31(D)). Gaspeket al.proposedhespatter formation mechanisms as (1) melt
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ejectin spatter, (2) heentrained spatter, (3) colgection spatter, and (4) metal vapor ejection
and vapor plumg140]. It was shown that the spatter particles had sizes rang@¥ Jum,
negatively affecting size distribution of recycled powder and coarsegahparticles could land
on the powder bed or print area, resulting in defective build production.
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Figure 31 (A) SEM micrograph of nickel alloy 718.Backscattered electron SEM micrograph and EDS
elemental may analysis from (B) a spattered nickel alloy 718 particle, and (D) surface of thePBF process
alloys 718 where oxide spots are detected, (C) Schematic illustrating lagewder interaction and how

spattered particles form during PBF processReprinted with permission from Ref.[140].

3.2.3 Aluminum Alloys

Aluminum alloys are increasingly used in automotive, aerospace, and heat exchanger
applications[469,470] because of their high strength teeight ratio, superior recyclability,
corrosion resistance, and thermal conductivity. Gas atomiZd{fam 72]is the dominant powder
production method for aluminum powders as of today. Additional powder production techniques
[473i475] for aluminum alloy include centrifugal atomization, water atomization, and
crushing/grinding, etc. Similar to other alloys, the vast majority of aluminum alloys cannot be built
in powderbased AM processes mainly due to the formation of the undesired columnar
microstructure and the hot cracking problg@%,476,477caused by the directional rapid cooling.
Additional challenges fohM aluminum componentmesfrom their high reféctivity [478,479]
of photon and reactivity with oxyggd80,481]makingit rather difficult to obtain a stable melt
pool in lase-based AM processes or to prevent the formation of oxide during fabrication.
AISi10Mg is the most reliable and frequently used aluminum alloy in AM processes due to its
neareutectic composition with a small solidification range. Extensive st(@482 485] have
been performed on the microstructure and mechanical properties of AlSi10Mg dHeys@dies
have tested nestandard aluminum alloy888], e.g., AlSi12[486], Al7075[476,477] Al7050
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[95], Al-Cu-Mg [487], and 6061[469,480,488]in different AM processes revealed valuable
information about how to mitigate crackimat different levels of severity.

In addition topowderbased AM processes, hot cracking is a wleltumented problem in
many welding literaturepapers [489,490] despite weldingpossessingower cooling rates
compared with AM processes. Many aluminum alloys helsgge solidification range ahlow
solidus temperatureneaning that they could be increasingly susceptible to hot crackingsThis
currently the primary roadblock for the application of aluminum alloys in AM. The addition of
silicon can decrease the eutectic temperature, improviuttdgy and reduce the solidification
range and the thermal expansion coeffic[dii6,491] as a result, the crackingrc be moderated
which explains why the more reliable AM aluminum alloys have high silicon content. In laser
based AM processes, a higher operating temperature and a lower coolicgrratéectivdy
mitigate the cracking proble{85,487] Zhanget al.[487] successfully fabricated cradktee AM
partssimilar tohigh-strength wrought aluminum alloy by usiagigh energy densitydigher melt
pool temperature is beneficita the wettability of aluminum allgyas it can decrease the surface
tension of molten aluminum; meanwhile, a longer solidification time is more kinetically favorable
for the molten aluminum to reach the smaller equilibrium contact §4@f#¢ Additionally, cracks
originated from the isolated interdendritic liquid pools can be reduced by backjdlBig490]
Martin et al. [493] had remarkable success by wog high-strength aluminum powders with
nanoparticles. They provide nucleation sites for the formation of equiaxed grains which effectively
accommodate strain and mitigate crackiRmgyure32).

a) - & b)

d) AISi10Mg powder with WC nanoparticles Reprinted with permission from Ref.[493].

