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Abstract 

 

Metal additive manufacturing is a disruptive technology that is revolutionizing the manufacturing 

industry. Despite its unrivaled capability for directly fabricating metal parts with complex 

geometries, the wide realization of the technology is currently limited by microstructural defects, 

which could significantly degrade the structural integrity and service performance of the product. 

Accurate detection, characterization, and prediction of these defects have an important and 

immediate impact in manufacturing fully-dense and defect-free builds. This review seeks to 

elucidate common defects and their formation mechanisms in powder bed fusion additive 

manufacturing processes. They 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 powder in powder bed fusion techniques 

may generate new types of defects, e.g., porosity transferring from powder to builds. Practical 

strategies to mitigate defects are also addressed through fundamental understanding of their 

formation. Such explorations enable the validation and calibration of models and ease the process 

qualification without costly trial-and-error experimentation. 

 

Keywords: Additive manufacturing; Powder-related defects; Processing-related defects; Post-

processing-related defects; Defect mitigation; Process-structure-property relationship. 
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1 Introduction and Background 

 Metal Additive Manufacturing 

Metal additive manufacturing (AM, also known as 3D printing) 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 feedstock. Compared to conventional manufacturing, metal AM possesses many superior 

capacities, including shortened design-to-market cycle, lower energy consumption, and the ability 

to consolidate components into unitary parts with complex geometries. There is also the capability 

to fabricate non-standard microstructures, with the potential to tailor local properties [1,2]. 

In fusion-based 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 metallurgy using high-energy-density beams such as lasers 

has been extensively studied for decades. So an intuitive idea is to learn from this existing body of 

knowledge and apply it when understanding the formation and evolution of the microstructures 

and defects in metal AM. Regardless of their similarities, it is noted that some weldable alloys 

(e.g., AA6061) are not easy to process by fusion-based AM processes because of cracking from 

solidification phenomena experienced during AM processing [3,4]; therefore technical solutions 

such as high-temperature preheating are needed [5]. 

There is a remarkable growth in adopting of metal AM technologies in different industry 

sectors to manufacture high-quality, defect-free parts. Recently, Snow et al. [6] and Sanaei et al. 

[7] published review articles on the formation and influence of defects on mechanical properties. 

Moreover, several research groups have focused on defect detection in large-scale AM processes 

[8,9], in-situ monitoring [10,11], computational modeling [12,13], and machine learning [14,15]. 

Significant progress 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 process-structure-property relationships and 

appropriate post-treatment ñrecipesò in metal AM have not been as extensively characterized as 

for conventional materials. Issues including macro-, micro-, and nano-scale defects, repeatability, 

inspection, and certification are crucial impediments to the wide implementation of AM metal 

parts. 

The goal of this review is to perform a detailed summary of the characterizations of metal 

powder bed fusion AM defects and mitigation techniques to limit their occurrences. The metals 

here include nickel-, titanium-, aluminum-, and iron-based alloys. Sequentially, we describe 

powder bed fusion AM processes, characterization tools (in-situ and ex-situ), powder-related, 

process-related, and post-process-related defects, mitigation techniques, possible prediction 

criteria, and mechanical and corrosion properties. Our aim for this review was to identify the gaps 

in the published literature and the research needs, thereby improving our understanding of metals 

AM processes and guiding the operation of AM machines. 

 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 been well-researched in both industry 
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and academia. In general, PBF techniques utilize the following steps to fabricate 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 build plate moves down, and a new layer of powder is spread onto the build plate; 

(4) this process is repeated layer-by-layer until the part is completed. PBF processes have been 

used in various industries for numerous applications such as medical (customized orthopedic 

components and implants from bio-materials of titanium, stainless steels, and cobalt-chrome 

alloys), aerospace and defense (fuel nuzzle, brackets, turbine blades, engine components, and 

structural member), and energy (heat exchangers and turbine airfoils) [16]. 

As specified in the ISO/ASTM52900 standard [17], PBF is defined as an additive 

manufacturing process in which thermal energy selectively 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 laser sintering (DMLS). ASTM has defined the following terminologies 

for AM technologies:  

¶ For direct laser deposition Ą Laser beam directed energy deposition (L-DED); 

¶ For selective laser melting, laser powder bed fusion, etc. Ą Laser beam powder bed fusion 

(L-PBF); 

¶ For electron beam technologies such as powder feed or powder bed Ą E-DED 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 layer-by-layer fashion. It is capable of producing parts in a range of metal alloys, including 

aluminum, titanium, iron, and nickel-based superalloys. There are different manufacturers for this 

type of metal AM such as EOS, GE Additive, DMG Mori, TrumpF, Renishaw, SLM Solutions, 

Sisma Group, Realizer, Phenix, Matsuura, and so on [18].  

A step-by-step process methodology for L-PBF AM is summarized in Figure 1. 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 fused to the build plate, 

mechanical removal is required. Before removal, the parts are left on the build plate and given a 

stress-relief heat treatment to minimize residual stresses, eliminate warping, and maintain 

dimensional accuracy. 
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Figure 1. General build methodology for an L-PBF machine. Rectangular grey drawings represent a bed of 

powder during the L-PBF process. 

The L-PBF technique fills niches in industries where either rapid prototyping or low-volume 

production is needed. The inherent additive nature of the process allows printing complex lattice 

structures (Figure 2a) [19] and parts with intricate internal geometries like the GE fuel nozzle 

(Figure 2b) [20]. Moreover, it allows for part consolidation and the geometrical optimization for 

lighter weight such as the seat brackets (Figure 2c) [21]. 

 
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-PBF of metal parts has largely developed in recent years. Besides the increasing number of 

commercially available machines, significant effort has gone into research to improve the 

technique. 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 high-quality parts. 

There are many studies on the effect of process parameters on microstructure, porosity level, 

and defect formation. Influential process parameters are (1) laser-related parameters (e.g., laser 

power, spot size, pulse duration, and pulse frequency), (2) scan-related parameters (e.g., scan speed 

or velocity, scan spacing or hatch, scan rotation, and scan pattern), (3) powder related parameters 

(e.g., powder morphology, particle size and distribution, layer thickness, dosing, and materials 

properties), and (4) macroscopic parameters (e.g., powder bed temperature and its uniformity, gas 

flow, gas type, spreader bar type) [22]. Computational modeling has been applied to the L-PBF 

process to predict laser-powder interaction, melt pool geometry, and potential defect formation 

based on the input processing parameters [13]. The formation of defects in L-PBF has several 

causes. High speed x-ray visualization [10,23] has shown that, at sufficiently high laser power, the 

vapor cavities aka ñkeyholesò that form above a characteristic threshold in power density [24] are 

very likely to be unstable and generate keyhole porosity [23ï25]. At a constant laser power, 

increasing the scanning speed elongates the keyhole and makes it shallower. In general, there is an 

optimal combination of power, velocity, hatch spacing and layer depth for printing [26], i.e., a 

process window. Nevertheless, transfer of porosity from the powder to the build can occur via 

capillary forces [27]. At high power and speed, bead-up or humping [28] leads to instabilities in 

melt pool shape that can also cause porosity. Finally, increasing the scan speed at constant power 

results in the lack-of-fusion (LOF) case where insufficient melt pool overlap results in unfused 

regions in the form of porosity and/or inclusion of unmelted particles [29]. The potential defects 

are shown, e.g., Figure 7) as regions in the laser power-scanning speed ñprocessing windowò or 
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region where full density can be expected. The point is that defect morphologies in PBF metal AM 

follow predictable trends within power-velocity-hatch-layer (P-V-H-L) processing parameter 

space [28,30]. In addition to the P-V-H-L processing combination, scan strategy (Figure 3) plays 

an essential role in defect formation in PBF processes. Scan strategy influences heat transfer, melt 

formation from powder, and solidification rate, affecting the type of defects, location, and 

distribution as well as grain morphology [31ï37]. Thus, it is crucial to optimize process 

parameters, heat source power, and scan speed and strategy for minimizing process-induced 

porosity.  

 
Figure 3. (A) Different scan strategies used in the L-PBF process. (a) unidirectional or concurrent fill, (b) bi-

directional, snaking, or countercurrent fill, (c) island scanning, (d) spot melting, (e) 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) 45° 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 process and following powder spreading which is 

governed by many powder characteristics (Section 3.1), a laser selectively scans the surface of the 

powder layer to melt and fuse the metal powder following the STL input file in the respective 

layer. The complex laser-matter interaction leads to many phenomena that could result in defects 

in the final part [40]. Common defects include balling/bead-up, lack of fusion, keyhole porosity, 

the ejection of spatters of molten metal or powder particles, denudation of the surrounding 

substrate, or microstructural defects. Numerous studies focused on the experimental approach to 

visualize and analyze such anomalies. However, an important aspect that plays a major role in 

their formation is the laser-matter interaction. 