Oxide formation is a major concern for AM built aluminum alloys since the oxide is a potential
site for the formation of defec{480,481,485] Numerous literatur@apers[492,494,495]have
reported that oxide formation increases the surface tensidheofnolten aluminum which
promotes the balling effefp496] and suppress wetting. Additionally, the oxide introduces extra
diffi culty for laser penetran, which in turn affects the densification process and leads to defect
formation. As shown ifrigure 33 andFigure 34, oxide layers are commonly found on the melt
pool boundary and between layers. Owing to the low solubility limit and equilibrium partial
pressure of oxygen (f8p0O; at 600°C) [480,497]in the oxidation reaction of aluminum, avoiding
the formation of oxide is impossible in the current AM systems. Thus, the more practical way to
mitigate its effects is to disrupt insteadanid the oxide. Louvist al.[480] attempted to control
the Marangoni flow by adjusting the laser parameierghis study it wadelieved that the flow
pattern is responsible for the disruption of the oxide which effectively improves the wettability
between layerssigure34.
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Figure 33. Defects associated with oxide formation in AlSi10Mg part fabricatedsing laser powder bed fusion
process Reprinted with permission from Ref.[485].
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Figure 34. Schematics of oxidéormation in melt pools of aluminum alloy. Reprinted with permission from Ref.
[480].

Similar to other alloys, processing related porogi®,485,498,499]s common in a$huilt
AM aluminum parts including keyhole and laokfusion porosity. Residual hydrogen content
from the aluminum production process can also induce the formation of hydrogen porosity in
selective laser melting AlSi10Mg parts. Weingaeal.[500] reported that the hydrogen porosity
can be controlled by adjusting process parameters and drying the powder. taahd249]
successfully used shot peening to reduce surface porosity%y 38 %. Extensive studigd83i
487,498] have been conducted to understand howpart defects affect the mechanical
performance of AM aluminum parts, whighaddressed iGection8.1

3.2.4 Iron-Based Alloys

Iron-based alloy considered for additive manufacturing processing mostly lies in stainless
steel (grade: 316L, 304L, 44, etc.), tooling steel (grade: M2, H13, P20, etc.) aadading steel
(grade: 18NH300) and metal composites with these steel or pure Fe as ijadtiix They are
widely adopted for medical, automotive, aerospamed tooling industries for applications
including dental crafts, knee and hip joints, heat exchangealing drill, casing and extrusion
dies[502i 504]. These applications usually require complex and customized part geometry design.
Traditional processing routes (hot forming, cold forming) usually fabricate these components by
dividing them inb several smaller parts, whichtisie-consuming and material wasting. Additive
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manufacturing technology, due to its unique part geometry design freedons lmveating
these geometrically complex parts as a single unit. This draws great interegiidromdustry to
develop AM process route to fabricate ferrous alloy componentsdabove applications.

Simonelliet al.[505] comparedhe microstructure of feedstock stainless steel 316L and laser
spatter particle. Both particles showed austenitic phase structure, however, grains were finer with
irregular morphology in the feedstock powder compared toofrtae spatter particle with coarse
equiaxed graindBesides some extent of grain boundary segregation of Cr, Mo, and Mn elements
were observed. Further, elemental analysis taken from the surface of the spattered powder
confirmed oxide formation (mostly enriched in Mn, Si, and O elements)

For ironbased alloy processing, ladgmsed additive manufacturing is commonly selected,
while much less efforhasbeen made to explore the qualification of elecibeam additive
manufacturing[506]. For ferrous alloy, its phase transition under AM pssagg condition
usually deviates from that under conventional processing corglitesulting in significant
microstructural difference between AMprocessed ferrous alloy and their conventionally
processed counterparts. ¥tial.[172] showed that foL-PBF-processed 304 stainless steel, high
temperature ferrite to austenite phase transition was partially suppressedttieigh cooling
rate ofL-PBF solidification. As a result, the higiemperature (delta) ferrite phase was retained in
an austendg matrix in the a$uilt microstructure. Yiet al.[172] also reportedhe strengthening
effect of the retained higtemperature ferrite phasklere, he repeated heating cycle of AM
processing conditia results in heterogeneous microstructure unexdedtem that of
conventionally processed ones. Cle¢al.[507] showel that forL-PBF processed H13 tool steel,
themartensitic microstructure was observed with different size saattemorphologies déhetop,
center and bottom regionof each melt pool. This heterogeneous microstructure led to inferior
ductility for theL-PBFprocessed H13 tool steel compared to conventipradessed ones.

The influence of AM process parameters on microstructures and propertiebagdekalloy
have been investigated by abundant researafticularly in he effects ofprocess paramete
including laser powelf507], scan speefb08], preheat temperatu{09,510] build orientation
[511], laser scan patteff12] and hatch spacin®09]. Mirandaet al.[513] developed six models
to predictthe hardness and shear strength of 316L stainless steel produteB®Bi-AM with
different laser power, an speedand hatch spacing. The models were developed by ANOVA
statistical analysis to determitiee main factors and the relatisiip between input (AM process
parameter) and output (steel properties), which could be utilizadesign tool for AM proess
optimization with ferrous alloy. Besides, composition modificatiby nano carbide and oxide
addition have been observed to enhance properties of -picessed Fbased alloy
[53,511,514,515] Different property enhancement mechanisms were reported for ferrous alloy
modified by diffeent type of naneparticles, including laser absorptivity enhancement, grain
refinement, grain boundary strengtheniagd solid solution strengthening.

AM process not only affecte microstructure of the AM paibut also changes powder
characteristicsHeidenet al.[348] carried out a detailed analysibthe virgin and recycled 316L
stainless el powder Figure35). It was shown that the virgin powder had dendritic morphology
on the powder surface while it disappeared in the recycled particle in which submicron satellites
(due to spatter powder or fusedrticles) stick to the coarse powder. In additithe oxygen
content was increased in the recycled powder and a mixture p&d8dMnCpO4 was formed for
recycled particles. Since various cooling rates occur dtihe@M processes, new phases such as
ferrite or martensite may form in recycled steel powder. Gaditkil. [516] showed that thé-
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PBFof stainless steel 316 picked up 0.1 wt.% oxygen compared to that of the virglemaeith
0.033 wt.% oxygen content.
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Figure 35. A comparison between (A) virgin and (B) recycled or reused stainless steel 316L powd&canning
electron micrograph (SEM), electron backscattered phase map (EBSD), and transmission electron microscopy
images including elemental analysis results were presented for each powder tygeprinted with permission
from Ref. [348].

Sunet al.[516] reported potential oxid@clusion formation (with amorphous structure) from
starting powder and/or duringBF of 174PH stainless steel. Equiaxed inclusions were seen in
both xz and xy crossections formed at the grain boundaries and potentially constrain grain growth
duringprocessing via Zener pinning effecBBdqure36(A, D)). Electron microscopy observations
revealed coarser inclusions accumulated betweentraeks at the build surface, deteriorating
mechanical strength, fatigue life, and corrosive behavior of teli#isAM parts Figure36(C)).

The oxide #rips in Figure36(C) were enriched in Mn, Al, O, and Si and the naize inclusions
composed of Fe, Cr, Ni, and Cu were randomly dispersed in thexraatthe second phase
particles. It is most likely that the oxide contamination in the AM part was transferred from
feedstock powder in which an inclusion consists of a metallic alloy core with an oxide glass shell
(Figure36(B)). Since other researchd8i,377,517523] did not detect inclusions in PBF of-17

4PH parts, it was assumed that the oxide inclusions in the AM parts were generated from the
starting pwder. Typically, gas and water atomized stainless steel powders contain impurities such
as O, Si, and Al due to the nature of atomization and other powder production methods such as PA
and PREP result in less contaminated powder which will be more desfbmetal AM
processes.
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Pt layers

Figure 36. (A) SEM micrographs from xz and xy crosssection of 174PH stainless steel alloy produced by laser
beam powder bed fusion, (B) oxide contamination on powder surface, (C) electron microscopydamapping
elemental analysis from the top surface of the asuilt sample indicating a secondary phase at the track
boundaries, (D) TEM and EDS map results from a selected area showing an oxide inclusion in the alloy matrix.
Reprinted with permission from Ref. [516].