This is defined as the interaction of the laser with the powder particles, molten pool, and 

vapors [41]. On a sub-millimeter scale, as soon as the laser hits the surface of the powder, a 

complex interaction between the laser and the powder occurs. Part of the laserôs incident energy is 

absorbed by the powders and the rest of it is reflected within the powder layer. The incident laser 

undergoes many reflections before it transitions into the melt pool which in turn absorbs energy 

by Fresnel absorption [42]. The number of reflections of the laser beam is dependent on local 

material properties, particle size, and packing density. It is also important to note that under the 
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common occurrence of a keyhole, the laser light may be reflected from the wall of the cavity 

several times, e.g. [43,44].  

A main parameter of interest to the community during laser-powder interaction is absorptivity; 

this is investigated either experimentally or using mathematical models. Bertoli et al. [45] 

performed in-situ experimental measurement of the absorption of gas atomized and water atomized 

powders coupled with a COMSOL model to predict the cooling rates in the melt pool. Trapp et al. 

[46] used direct calorimetry to measure the effective absorptivity of continuous-wave 1070 nm 

laser light for bare and metal powder-coated discs of 316L stainless steel as well as for aluminum 

alloy 1100 and tungsten. The effective absorptivity was shown to increase markedly with 

increasing incident laser power from 30 up to Ū540 W for scanning speeds of 100, 500, and 1500 

mm/s. The change in surface morphology that was observed in the high-speed images was 

correlated with a change in the effective absorptivity from 30 W until the onset of the formation 

of a recoil pressure-induced surface depression, i.e., keyhole. The possibility of multiple 

reflections and absorption steps inside a keyhole is the primary reason for enhanced absorptivity 

at high power densities [47]. Beyond the keyhole mode the value of the effective absorptivity 

showed a plateau for discs and powder-coated disks. For a powder layer of 100 µm thick, the 

effective absorptivity was two times that of a polished plate. Tolochko et al. [48] experimentally 

assessed the absorptance of a number of powders of interest to sintering, including metals and 

oxides, under two different laser wavelengths of 1.06 ɛm and 10.6 ɛm obtained by using two 

lasers, namely Nd-YAG and CO2 respectively. The absorptivity of metal powders was shown to 

decrease with increasing wavelength [46,49ï52]; whereas it was shown to increase with increasing 

wavelength for oxides [53]. Fischer et al. [54] presented a mathematical model that compares the 

absorptivity of bulk solid and powder of pure Titanium metal. In the first step, the energy is 

absorbed in a narrow layer of individual particles determined by the bulk properties of the material, 

leading to a high temperature of particle surfaces during the 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, the surrounding powder properties are 

responsible for further thermal development. 

The investigation of laser-powder interaction has been the topic of many experimental studies 

using high-speed optical imaging [55], x-ray imaging [23ï25,43,56], and Schlieren imaging [57] 

aiming at the investigation of defects. However, due to the complexity of the laser-matter 

interaction, experimental investigations have historically driven numerical analyses. However, 

recent advances in numerical models allow the elucidation of the laser-matter interaction; this will 

be discussed in detail throughout the subsequent sections (e.g., [44,58ï63]). 

1.2.2 Electron Beam Powder Bed Fusion  

E-PBF uses an electron beam as the heat source to selectively sinter/melt the powder. The 

process is capable of fabricating near-fully dense metallic parts that have mechanical properties 

comparable to conventionally manufactured parts, e.g., castings or forming. Thus, E-PBF parts 

can serve as load-bearing structures in many applications. The operation of commercialized E-

PBF systems is optimized to minimize defects, just as in L-PBF. However, those systems offer 

less freedom for process modification and lack direct control over, e.g., power and scan speed. 

Many locally-built E-PBF systems [64ï66] have been reported in the literature as being used for 

research purposes to study fundamentals, e.g., transient physical effects and interactions between 

the electron beam and powder.   
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An E-PBF system has three major components ï electron delivery, powder spreading system, 

and build chamber. As suggested by the name, the major difference between E-PBF and L-PBF is 

with the heat source. The E-PBF process uses an electron gun as the heat source which is located 

directly above the powder bed shown in (Figure 5). Electrons are generated through heating a 

filament, which can be a tungsten filament (printers such as S12, A2, A2X) or lanthanum 

hexaboride LaB6 (printers such as Arcam Q10, Q20) cathode. The electrons are then accelerated 

by the applied voltage, focused and steered by a series of electromagnetic lenses. Compared with 

laser optics, the electrometric lenses in an E-PBF process can move the electron beam free of 

inertia. As a result, the peak scanning speed of an electron beam can reach 102 m/s which is 

significantly faster than the speed of a laser which is limited by the scan optics to a few m/s [67].  

Using an electron beam as the heat source also introduces a unique problem known as 

ñsmokingò, of which the outcome is similar to the powder spattering in the L-PBF process but in 

a much more chaotic manner. As the electrons decelerate on contact with the powder bed, their 

kinetic energy is converted into thermal energy which is what is needed to sinter/melt the 

feedstock; however, some of the energy can go into ejecting particles from the powder bed [66]. 

For the same energy level, electrons have a much larger momentum compared to a photons because 

of the finite mass of the electron. Additionally, thanks to imperfect electrical conduction in the 

powder bed, electrons can accumulate which results in repulsion between negatively charged 

powder particles and consequent additional powder ejection during the scanning process [66,68]. 

Sigl et al. [66] have shown that the repulsive force between two adjacent powder particles is on 

the order of 10-6 N while the weight of a powder particle is on the order of 10-9 N assuming that an 

electron beam irradiates a specific region with 100 W power for 1 s. Clearly, ñsmokingò can be 

highly detrimental to the quality of each powder layer, which in turn introduces processing defects 

into the as-built parts and potentially leads to the termination of the build. Therefore, a conductive 

and fully grounded powder bed is essential to avoid charge accumulation, which also explains why 

only metal feedstock can be used in the E-PBF process.  

Many aspects of the build chamber are designed to mitigate the ñsmokingò issue including the 

high pre-heating and the vacuum environment. To maintain them, the build chamber needs to be 

airtight and thermally well insulated. The vacuum of E-PBF systems normally pumps down to 10-

4 - 10-5 mbar to minimize collisions between air molecules and electrons; it is also important for 

reducing the reaction between oxygen and the powder feedstock at high pre-heat [66,69]. To 

further mitigate ñsmokingò, recent systems apply a ñcontrolled vacuumò, meaning a vacuum with 

a small partial pressure of helium during fabrication. Better electrical conductivity and thermal 

conductivity associated with the introduction of helium helps to minimize electrostatic charge 

accumulation in the powder bed and assist the cooling process [70].  

Pre-heating is designed to reduce thermal gradients during fabrication and is another 

countermeasure against ñsmokingò [71,72]. The pre-heating step uses a defocused electron beam 

with low power density to sweep over the powder bed and maintain the surface temperature. The 

elevated temperature promotes sintering of the particles which raises electrical conductivity to 

avoid charge accumulation and provides mechanical strength to make particle ejection less 

common [73]. However, pre-sintering also leads to difficulty with de-powdering, especially for 

complex part geometries with internal passages. Typically the pre-heat temperature varies from 

300 °C [74] for pure copper to 1100 °C [75] for intermetallic compounds or nickel alloys.  

The E-PBF process usually has two melting modes after the pre-heating steps as shown in 

Figure 4. Hatching is the melting mode that fills the bulk area and uses the beam to scan back and 

forth along parallel scanning paths, separated by the pre-defined hatch spacing distance; 
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afterwards, contouring outlines the edge of each cross-section and improves the surface finish. 

Some common parameters that can be changed include max beam current, focus offset (spot size) 

and hatch spacing distance, etc.  

 
Figure 4. Actual images and schematics of the three melting modes in the E-PBF process. Reprinted with 

permission from Ref. [67]. 

 

Another critical module in the E-PBF machine is the powder spreading system of which the 

essential goal is to deliver powder from the reservoir onto the build plate in a uniform layer before 

the melting step. In Arcam E-PBF systems, two hoppers and a rake are coordinated to complete 

the aforementioned task. The standard E-PBF particle size range is 45ï106 µm, which is coarser 

than the feedstock used in L-PBF [76]. The coarser powder reduces smoking because of the larger 

particle mass, meaning that more kinetic energy is required to eject any given particle. Moreover, 

using finer powders is not necessary since the process resolution, i.e., melt pool size, is generally 

coarser in the E-PBF process. Certainly, using coarser powder is more cost-efficient 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 preferable to gas atomized powder for 

stabilizing the process as the irregular morphology increases the surface contact between powder 

particles resulting in better grounding of the powder bed. 

Similarly, a support structure is required for overhangs just as in the L-PBF process but serves 

different purposes. Unlike the latter process, little residual stress is likely to be stored for the high 

pre-heats used in E-PBF. There is always, however, the possibility of heat accumulation in 

overhangs surrounded by unmelted powder with lower thermal conductivity. Local overheating 

leads to excessive melt pool size and deviations from the intended build conditions (and 

dimensions). Support structures in E-PBF serve to provide solid channels for heat extraction from 

the overhangs. 

Being able to fabricate nearly defect-free parts is important for safety-critical applications 

since the embedded defects can be sites of stress concentration which in turn can initiate, e.g., 

fatigue cracks. Besides hot cracking that limits the weldability and printability of many alloys, 

porosity is the most in need of optimization. Porosity can be simply categorized into raw material 
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porosity and processing porosity based on 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 porosity under constant processing parameters [77]. 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, lack-of-fusion porosity can exist 

in E-PBF parts. As discussed elsewhere, this occurs whenever inadequate melt pool overlap results 

in regions that were never melted. Unmelted/partially melted powder can often be observed within 

lack-of-fusion pores which typically have elongated shapes [78,79].  

Despite the high-power levels available in E-PBF, key-hole porosity is not a type of processing 

defect that is commonly observed in E-PBF. The primary reason is that the beam power and speed 

are automatically controlled by the software to avoid excessive energy input based on the given 

max beam current and speed function index [80]. Francis [81] showed that keyhole melting can be 

generated in the single-track experiment where beam power and velocity and focus offset are 

explicitly specified. In the electron beam and laser-based AM process, conduction mode and key-

holing mode are the two standard melting modes. The power density on the surface of the molten 

metal surface determines which melting mode takes place where the threshold is of order 1 

MW/cm2 [24]. Finally, for post-processing, hot isostatic pressing (HIP) has repeatedly been shown 

to eliminate closed porosity in E-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. 

 Melting Modes 

Powder-based additive manufacturing (AM) utilizes a moving energy source (e.g., Electron 

beam or laser) to selectively melt the metal powder in a layer-by-layer manner to build desired 3-

Dimensional (3D) structures, as detailed in the previous section. As the source of energy scans 

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 a semi-circular melt pool is created. Second is the keyhole mode which occurs when a 

relatively high laser power intensity is used which creates a deep and slender vapor depression 

cavity, i.e. the keyhole, in the melt pool, as discussed above. The keyhole mode has been found in 

laser-based AM to cause defect generation in AM parts when the depth-to-width ratio becomes 

too large [82,83]. Hence, the understanding and control of keyhole dynamics in relation to the 

processing parameters is important for optimizing the process to obtain defect-free AM metal 

parts. The printing modes defined in this section are legacy terms from the welding community 

that cluster melt pool behavior into two separate categories. However, these terms help simplify 

and generalize communication of weld morphology as well as some fundamental aspects of the 

weld. 

The difference between the two printing modes is substantial. A comparison between the laser 

energy absorption (for an assumed Gaussian laser distribution) in both conduction and keyhole 

modes are shown in Figure 5. Notice the difference between the absorption only from 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 keyhole. Additionally, defocus (in L-PBF) [84ï86] or focus 

offset (in E-PBF) [87] can affect printing mode and porosity formation. 
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Figure 5. Schematic of laser energy absorption in the conduction mode and the keyhole mode at the initial 

moment. The laser is assumed to have a Gaussian distribution. Laser energy is absorbed by the upper surface 

in the conduction mode, whereas it is mostly absorbed on the inner surface of the vapor cavity in keyhole mode. 

Reprinted with permission from Ref. [88]. (Bottom left) Schematic of the conduction mode showing the melt 

pool and heat-affected zone in the substrate. (bottom right) Schematic of the laser-induced keyhole. Reprinted 

with permission from Ref. [44]. The schematics illustrate heat history during (middle left) conduction and 

(middle right) keyhole modes. Reprinted with permission from Ref. [89]. 

1.3.1 Conduction Mode 

Conduction mode is typically associated with melt pools where the vapor cavity and its 

associated effects are negligible. Conduction mode generally produces semi-circular melt pools or 

melt pools with small aspect ratios, as illustrated in Figure 5. The energy density in the substrate 

is low enough that the substrate temperature does not increase above vaporization hence a vapor 

cavity does not form. The assumption of conduction-only heat transfer mode was used by Bag et 

al. [90] who successfully modeled spot welds using an adaptive volumetric source. In their study, 

the melt pools all showed the characteristic, approximately semi-circular shape associated with 

conduction mode welding. In a different approach, Russo et al. [91] described conduction mode 

welding as being where melt pool motion or an extended (de-focused) heat source does not disturb 

the thermal distribution. 

As laser powder bed fusion additive manufacturing gained interest, it was clear that the 

printing process is analogous to micro-welding processes and these terms have been adopted in 

the AM community. Similar to traditional welding, conduction mode in laser powder bed fusion 

is used to refer to regular, semi-circular melt pools. It has been shown that, much like welding, L-

PBF melt pools possess a transition from conduction mode to keyhole mode [92,93]. Figure 5 

illustrates the penetration caused by vaporization, which is discussed in more detail in the 

following section, as well as the increased re-melting into 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 cavity and small aspect ratio on the order of 0.5 (depth/width).  

Ideally, conduction mode should result in fully-dense printed parts provided that there is 

sufficient melt pool overlap to avoid LOF porosity [94]. With increasing power and decreasing 

scan speeds, the transition of melt pools from conduction to keyhole mode was observed in-situ 

[24] and post-solidification [89,95]. The keyhole mode has been of interest in the AM community 

mainly because of the tendency for unstable vapor cavities to generate keyhole porosity which 
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may deteriorate properties such as fatigue strength and corrosion resistance. The keyhole mode is 

discussed in more detail as follows. 

1.3.2 Keyhole Mode 

As the laser power intensity increases above about 1 MW/cm2, keyhole mode is achieved, as 

illustrated in Figure 5 and described next. Laser light impinging on the surface of the material 

raises the temperature, leading to melting. As the temperature increases further and the boiling 

point is reached, formation of metallic vapor generates a recoil pressure. The recoil pressure pushes 

down the molten metal resulting in the formation of a long and slender gas cavity known as the 

keyhole. After entering the keyhole, the laser light experiences multiple reflections from both the 

front and rear keyhole walls before it is absorbed (or partially reflected out). The observation and 

characterization of the keyhole phenomenon have been achieved through both experiments and 

simulations that we review in the following paragraphs. As indicated in Figure 5, the already 

solidified part will experience more thermal cycles of re-melting and cooling during the PBF 

process compared with conduction mode [96]. 

Experimentally, observations of keyholes were initially limited to optical imaging looking 

down onto the top of the keyhole [97,98] because of the opacity of the substrate. Using high-speed 

imaging, the opening of the keyhole, and in some cases, some portion of the keyhole wall, was 

studied, however, and the underlying keyhole dynamics were deduced. In a different approach, a 

side view of the keyhole phenomenon was obtained using the ñsandwichò method [99ï101] where 

a thin metal plate is clamped between two thin glass plates. A laser scans along the 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, advanced x-ray imaging techniques provided 

unprecedented spatial and temporal resolutions for the imaging of keyhole dynamics [23ï25,43]. 

The use of x-ray imaging allowed the in-situ observation and characterization of the keyhole 

formation to reveal detailed features of the keyhole shape and its fluctuations [25]. X-ray imaging 

has also been combined with high-speed imaging to study the effects of shielding gases [102], 

processing parameters [103], melt pool dynamics [104], and laser absorption [105] on keyhole 

dynamics and porosity formation. Details such as the keyhole dynamics, the resulting gas pore 

formation/suppression [106,107], and other defects will be further discussed in Section 4. 

Complex physical phenomena affect the keyhole formation and dynamics. The laser-matter 

interaction, multi-phase thermo-fluid 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 of multi-physics numerical 

modeling of the keyhole phenomena to complement experimental observations [44]. 

Numerical modeling efforts of the keyhole phenomena were first limited to simplified systems 

and isolated studies, e.g., multiple absorptions and reflections of the laser by the keyhole 

[108,109], and the front keyhole wall evolution [110,111]. Recent modeling efforts have primarily 

focused on the development of multi-physics models to simulate laser-induced keyholes with 

higher fidelity. The keyhole dynamics are dependent on the multiple reflections of the laser beam, 

which can be modeled using a ray-tracing model [108,109,112ï115]. At this level of detail, the 

predicted keyhole morphology and laser absorption distribution agrees well with experimental 

observations. Recently, the ray-tracing model was coupled with thermo-fluid models and surface 

tracking [59,116ï122]. Surface tracking is usually achieved using either Volume-of-Fluid (VOF) 

[116,119,122,123] or Level-Set (LS) [108,117,118,124] methods. By combining the multi-phase 
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and multi-physics numerical modeling, it has been shown that laser reflections are dependent on 

the keyhole morphology which in turn is coupled with the non-uniform laser absorption 

distribution leading to fluctuation of the laser-induced keyholes. Clearly, numerical modeling will 

be increasingly important for prediction of defects during the keyhole phenomenon, further 

discussed in Section 7. 