3.3 Surface Contamination and Oxidation

Generally, oxide formation on the powder particles may affect AM processes since the melting
and melt pool stabilityare affected byhe presence of surface oxide layer in powders. Since the
oxygen concentration is higherlinPBFcompared to that of tHe-PBF, the highlocaltemperature
at the fusion area will likelyrigger the formation of an oxide layer on powder surfaces. When the
formed oxide layer is thin (in the nanometer size range in titanium and stainless steel), it has an
insignificant impact orthe melt pool formation. It is associated with lagewder interaction and
Marangoni flow in which the thin oxide layer is disrupted and stirred in the mel{3@®524]

In contrast, a thick oxide layer cannot be disrupted during the PBF process and any oxide residue
deteiorates the melting and stability of the melt pool. In other words, oxide residues lower the
wettability between melt and substrate, thus induce balling, origgadcurs, leading to a rough
surface of the abuilt AM parts. Higher oxygen and sulfur inater atomized powder compared

to the gas atomized powder was reported to negatively affect the melt pool dyjt@Bjcshose
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impurities would alter the surface tension and the Marangoni flow in the melt pool, leading to
higher amount of oxygen the water atomized powder could result in frequent spatter ejection.

Recently, Leunget al.[324] conducted am-situ x-ray imaging to understand the influence
of powder oxidation on defect formation in thé®BF AM process. Lasepowder interaction and
melt pool evolution were compared for virgin and oxidized powd&msife37). No gas porosity
was evident in the singeack melt pool. At the same time, spattered powders (spherical
morphology,Figure 37(C)) ejected from the same direction as the gas flow and scan direction
[41,324,526] If any pores form in the melt podhey may burst during salification via pore
coalescence and pore migrat[dd]. In contrast, different lasgrowder interaction was seen when
oxidized powders were used. A few gas pores (with counterclockwise rotatiogltipool and
size less than 250 um) and pores surrounded by oxide layers (with size ranges from 50 pum to 500
pm) were generated in the first printed layer. Typically, large pores (the later ones) grow by
consuming gas pores with a final size of >350 unsoAldroplet spatters (irregular shaped and
formed from agglomerated powder or droplet spatter covered by agglomerated gagule3(/
(C)) were formedahead of the laser beam. A negative temperature coefficient of surface tension
was reported for liquid meta]527]. Centrifugal Marangoni convection occurs in the melt pool,
while it is affectedvhen oxygen concentration is above 50 ppm. In other words, the temperature
coefficient of surface tension is changed from negative to positive (for the oxidized powder with
3430 ppm oxygen), leading to altering the Marangoni convection from centrifugahtopetal
[528] and the oxide might act as nucleation sites for pore formafiarning printing the next
layers, it is possible that lasermeelting of the previously deposited layer occurs, disrupting the
oxide layers within the prior melt tracks and enabling entrapped gases to escape into the
atmosphere via keyholing. Additionallthe size of prexisting pores might be reduced, or they
are partially filled by liquid feeding, which may result in irregularly shaped pore form&iiguré
37(B, D)).
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Figure 37. Time-series radiographs results: (A) deposition othe first layer from virgin and oxide powders
revealing defectfree and porous melt pool formation in which pore coarsening was visible during mettool
formation from oxide powder, (B) analysis illustrating size vs. velocity of the spattered particles and their
morphology, (C) deposition of the second layer showing the formation of an open pore, and (D) deposition of
the third layer revealing a porehealing mechanism due to the high surface tension of the molten pool causing
the ejected spatter falls back to melt pool and heal the pore. A detailed explanation can be foundReprinted
with permission from Ref.[324].