 Classification of Defects  

1.4.1 General Microstructural Defects  

In general, defects can be created or transferred to the finished part in three specific ways, 

mainly through: (1) transfer from the feedstock powder aka powder related defects (Section 3), (2) 

the laser-powder-metal interaction during melting also known as processing-related defects 

(Section 4), and (3) post-processing-related defects due to heat treatments (Section 5) [77,80,125ï

130] (Figure 6). Moreover, equipment, build preparation and part design can also affect defect 

formation in the AM parts. Commonly observed types of defects in metal additive manufacturing 

include various types of porosity such as lack-of-fusion, keyhole, balling, and trapped gas. Other 

defect types include surface roughness, residual stress, and distortion (warping) due to the rapid 

solidification of metal AM processes. In order to limit defect generation within metal AM, the 

mechanisms of defect formation and transfer must be considered and controlled through 

appropriate selection of material, process, and post-processing settings. The following sections 

provide more information on the sources of defects, in particular the specific characteristics of 

multiple different starting materials that lead to defect formation. 

 
Figure 6. Defect formation mechanisms in powder bed fusion additive manufacturing fall into three broad 

categories: (1) powder-related defects, (2) processing-related defects, and (3) post-processing-related defects.  

 

Powder-related defects. Typically, powder characteristics such as morphology, flowability, 

mean size and particle size distribution, surface contamination affect the quality and performance 

of the final product. In the fusion-based AM processes, powder characteristics are directly affected 
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by the powder production technique such as water and gas atomization, plasma atomization, 

plasma rotating electrode process, etc. 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 fine (< 5 µm) powders are 

used in PBF, powder agglomeration may occur, thus, negatively affecting the powder packing 

density, powder flowability, and final part density. The typical particle size range used in L-PBF 

is 15-45 µm while coarse powder particle of 45-110 µm is used in E-PBF. Layer thickness during 

printing depends on the powder's mean size and distribution. Feedstock powder may contain 

moisture, organic contamination on surface, and/or trapped gasses, therefore, it has a detrimental 

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

is presented in Section 3.  

Processing-related defects. They are typically the most common means of porosity transfer 

[126,127], where defects such as keyhole and LOF porosity can be generally observed 

[128,129,131ï133]. 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, the lack-of-fusion porosity boundary can 

be determined by whether there is sufficient overlap between melt pools to ensure that all points 

are melted at least once [94]. In contrast, the keyhole porosity boundary corresponds to instabilities 

in deep keyholes leading to pinch-off of pores [24]. A third boundary (known as the ñbeading-upò 

boundary) is determined by a combination of fluid flow patterns and capillary instability of the 

melt pool and is a limiting factor for increasing production rates while maintaining precision (e.g., 

increasing velocity and power simultaneously) in L-PBF AM systems [134,135]. Overall LOF, 

keyhole, and bead-up 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, although it should be noted that large defects are still possible within the 

processing window (Figure 7).   

Other defects such as cracking, distortion, and super-elevated edges are affected by thermal 

history during printing and printing patterns which can be controlled by selecting a proper scan 

strategy and part design [35,136ï138]. Mukherjee et 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 

susceptible to higher peak temperature, larger pool volume, and higher thermal strain. Among 

three common alloys of nickel superalloy 718, Ti-6Al-4V, and stainless steel 316, the thermal 

strain is relatively higher for alloy 718 and Ti-6Al-4V than stainless steel 316.  

Another source of defect known as spatters is caused by ejected particles from the powder bed 

or liquid metal from the melt pool (Section 4.6) [25,43,140ï144]. 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 particles may occur in E-PBF 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 beam passes over 

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 dispensed materials (Section 4.1). Generally, laser 

power profile and pulse shaping can reduce spatter particles in L-PBF. In E-PBF, the interactions 

between electrons 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 bed [145]. Finally, plasma formation due to ionization of the metallic vapor 

and surrounding gas has been reported in [146ï149]. Plume formation can occur due to vapor 

formation and increased temperature of the surrounding gasses, which shows chemical 

composition, temperature, and pressure difference from the surrounding atmosphere (Section 4.6). 

This phenomenon may alter the optical 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. 

 
Figure 7. Defect morphologies in L-PBF metal AM follow predictable trends within the power-velocity (P-V) 

processing parameter space. Common defects can be avoided by proper selection of process variables. 

Synchrotron x-ray micro-computed tomography (µSXCT) reconstructions 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 (Section 4.3). The 

keyhole porosity boundary corresponds to instabilities in deep keyholes leading to pinch-off of pores (Section 

4.4). The beading-up boundary is determined by a combination of fluid flow patterns and capillary instability 

of the melt pool (Section 4.2). Note: standard (recommended) nominal process settings may also result in 

keyhole or LOF porosities; therefore, proper selection of processing parameters is vital to avoid laser-powder 

interaction defects in as-built metal AM parts. Reprinted with permission from Ref. [18].   

 

Post-processing Related Defects. Because 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 pressure [150]. 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 pores. Many studies have shown the effectiveness of HIPing 

to reduce porosity in AM components [151] and the subsequent improvement on elongation and 

fatigue life [7,152,153]. However, the extended time at a high temperature can cause considerable 

microstructural coarsening, resulting in reduced strength and unfavorable microstructures.  

The problem arises when pores containing inert gas such as argon are HIPed and then 

subsequently exposed to a high temperature. Argon pores have been observed to regrow following 

high-temperature heat treatments after HIPing in a process known as thermally-induced porosity 

(TIP) and be significant enough to often cause degradation in mechanical properties [7,152,153]. 

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. To date, this has not been 

investigated for processing flaws in AM such as keyholes or lack of fusion, but in the case of L-

PBF, both could feasibly contain inert gas from the atmosphere, as shielding gas was detected in 

keyhole pores laser welding, and lack of fusion porosity was open to the atmosphere before being 

closed off by subsequent layers. Post-processing related defects are discussed in detail in Section 

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 contribute to defect 

generation. In the following, each of them is elaborated. 

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 

specifications in terms of print resolution, laser power, scan speed, powder layer thickness, powder 

dispensing method, laser spot size, etc. 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 or deflection system, (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 baseplate [130].  

Typically, porosity (keyhole and LOF) and geometric defects (distortion and low dimensional 

accuracy) can be related to the electron/laser beam scanning or deflection system [138]. Moylan 

et al. [154] reported the role of the optical system alignments quality, mirrors quality, and the beam 

profile in the PBF AM process. Foster el at. [155] showed that an incorrectly calibrated system 

can lead to a geometrical inaccuracy. Additionally, the shape of the beam (laser or electron source) 

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. Sames et al. [32] suggested that the chamber environment can cause defective part 

production. Typically, an inert gas is flown over the build surface during the 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 Gu [157] 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 metal evaporation resulting in a uniform recoil pressure forced on the free surface and the 
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formation of fine and flat melt pool surface (Figure 8). Anwar and Pham investigated spattered 

powder during the L-PBF process [142]. They showed that increasing the gas flow velocity 

resulted in increasing the powder bed contamination due to powder transport by 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 lower in E-PBF 

compared to L-PBF. High oxygen content in the chamber promotes balling or bead-up initiation 

[158]. 

 
Figure 8. (A) Influence of the used protective gas on the vaporization metal velocity field and morphology of 

the top surface, (B) SEM micrographs showing the surface morphology of the L-PBF samples depending on 

which protective gas is used, (C) Relative bulk density of the 3D-printed parts depending on the protective gas, 

(D) melt pool depth variation as a function of time during keyhole mode L-PBF. Reprinted with permission 

from Ref. [157]. 

 

Powder handling and dispensing. These are other sources for defect formation in PBF 

processes. Kleszczynski et al. [159], Foster et al. [155] and Scime et al. [160] showed that the 

recoating system may affect powder bed density and smoothness of the spread layer, causing an 

inhomogeneous powder bed formation. In addition, if there is any spattered powder on the 

solidified area, the blade may hit the surface and deform the printed part. In other words, defects 

from spattered powder can cause an anomaly in the new spread layer of powder due to the linear 

motion of the recoating system over the build area. Furthermore, the uneven layer of powder has 
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a detrimental effect on powder packing density and the laser-powder interaction leading to 

inconsistent processing conditions and potentially porosity formation. It is possible to replace the 

blade with a brush or rubber re-coater to reduce wear and friction between the dispensing system 

and the bed of powder. It also prevents collisions with the part being printed when the dispensing 

system goes over the build area. However, brush or rubber re-coaters are more easily damaged and 

typically need to be replaced frequently [161].  

During fusion AM processes, printing occurs on a baseplate, thus, thickness affects heat 

dissipation. Defects such as warping, deformation, layer delamination, and cracking are all 

affected by the baseplate (as well as print strategy and laser power or energy density) [162]. Zeng 

[163] showed that heat dissipation and thermal stresses caused by solidification are both influenced 

by baseplate thickness. During E-PBF, preheating of powder bed is part of the AM process, while 

L-PBF does not have this option. Preheating can lower thermal gradient, residual stress, and 

deformation and enhance final part density [164ï168]. 

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 affects microstructure (texture and grain orientation) as well as potential 

porosity formation in the AM part [169]. Additionally, dimensional accuracy and surface finish 

are two other criteria affected by build direction [170]. The anisotropic behaviors such as 

mechanical and corrosion resistance can be strongly affected by build direction [171ï175]. 

Jamshidinia and Kovacevic [176] 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 between walls such 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 thermal gradient and heat sink from the AM 

part to the build plate, and (3) reducing warping and distortion caused by residual stresses 

[155,163,177ï180]. Figure 9 illustrates examples of support structures and defects. 

Detailed explanations for the processing-related defects are presented in Section 4 and 

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 is added 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 cracks were 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 permission from Ref. [181]. 

1.4.2 Other Defects 

In this review, we focus on the general microstructural defects in powder bed fusion AM that 

are common on 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/nano-scale. Here, we summarize the key results reported 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 dimensions: (a) zero-dimensional defects 

(vacancies); (b) one-dimensional defects (dislocations); (c) two-dimensional defects (grain 

boundaries); and (d) three-dimensional defects (voids).  

Vacancies are empty lattice sites, which tend to accumulate during the cyclic heating/cooling 

process in additive manufacturing. Mechanical, thermoelectric, and electrochemical properties in 

additive manufactured alloys can all be subject to the influences of vacancies. In the Fe-Al iron 

aluminide alloy system [182], the vacancy concentration was found to have a positive correlation 

with fracture strength and hardness, while negatively affecting elongation and ductility. Mirzade 

and Islamov [183] used phase-field modeling to suggest that vacancy migration also influences the 

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 PBF. For PBF processing of the Bi2Te3 

alloy system [184], thermally induced high concentration tellurium vacancies act as electron 

donors and the predominant active point defects, which can shift the original p-type material to n-

type. Similar behavior was observed in Ti-6Al-4V [185] where oxygen vacancies form a n-type 

semiconductor in the oxide layer, increasing its affinity toward aggressive ions and thus weakening 

the corrosion resistance. 

High dislocation densities are a normal feature in as-built PBF parts [186], primarily due to 

cyclic thermal expansion/shrinkage in a constrained medium [187]. Although identified as a 

crystallographic defect, dislocations are beneficial to AM parts in the following 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 branch [188]. (b) Geometrically necessary dislocations (GND) form to 

accommodate the deformation gradients that come from non-homogeneous deformation 

among different phases/grains/particles and the small, but non-negligible plastic strain that 

accompanies thermal shrinkage [189ï193]. 

(2) Dislocations contribute greatly to the mechanical properties of parts. Dislocation can 

actively interact with other defects in the material, such as particles, twin/grain boundaries, 

and even segregated elements [191,194,195]. Such interactions create a progressive work-

hardening mechanism. 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 as-built 316 L stainless steel [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 

dislocations from transmitting and therein breaking the strength-ductility trade-off. 

Grain boundaries appear to be densely populated and highly anisotropic in as-built PBF parts, 

thanks to grain refinement and epitaxial grain growth. As a result, grain boundaries play an 

important role in determining the mechanical properties [198ï201], electrochemical properties 

[202,203], and even magnetic properties [204,205] in the parts. Weak grain boundaries containing 

low melting phases at partially melted zone were found to initiate liquation cracking, 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 fatigue crack path deflection is strongly influenced by the grain boundary 
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structure. Depending on the orientation angle between neighboring grains, high-angle grain 

boundaries can block transgranular cracks if no available slip systems are oriented for easy slip 

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 quite divergent among 

different researchers. On one hand, grain boundaries can be the preferred sites for corrosion due 

to the irregular arrangement of atoms and the non-uniform 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 formation of a passive film in the presence of a high 

density of grain boundaries [202]. Such divergence in observations may not be so contradictory. 

Recent research [208] suggests that the corrosion resistanceïgrain boundary density relationship 

depends on the actual corrosion rate: when the corrosion rate < 10 ɛA/cm2, high grain boundary 

density will lead to high corrosion resistance; when the corrosion rate ů 10 ɛA/cm2, the grain 

boundary density will have a negative influence on corrosion resistance. Therefore, further studies 

should consider such an effect on a case-by-case basis. 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 properties. In-situ or post infiltration with PBF manufactured magnets is practiced to 

enhance the coercivity by modifying the grain boundaries [204,205]. For example [204], the 

enrichment of Tb (introduced by infiltration) at the surface of Nd2Fe14B hindered the nucleation 

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

A void can be viewed as a nanoscale cluster of lattice vacancies. The equilibrium vacancy 

concentration increases with temperature [209] and can be partially preserved by rapid cooling. A 

small density of small voids (<1 vol.%, < 1 µm) does not usually pose a risk 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 voids [211]. 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 elements, etc.) [209]. 

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

elsewhere.  

2 Defect Characterization Methods 

Defect measurement is typically pursued using bulk methods such as Archimedean density, 

ultrasonic inspection, or cross-sectioning to compare pore volume to total bulk volume [126]. 

While these methods are generally fast and inexpensive, they only offer a first-level approximation 

on the defect structures seen in metal AM and are not able to generate information such as the 

three-dimensional (3D) spatial distribution and morphology of defects [77,80,127]. For the desired 

outcome of fractional density greater than 99 %, the frequency with which a cross-section 

intersects a pore is low enough that large areas must be characterized to obtain reasonable statistics. 

Alternatively, more time-consuming techniques such as laboratory scale and synchrotron-based x-

ray computed tomography (XCT) have proven very useful in analyzing defect structures in 

welding [131,132], laser welding [133], and recently in metal AM [80,125,127,212,213]. XCT 

provides 3D information on internal defects by the reconstruction of a series of radiographs taken 

as the sample rotates over 180º or 360º [125,214ï216]. Each scan typically requires several hours 

of data acquisition. Comparatively, synchrotron-based XCT methods enable fast data recording 
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and collection times of a few minutes, improved spatial contrast and resolution to µXCT methods, 

and sub-micron voxel resolution. However, important challenges currently exist within the 

research community to make synchrotron-based XCT commonly accessible and to meet the high 

demands for beam time [217].  

Other recently developed x-ray imaging techniques allow the in-situ observation of the laser-

material interaction at high speeds (>100 kHz) and visualization of defect formation mechanisms 

in real-time using the so called pioneering ñdynamic x-ray radiographyò techniques [23ï25,43]. 

Cutting-edge in-situ x-ray technologies have been used generate important insights into defect 

formation for powder and keyholing porosity [23,25,77] and have the potential for greatly 

enhanced understanding 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 imaging, the 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, while small -angle x-ray scattering (SAXS) 

techniques probe the morphological information of sub-micron precipitates. A more detailed 

description of the use of x-ray imaging and scattering applied to metal additive manufacturing is 

provided in the following section. In particular, in-process monitoring image data can assist 

researchers to develop computer vision algorithms to automatically detect and classify defects 

using machine learning [23,25,43,130,218ï225]. This area of research and development on PBF 

AM machines will also be presented briefly in this section and a few examples will be detailed in 

other sections. 

 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 samples. Low-resolution 

optical microscopy is commonly used to obtain the particle size distributions 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, the samples are normally etched using an appropriate etchant to show 

the microstructural details. Typically, a bench-top compound microscope in conjunction with a 

digital camera is used to record the images.  

Optical microscopy has been used to visualize the melt-pool shapes and sizes (for example 

[226,227]), defect morphology (mainly voids and cracks [228ï230]), and grain structure of the 

printed parts (for example [226]). Figure 10 shows an example of optical microscopy 

characterization of FeCrCoMnNi high-entropy alloy samples built using L-DED with different 

laser powers. The pores, micro-voids, and cracks can be readily revealed by optical imaging. The 

main advantage of optical microscopy is easy to access; 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 (~µm) at a given location, acquisition of 3D information requires lengthy serial 

sectioning [231]. To overcome the single surface limitation, some researchers have also used 

confocal optical microscopy to characterize the surface defects [232]. Optical microscopy is also 

limited to post-mortem analysis and is a destructive technique. Optical microscopy provides 

quantitative assessments of 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. 