3.4 Gas Pore Transfer

Trapped gas from powder feedstodkapidly solidified powders produced in inert gas (e.g.
argon or nitrogen) environments generally contain entrapped inert gas at levels on the order of
several atomic parts per milliof345,378,529,530] Powder production techniques were
experimentally shown to affect the amount and characteristics of the entrapped gasraging x
imaging techniques. The majority diet powder feedstock used in powdbased fusion AM
processes are produced via gas atomization (as explaiSedtion3.1), however, other methods
such as plasma rotating electrode process (PREP) and plasma atomization (PA) have been also
used. Using XCT, Cheat al.[344] compared three types of spherical6Ril-4V powders: gas
atomization (GA),plasma rotating electrode process®&REP), andplasma atomization (PA)
(Figure 38). Porosity and argon gas conteint particular,were analyzed for the three separate
powder manufacturing methods. Overall, it was found that the powder particle size plays a crucial
role inthe amount of entrapped gas porosity and argon gas content within the atomized powders.
The experimental results showed that argon content and porosity within the atomized powders
increased with increasing particle size for each type of powders. Condggubkat pore
population, size, and overall porosity values within the powders increased with the increasing
particle size. Powdemmanufactured using GAnd PA exhibit relatively higher pore sphericity
than that of powders manufactured using PREP dudfeyeht gas pressures inside of powders.
Notably, powders manufactured usiRRgEPt hat ar e bel ow 150 em in si
porosity and argon content, while the powders manufactured using GA yielded the highest values.
The reveal of the existenad trapped gas in metal powder stock is crucial to the study of the
generation of pores in AM parts. Cunningham ef2a1] found that pore size in-PBFof Ti-6Al-
4V was similar to that of the gas porethe feedstock. Andersomet al. [378] also compared
different types of materialand powder production methods. In general, gas atomized powders
offer the widest range of materials (Ni, Co, Fe, Ti, Al); however other methods such as PA or
PREP may result in lower porosity but are only presently available for select alloys (e.g. Ti).

| e |

56



Figure 38. 3D €CT r ec on s t-sectionalimicrographa ofdi-6Al-4Vo mwders of: (a,b) gas
atomized (GA) powder, (c,d) plasma rotating electrode process (PREP) powder, and (e,f) plasma atomized (PA)
powder. Reprinted with permission from Ref.[344].

TammasWilliams et al.[127] investigated powder porosity transfer duriegBFof Ti-6Al-
4V XCT. Using standard build parameters sets, the vast majority of discovered defects were small,
spherical pores that were identified both in the powder ahdiissamples and attribudeo initial
powder (gas) porosity. The pores were believed to predominately originate from argon
contamination in the powder with smaller gas bubbles trapped in powder particles expanding and
coalescing in the melt pool due to the reduced pressure ibuittechambe{127,531] They
showedthat larger melt pools gave the gas pores more opportunity to escape; therefore, minor
changes in melt strategy or processing parameter selection could result in significant redauctions i
pore population (< 0.20). Gas pores were not randomly distributed and strong links between pore
size distributions and laser beam scanning/control strategies were determined. Specifically, the
mean equivalent diameter for porosity in the center (ha®ttjons was about 1.4 times the mean
equivalent diameter gdores inthe edge (contour) sections, and 1.6 times the pore size measured
in the powder. As i11169], gas pores were found to have their largest axis strongly orientated in
the X'y plane, with no preferential alignment in thelane (orthogonal) direction.

In othermaterial systems, less work has investigated trapped gas transferability in an effort
toward suppressing internal porosity. Aboulkretiral. [22] analyzed trapped gas porositylin
PBF AlSi10Mg in which noticeable porosity was discovered within individual powder particles.
The entrapped gas porosity wdse scr i bed as fdAmetallurgical por
hydrogen pores that are lessthan 40®& i n si ze. It was shown that
the test cubew/asgenerated at slow scanning speeds from gases trapped within the melt pool or
evolved from the powder during consolidation. However, the specific powder production methods
utilized in this study were not provided; thus, it is unclear how the pores were generated during
powder production, and the specific mechanisms enabling theanestinto the melt pool.