 
Figure 10. Optical micrographs of cross-sections perpendicular to the build direction of FeCrCoMnNi high -

entropy alloy samples built using L-DED process under different laser power, (a) 600W, (b) 800W, (c) 1000W. 

The scan speed of the three samples is all 800 mm/min. Reprinted with permission from Ref. [233]. 

2.1.2 Electron Microscopy  

Scanning electron microscopy (SEM) and TEM (including scanning TEM or STEM) are 

among the most widely adopted techniques for characterizing the microstructures of AM materials. 

Compared with optical techniques, SEM and TEM are available to essentially all researchers. 

Many other widely adopted techniques cannot rival the spatial resolution of electron microscopies, 

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 attributes are favorable which help improve the properties 

of AM materials, while others are detrimental. Wang et al. comprehensively characterized the 

microstructures of L-PBF 316L stainless steel samples and elucidated how the unique features of 

AM materials affect their mechanical properties [191]. The capabilities of electron microscopy for 

multiscale multimodal structure characterization are convincingly demonstrated in Wangôs work, 

as well as many other cases present in this contribution. The secondary electron and Electron 

Backscatter 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 bright-field and 

dark-field imaging. The chemical composition of different structural features can be measured 

using energy or wavelength dispersive x-ray spectroscopies (EDS or WDS) provided by a SEM or 

TEM. In addition, the phase of the precipitates can be identified using selected area diffraction 

(SAD) [234], and the elemental species and bonding state of a feature can be revealed by the 

electron energy loss spectroscopy[235]. 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 frequently for ex-situ microstructure characterization than in-

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 is comparable to what the high-speed 

synchrotron x-ray imaging [23,25,43] affords (i.e., MHz frame rate, ns exposure time), yet its 

spatial resolution is far higher, approaching standard TEM [236]. Figure 11 shows the DTEM 

study of the laser melting and rapid solidification of hypo-eutectic Al-11at.%Cu alloy. [237] 

DTEM allows the quantitative measurement of solidification interface velocity with nanoscale 

spatiotemporal resolution. Coupled with the following ex-situ TEM characterization of different 
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microstructure zones, particularly the secondary phase and its distribution, the unique non-

equilibrium solute partitioning behavior could be understood.  

 
Figure 11. (a) In-situ DTEM movie mode bright-field image series showing the solidification of Al-11at.%Cu 

alloy. Numbers in the images are the time delays (in ms) between the peak of the Gaussian laser pulse that 

melted the film and the 50-ns electron pulse used to form the image. (b) Ex-situ TEM characterization of the 

solidified sample. The top row of HAADF STEM i mages showing the morphology of the solidification 

microstructure in the distinct zones of the heat-affected zone (label 1), the transition region/zone (label 2), the 

columnar growth zone (label 3), and the banded morphology zone (label 4). Enlarged details of 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 microscopy technique that is worth noting here is the TriBeam 

tomography, i.e. a dual-beam SEM system equipped with an additional femtosecond laser for 

precisely and rapidly removing material with minimal damage [238]. The TriBeam system was 

developed by FEI and Prof. Tresa Pollockôs team at the University of California - Santa Barbara, 

and have been used by the team for collecting 3D crystallographic, chemical, and structural 

information from AM samples [239,240]. Polonsky et al. found that sharp discontinuities in the 

grain morphology extended several build layers beyond the layer where the lack-of-fusion defect 

originated. As shown in Figure 12, equiaxed grains present right above the lack-of-fusion porosity, 

and the columnar grain growth resumed within the next two build layers [239]. The 3D EBSD 

characterization by the TriBeam system is self-evidently destructive, so it cannot be used for in-

situ experiments as, for example, with the HEDM technique. 
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Figure 12. 3D EBSD data of an alloy 718 sample fabricated using electron beam melting additive manufacturing 

technique. (a) Columnar grains surround the lack-of-fusion defects. (b) Equiaxed grains with non-[001] 

orientations fill the area immediately above lack-of-fusion defects. (c-e) 2D slices from the full 3D volume 

perpendicular to the build direction (c) within, (d) 40 ɛm above, and (e) 80 ɛm above the defects. Reprinted 

with permission from Ref. [239]. 

2.1.3 Synchrotron X-ray Imaging and Scattering  

Synchrotron x-ray 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 neutrons, x-ray photons strike a good 

balance between the interaction volume and resolutions, which makes them practical for studying 

bulk materials under real conditions. A variety of synchrotron x-ray techniques are used for 

studying AM materials to understand their unique microstructures and defects, including, but not 

limited to, high-resolution diffraction [241] and pole figures [226] for measuring residual stress 

and texture, computed tomography [27] for characterizing porosity in three dimensions (3D), Laue 

microscopy [242] and high-energy diffraction microscopy [243] 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 delamination. X-ray diffraction (XRD), particularly high-energy 

synchrotron XRD, is one of the most frequently used techniques for measuring residual stress in 

AM materials. In order to measure all six stress tensor components, the sample is typically 

mounted on a four-axis diffractometer to gain freedom of translational and rotational motions. As 

shown in Figure 13, Phan et al. mapped out the residual stress in an alloy Alloy 625 bridge structure 

built by L-PBF [244]. The spatial resolution in this particular measurement is ~100 mm and the 

strain sensitivity is 10-4. XRD and neutron diffraction have a similar resolution in the reciprocal 

space (i.e., lattice displacement), whereas the x-ray technique affords higher resolution in real 

space, but has less penetration power than the neutron.  
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Figure 13. Residual strain maps of the as-built 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 45°, 

and (D) calculated shear strain (Ůxz). Reprinted with permission from Ref. [244]. 

 

Precipitates are an essential component of most engineering alloy systems processed using a 

laser or e-beam AM, given the extreme thermal conditions involved. Transmission electron 

microscopes (TEM) and the equipped tools are particularly suitable for characterizing 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 tool for acquiring statistical 

information on their size and morphology. As shown in Figure 14(a-b), Zhang et al. collected in-

situ SAXS data during isothermal heating treatment of AM alloy 625, and quantitatively measured 

the growth of deleterious d phase precipitates[245], which is confirmed by the in situ XRD data 

(Figure 14c). These in situ synchrotron x-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 stress-relief heat treatment, i.e. heavy elements such as Nb and Mo segregates in the 

interdendritic regions due to the rapid cooling. 

 
Figure 14. In-situ synchrotron x-ray study of the growth of deleterious d phase precipitates in AM alloy 625 

during stress-relief heat treatment. (a) A complete set of in-situ SAXS data acquired from the alloy 625 sample 

during isothermal heat treatment at 870 ęC for 613 min. The main plot shows the USAXS data, and the inset 

shows the SAXS data. (b) Time-dependent evolution of average diameter and thickness of the ‏ phase. The 

SEM image of the alloy 625 sample after 1 h is shown in the inset, which reveals the formation of ‏ phase 

precipitates. (c) In-situ XRD results during the isothermal heat treatment show the growth of d phase. 

Reprinted with permission from Ref. [245]. 

 

Synchrotron-based 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 non-destructive, it has become a powerful technique for in-situ probing the 

response of each individual grains to various external stimuli. Sangid et al. used the HEDM 

technique to track the orientation and strain of 70 grains in post-processed AM alloy 718 (aka 

Alloy 718) during tensile loading (Figure 15) [243]. The HEDM technique is still progressing and 

evolving [246]. X-ray sources, detectors, and data processing algorithms are all advancing rapidly 

to allow detection and reconstruction of a larger number of grains in a much shorter time. Given 

its irreplaceable capability and ever-increasing 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 x-ray diffraction microscopy of post-processed alloy 718 built by laser powder bed 

fusion, in which 70 grains were tracked throughout the tensile loading sequence. Reprinted with permission 

from Ref. [243]. 

X-ray computed tomography (XCT) uses the projection x-ray images of the sample from 

multiple angles to reconstruct the 3D model and obtain the through-the-thickness 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 source of x-ray radiation respectively [213]. The 

projection image of the sample is collected by translating the x-ray beam and the detector as needed 

for the point and line sources. Once the projection at a particular angle is collected, the sample or 

the source-detector 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 algorithms are used to 

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 a non-destructive measurement technique. It 

can be used to probe the sub-surface porosity and features that may be inaccessible through 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 laboratory-based XCT setup where an x-ray tube is used to generate the x-rays 

[34,94,249ï259]. The other is the synchrotron-based setup where synchrotron x-rays are used 

[227,260,261]. In both techniques, careful analysis of the competing experimental parameters must 

be performed to obtain good quality XCT data and reconstructions. The 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 depends on the x-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 
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object. Although the scan quality can be improved in this manner, the actual object is not scanned 

and the results may not be representative of the real object because of, e.g., location-dependent 

porosity.  