Recentreportshave focused on investigating the mechanisms of transfer for trapped gas
porosity from powders to the-dmiilt materials usingxay techniques, in particular for-6Al-4V
materials[77,94,127,150,532,533Figure 39 shows the mechanism of gas pore transfer to the
melt pool during the laser powder interaction captured via ultrafast DXR scanningAf-#V
utilizing a stationary lasdi25]. In Figure39(A, a), a powder particle containing a gas bubble
(circled in red) is located adjacent to the laser beam and pulled into the mdtigquoeB(A, b-

c). Once inside, the entrapped gas bubble may exit or remain within the melt pool due to the
competition between Marangoni convection and buoyancy fdficese 39(A, d-i). For the Tt

6Al-4V test blocks within the process window, it is deduced that the-soel# defects present
within thenBXCT are indeed gas porosity.
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Figure 39. (A) Schematic (left) and time sequence {i& showing the transfer of entrapped gagorosity from
powder particles adjacent to the laser scan path into the melt padReprinted with permission from Ref.[125].
(a) A powder particle containing a gas bubble (circled in red) located adjacent to the laser beam is pulled into
the melt pool (bc). (d) Once inside, the entrapped gas bubble may exit or remain within the melt pool,
depending on the action of théaser beam (ei). Reprinted with permission from Ref.[18]. (B) Pore formation
from feedstock T+6Al-4V powders Reprinted with permission from Ref.[534]. DXR images illustrating the
transfer of pores from the powder bed into the melt pool, then, residing in the solidified track during thé -
PBF process.

Trapped gases during SolidificationGas poosity is dependent on both processing
parameters and melt pool dynamics. Typically, the floatation of gas bubbles (pores) within the
melt pool is governed by buoyancy forces and Marandaowen flow. The Marangoni force (the
spatial gradient of the surfactension resulting in a downward or upward fofe85]) is
determined to be approximately five times greater than the buoyancy forces (floatation of the air
bubble), thereby driving bubbles to the bottom of the melt pool and resulting in porosity after
solidification take place [536]. These pores are known as keyhole induced pores velnech
discussed irsection4.4). For metal AM powderdn particular, Andersoet al.[378] provide a
detailed review of powders produced using atomization methods. Herein, multiple studies showed
that large, internal porosities (pore diameter Pa0% of powder diameter) resultant from
trappedatomizatongas wer e the most prevalent in | arger
behavior confirms the observations made by Rabial.[345]. Andersoret al.[378] noted that
Ami cro por osi tLy5 of ppveder @iantktieramag also be commonly present in
metal AM parts due to trapped interdendritic
i muysth zondhez@amegewl{fere both | iquid and solid c
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coarser powders due to the slower solidification but do not typically present a problem in build
microstructures.

When rapid solidification occurs, it was observedttihhew gas pores appeared in the
weldments. In some alloys such as steel, aluminum, and titathiesglubility of gases such as
hydrogen varies with temperaty22,500,537540]. Therefore, soluble gases in liquid metal start
nucleaing gas bubbles at the soliduid interface. This hydrogen gas may act as a source of
hydroxide formation on metal powder particles (during atomization) or inclusions in the AM parts,
as observed by Weingartenhal in L-PBFof Al-10S+0.5Mg[500]. An inverse trend was reported
in titanium alloys in which hydrogen solubility increases with temperature redybddrb42]

This will matter wherpostheat treatment such as hot isostatic pressing is applied to heal pores (as
discussedn Sectionb) [543].

4 ProcessRelated Defects

Processnduced defects are associated with the formation of dedfiecingthe printing step.
There are three main groups including (1) powder spreading dynamics and anomaitead(?)
state conditions for defect generatiand (3)locationspecific conditios for defect formation in
PBF additive manufacturing processes. The first issues occur dneépgwder dispensing step
where defects form on the bed of powder and bed quality such as uniformity and powder packing
density,are affected. Powder charactéds playanimportant rolan the formation of defects and
voids in the bed of powder. The second and third types of defects form duringdaskar
interaction. If asteadystate behavior of the vapor depression is considered in the melt pool area,
three main defects may be generated such as ball@§, and keyhole pores which all mostly
depended on the laser power and scan speed. However, the PBF AM processes necessarily contain
many areas where these conditions are no longer true. Thus, other detedsues may form
under norsteadystate conditioesuch as powder spattering, turnaround and end of track pores,
residual stress, cracking and delamination, geometrical deteuds dimensional inaccuracy,
surface roughness, microstructural inhomogezsiimpurity and inclusion formatipand loss of
alloying elements. In the followinghe mechanism(s) of defect formation for each of these issues
are explained.

4.1 Powder Spreading Dynamics and Anomalies

Powder spreading is a critical first step in #ditive manufacturing process. The powder
spreading process is closely linked to the quality of the printed parts. The defects in the powder
bed often translate into the defects in the printed parts due to the detrimental effects on the physical
interacton between the laser beam and the powdef12@155] The density of the powder bed
also affects the quality of the printing layer with denser layers making fusion staeadienore
continuoug544). Further, sparse and discontinuous powder bed wservdd to lead to defects
including balling, shrinking, and porosif$44,545] Further, irreguldy shaped patrticles led to
increased porosity in the printed paf&!6]. The defects in l@ng of powder bed can be
differentiated into five categories: (1)-ceater hopping (repeated vertical lines perpendicular to
recoating direction), (2) reoater streaking (horizontal lines parallel to the recoating direction),

(3) debris, (4) supeelevdion of printed parts, and (5) incomplete spreadi@f]. Examples of

defects are presented Figure40. The powder particle shape, size, and material along with the
recoating parameters such as recoating speed and the thickness of powder layer were observed to
influence the density and contityiof the powder befb44,547 549].
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Figure 40. Representatve examples of the six different powder bed anomaly classes: (a) Recoater hopping, (b)
Recoater streaking, (c) Debris, (d), Super elevation, (e) Part failure, (f) Incomplete spreading, and (g) example
of powder anomalies manually annotated. Reprinted withpermission from Ref.[160].

The powder spreading process is most commdadualyied using the discrete element method
(DEM). DEM is a numerical method to simulate the movement of granular materials through a
series of calculations that trace the individual particles constituting the powder material. In a
typical powder spreadingraulation, the rake or roller is simulated as a rigid body and individual
powder particles are tracked as the rake deposits the powder bed. A representative schematic of
the simulation process is presentedrigure4l1.
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Figure 41. Schematic of the powder spreading simulation using DEM. U is the horizontal velocity of the rake,
U is the separati on b e whick dctated the @owlealedthigkiesstdas tha diadnetera k e

of the powder particle. Reprinted with permission from Ref[550].
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Figure 42. The deposited powder layer fodifferent powder sizes. Reprinted with permission from Ref[544].

Using the nurarical simulations, various researchers reported that the packing density of the
powder bed increases with decreasing particle size until the size reaches a critical value after which
the density decreases with decreasing particlds#ze547] Both the cohesion effect and the wall
effect contributed to the observed trend. Bimodal or Gaussian particle size distributions were
observedo have a weak effect on the packing density for thin powder 1§§é4s548] More
cohesive powder particles were observed to worsen the continuity and stability of the powder layer
[544,551] Typically, more spherical, unimodal particle®re observed to have less internal
friction, thus leading to higher layer densitjg52]. The defects introduced in the powder bed with
changing powder size are visualizedrigure42. The number of defects in powder bed tends to
first decrease with decreasing powder particle size and then increase below a certain critical
particle size. Giet al.[553] and Xiaet al.[539] showed that the powder size not only affects
powder packing density and defect formation during powder spreading, surface finish and surface
defects (balling, discontinuous tracks, and porosity) can result frétBR of fine or coarse
powders.

The mass flowate in front of the recoater blade was observed to decrease with increasing
recoating speefb47,549]which leads to better quality powder beds with lower recoating speeds
[554,555] Further, the roller type recoating mechanism was observed to perform better than the
blade type recoat¢s55]. The mass flow rate also decreased with decreasing layer thi¢kaéks
Most of the particles were pushed out of the powder b ilayer thickness was smaller than
the mean particle size resulting in large empty patf@&¥556] The empty patches were caused
by the jamming of the particles in front of the recoater blgd®]. Further, for larger layer
thicknesses, short feed defects were observed in the powdef8aldror optimal layer quality,
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