 
Figure 16. Visualization of porosity in Al-10Si-Mg AM sample using XCT. setup at the APS. The pixel size in 

the dataset is 0.69 µm. Even the small pores can be visualized. Reprinted with permission from Ref. [261]. (b) 

powder porosity measurement using XCT. Reprinted with permission from Ref. [262]. (c) Surface roughness 

analysis using XCT. Reprinted with permission from Ref. [263]. 

XCT has been used extensively to study the porosity in the parts built using the L-PBF 283ï

294]. An example of visualization of porosity in AM Al-10Si-Mg sample is presented in Figure 

16(a). XCT analysis was used to correlate the process parameters used during the print to the 

generated porosity in parts in several studies [34,249,251,275,276]. The effect on the residual 

porosity of post-processing heat treatments and HIP has also been studied [257]. Along 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 the part [227,252,254,258,273,275]. XCT 

has also been used to characterize the size, shape, and porosity present in the feedstock powder 

particles (Figure 16 (b)). Another important application of the XCT is the metrology of the printed 

parts for determining dimensional accuracy [34,250,277]. Lastly, XCT can be used to analyze 

surface roughness (Figure 16 (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 about the flaws present in the parts, it provides only limited insight 

into how these flaws are generated.  

 In-situ Process Monitoring 

It is no doubt that the PBF processes discussed herein are revolutionizing metal manufacturing 

with advantages such as lower material 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 layer-by-layer process. Hence, in-situ monitoring of these processes, 

even though limited [278,279], provides valuable insight into the defect formation process, which 

enables mitigation of defects in printed parts by controlling the process parameters in-situ.  

Real-time monitoring (aka in-situ or in-process monitoring) will bring capabilities of 

observing defects formation on the bed of powder. Recently, Grasso and Colosimo published a 

literature review in the area of process defects and in-situ monitoring [130]. Other in-process 

monitoring domain in powder bed fusion AM processes include powder dispensing (e.g., defective 

spread powder layer, uneven powder bed due to part distortion, incomplete spreading, re-coater 

hopping, re-coater streaking, etc.) [280ï282], laser-powder interaction (e.g., spatter formation, 

debris, super elevation and part failure) [25,43,130,148,159,218,221,283ï285], melt pool (e.g. 
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size, shape, temperature intensity and profile) [148,149,278,280,285ï294], scan path (e.g., track 

geometry, ejected materials, and temperature profile) [220,221,284,295], and slice (surface 

pattern, geometry, thickness profile, temperature profile) [8,72,221,224,225,284,296]. Powder 

spreading monitoring is mostly focused on anomaly detection and porosity formation in operando. 

Some efforts are focused on the use of optical imaging to monitor metal powder melting and 

consolidation, in which the powder layer is monitored using two-color pyrometry to investigate 

the metal powder consolidation process. Others are coupling the acquired data with data-driven 

techniques (e.g., convolutional neural networks, computer vision) to identify and classify defect 

formation using data from optical imaging or IR images [160,280,297ï300]. There are also reports 

on the in-situ monitoring of defect detection and their correlation with properties [9,15,281,301ï

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

defect formation.  

2.2.1 Visible-light High-speed Imaging 

Quality and reproducibility are areas of improvement in additive manufacturing and 

manufacturer are inclined to utilize inexpensive, practical monitoring tools on AM systems. High-

speed imaging using visible light has been attracted interest in fusion AM processes to correlate 

in-process defect generation with those observed ex-situ [212]. Cameras operating with visible-

light and wavelength of 380-800 nm are classified in this type of in-situ monitoring method [11]. 

Systems imaging at high scanning velocities with a high resolution requires an external 

illumination source. Several studies use cameras to characterize laser-powder interaction which 

provides valuable information on spatter [11,45,304,305], melt pool signature [280], surface 

quality [287], and powder bed anomaly [282]. Lough et al. [290] proposed using optical emission 

spectroscopy in L-PBF to measure the spectral content of light emitted and gain insight into the 

chemistry and relative intensities of excited species vaporized. This method relies on chamber 

atmosphere type and pressure and can be effectively used for alloys containing high vapor 

pressure. Kleszczynski et al. [306] utilized high-speed imaging to detect some types of process 

errors in the L-PBF process including process stability (e.g., insufficient powder supply, support 

connection, super elevations) and part quality (e.g., re-coater damage, poor compounds, 

dimensional accuracy). One main benefit of using high-resolution imaging is that it is feasible to 

integrate computer vision and machine learning approaches to minimize in-process defects. 

2.2.2 IR and near-IR High-speed Imaging 

The use of pyrometry (describing sensor devices utilizing principles of pyrometry to measure 

temperature) and imaging, including infrared (IR) monitoring, emphasizes part process 

dependencies on thermal conditions [279,289,307]. In PBF technologies, many studies have 

focused on the monitoring of the temperature fields in order to predict anomalies and underlying 

microstructures [308ï310]. The first efforts in monitoring focused on the process variables, mainly 

the melt pool temperature [278,285]. Researchers have used in-situ IR measurements to monitor 

the geometry of the melt pool and corresponding temperature during fusion AM processes. Any 

anomalies in the melt pool would be considered as possible defect formation in part. Nevertheless, 

tracking melt pool temperature and potential fluctuation requires a high-rate data acquisition 

(10 kHz) capability which is costly and considerably adds complexity in machine laser optics to 

the cost of the machine. As an alternative, full-field imaging can be employed with a lower frame 

rate as well as lesser data storage requirements. Boone et al. [311] suggested that using near-IR 

(e.g., silicon focal plane) could decrease the effect of emissivity on the measurements; therefore, 
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resulted in lower measurement uncertainty. It is worth noting that absolute temperature 

measurement needs assessment of material emissivity and background temperature [255,312]. IR 

imaging was used in E-PBF to observe temperature distribution and potential defect generation 

[313]. Bartlett et al. [285] used full-field IR thermography of entire layers to identify material 

defects (e.g., keyhole and lack-of-fusion pores) and correlated results with ex-situ observations in 

L-PBF. Recently, McNeil et al. [314] found that the spatial and temporal variations in IR signatures 

were associated with thermomechanical drivers of defects (e.g., cracking) within the build (Figure 

17). 

 

Figure 17. (A) examples showing lack of fusion (small localized hot spots) and swelling (indicated by the red 

arrow) . (B) Average IR intensity vs. time for different locations on the sample. Reprinted with permission from 

Ref. [314]. Different locations on the inset XCT micrographs represent defect-free (location B and C) and 

defective areas (A, D, E). Location A is at the thin wall and experienced thermal cycles and the possible defect 

is a crack/pore. Location B and C indicated a similar decay rate and there was no additional noise or signal at 

the peak suggesting defect-free areas. A high noise level was present in 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 present advantages 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 size of the imaging setups might not be practical for in situ observation because of the limitation 

on the size of the printerôs chamber as well as the associated cost of the setup. Moreover, the 

calibration of digital imaging setups is complicated. Specifically, 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 of the phase transformation(s) that occur during the printing 

process.  

2.2.3 High-speed X-ray Imaging and Diffraction 

In addition to post-build characterizations, synchrotron x-ray imaging and diffraction 

techniques have also been used for operando study of the AM processes. The results provided 

remarkable insights into the mechanisms that are responsible for various structural defects in the 

builds.  

Prior to synchrotron x-rays, laboratory x-rays were used in the 1990s by research groups such 

as the Seiji Katayama group at Osaka University to monitor the deep penetration of laser in 
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keyhole-mode welding [106]. However, because a tube x-ray source was used in their works, the 

limited flux generated images with relatively low contrast and resolution. Therefore, information 

on the fine structure of front keyhole wall, melt pool morphology, and melt flow was lacking in 

their reports. Figure 18 shows the visualization of keyhole porosity using the in-house x-ray 

imaging technique. 

In 2016, Zhao et al. built a laser powder bed fusion simulator and integrated it with the high-

speed synchrotron x-ray imaging and diffraction techniques at the Advanced Photon Source (APS) 

of Argonne National Laboratory. In 2017, they demonstrated the power of the platform and 

published the results in Scientific Reports [25]. This is the first time that synchrotron x-rays have 

been used to monitor the laser melting process of metals. The experimental schematic is shown in 

Figure 19. As demonstrated, many important phenomena in metal additive manufacturing could 

be examined with micrometer spatial and sub-nanosecond temporal resolutions, like keyhole 

dynamics, melt pool dynamics, powder ejections, rapid solidification, and highly non-equilibrium 

phase transformation [25,315]. For example, Figure 20 shows the details of the formation process 

of a keyhole pore and the growth process of columnar grains [25]. Using 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 energy deposition and binder jetting 

[316,317]. 

 
Figure 18. Laboratory x-ray imaging of keyhole porosity in laser welding. Reprinted with permission from Ref. 

[106]. 
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Figure 19. Schematic of high-speed synchrotron x-ray imaging and diffraction experiments on laser powder 

bed fusion at the Advanced Photon Source of Argonne National Laboratory. Reprinted with permission from 

Ref. [25]. Besides the two detectors shown here, visible-light and infrared detectors can be added to collect 

complementary sample information simultaneously [318]. 

 

Figure 20. High-speed synchrotron x-ray imaging of Ti-6Al-4V in laser melting and solidification. (a) 

Formation of a keyhole pore. (b) Growth of columnar grains. Reprinted with permission from Ref. [25]. 

Currently, many teams across the world are using high-speed synchrotron x-ray 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 Zhao et al. reported the keyhole morphology evolution during laser melting and 

rigorously defined the conduction, transition, and keyhole zones in the laser power-velocity space 

[24]. Zhao et al. discovered a new mechanism for the fast spatter formation, where the bulk 

explosion of a tongue-like protrusion on the front keyhole wall is the key [43]. Guo and Zhao et 
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al. investigated the influence of ambient pressure on the powder motion and elaborated the critical 

roles of metal vapor plume and argon gas flow in the spattering phenomenon [319]. Hojjatzadeh 

et al. calculated the major forces that the micro pores experienced inside the melt pool and found 

that in the melt pool region close to the vapor depression, the thermocapillary force induced by the 

large thermal gradient dominates [261]. Most recently, Zhao et al. found that the keyhole porosity 

boundary in the laser power-velocity space is sharp and smooth and that, around the porosity 

boundary, there exists a dominant keyhole porosity mechanism [23]. The critical 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 a detrimental 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 imaging experiments [320ï323]. This team focused on 

the keyhole dynamics and studied the porosity generation caused by unstable keyhole and laser 

beam turning. Defect mitigation strategies were proposed in these studies to guide the practice. At 

the Diamond Light Source, Leung et al. used a high-energy monochromatic beam for fast imaging 

experiments [41,324]. They observed porosity generation and spattering during laser 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 interesting operando system developed by Lhuissier et al. enabled in-situ 3D 

x-ray microtomography study of the L-PBF process [325]. In contrast to the full-field high-speed 

imaging experiments, these in-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, high-speed synchrotron x-ray diffraction has been applied by several 

teams across the world to study material phase evolution during the solidification process relevant 

to AM [25,326ï328]. In 2017, Zhao et al. observed the appearance of strong diffraction spots 

during the initial solidification and their disappearance as the sample continues to cool down, as 

shown in Figure 21 [25]. Through the transformation times, they estimated the cooling rate and 

the solid phase transformation 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 translation is impossible, which makes the 

characterization of complete strain tensor extremely difficult. Second, the thermal effect also alters 

the lattice spacings of the material as stress does. The development of an effective approach to 

isolate these two effects holds the key for accurate 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 reflection-mode 

diffraction experiment [329]. Given the large thermal gradient involved in laser or e-beam AM, a 

high-resolution stress measurement will require major assumptions and numerical modeling. 

Brown et al. estimated the stress development during wire arc AM of 308L stainless steel [328]. 

More effort is certainly needed for operando stress measurement associated with other AM 

processes with larger thermal gradient, faster cooling rate, and more complex sample environment, 

such as L-PBF.  

Since the work of Zhao et al. [25], more and more teams have started to adopt the high-speed 

synchrotron x-ray techniques in their research to unravel the physics underlying the formation of 

different types of defects in AM processes. With further advances of synchrotron techniques (i.e., 
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major source upgrades, x-ray technique development, and beamline instrument improvement), 

finer details of the energy-matter interaction involved in AM processes will be revealed, creating 

opportunities for building defect-free products. 

 

Figure 21. High-speed synchrotron x-ray diffraction of Ti -6Al-4V in laser melting and solidification. Reprinted 

with permission from Ref. [25]. 

2.2.4 Other Techniques 

Except for visible-light imaging, thermal imaging, x-ray 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 general experimental principles and 

methods. Because of the difficulties in signal interpretation, these techniques are often combined 

with other techniques to help the understanding.  

2.2.4.1 Integrating sphere radiometry 

 Experimental principles and methods. An integrating sphere was used by J. T. Norris et al. at 

Sandia National Laboratories in 2008 to temporally evaluate the laser absorption during a laser 

welding process [330]. As shown in Figure 22A, there are two spheres, one primary sphere and 

one secondary sphere. The primary sphere is positioned beneath the laser head. The weld sample 

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 of the sphere. 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 estimated as, Ὁ Ὁ Ὁ Ὁ , 

where Ὁ is the energy enters the primary sphere, Ὁ  is the integrated energy from the primary 

sphere, and Ὁ  is the integrated energy from the secondary sphere. Prior to J. T. Norris et al, R. 

Fabbro et al at LALP (CNRS)/GIP GERAILP implemented the technique in 2005 (Figure 22B) to 

measure the laser energy transmitted through the keyhole during a full penetration laser welding 
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process [98]. The temporal resolution of the photodiode was a few microseconds. Its signal was 

linearly related to the laser power entering the sphere. In 2018, B. J. Simonds et al at the National 

Institute of Standards and Technology used the technique (Figure 22C) to investigate the dynamic 

laser absorption during the melt and keyhole formation processes [331]. The temporal resolution 

was less than 1 microsecond. In their contribution, the inner surface is coated with BaSO4, and a 

baffle design is adopted to avoid the direct detection of laser energy from the weld pool or the 

vapor plume.  

 
Figure 22. Experimental setups using integrating sphere radiometry. (A) By J. T. Norris et al at 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. Simonds et al at the National Institute of 

Standards and Technology. Reprinted with permission from Ref. [331]. 

 

Integrating ISR with other monitoring techniques. In 2020, B. J. Simonds et al combined 

this technique and the inline coherent imaging or high-speed x-ray imaging, and correlated the 

laser absorption with the keyhole evolution (e.g., keyhole depth), as shown in Figure 23 [47,332]. 

The inline coherent imaging 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 shown in Figure 23C. 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 flow in the 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 absorption [24,43]. 
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Figure 23. Correlation laser absorption and sample surface depth. Sample surface depth measured from (A) 

inline coherent imaging and (B) high-speed x-ray imaging. (C) Time-resolved keyhole depth and laser 

absorption from conduction to transition to keyhole mode. Conduction mode: 0.35 MW/cm2. Transition mode: 

0.44-0.46 MW/cm2. Keyhole mode: 0.52 MW/cm2. Reprinted with permission from Refs. [47,332]. 

2.2.4.2 Acoustic testing 

 Experimental principles and methods. Acoustic testing has been used to monitor the laser 

melting process because of its fast data acquisition and processing [333ï335]. The basic 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 vanishes, and the 

compressional modulus and mass density largely 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. 

 
Figure 24. Understanding of ultrasound testing of laser-induced melt pool. (A) Schematic of pitch-catch 

configuration. (B) Ultrasonic waveform during the formation of melt pool. (C) 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 techniques. In 2018, C. M. Kube et al used ultrasound 

and a few spherically focused immersion transducers to measure various shear scattering from the 

melt pool as it evolves [333]. As shown in Figure 24, they found that the scattering of ultrasound 

is very sensitive to the melt pool depth. The melt pool depths were obtained from the post-mortem 

cross-sections after the laser welding. Also, as the 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. Shevchik et al at the Swiss 

Federal Laboratories for Materials Science and Technology proposed a method for detection of 

process instabilities that cause defects in real time [334,335]. Firstly, as shown in Figure 25A, they 
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used three techniques to monitor the laser melting process: high-speed x-ray imaging, laser back 

reflection, and acoustic emission. X-ray images are used for the ground truth of the part quality. 

Secondly, they applied a deep artificial neural network (Figure 25B) to reveal the signatures of 

those events causing defects in wavelet spectrograms from the laser back reflection and acoustic 

emission signals (Figure 25(C-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. When combining the two signals, even higher accuracy could be achieved. 

Besides, the temporal resolution could be down to 2 ms. 

 
Figure 25. Deep learning for quality monitoring of laser melting. (A) Experiment setups. Three techniques are 

used: high-speed x-ray 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. Classification results 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 powder 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 spherical morphology are preferred for AM 

processes since higher powder packing density with better powder flow can be attained. Low 

packing density will result in internal voids in the AM parts. Depending on the AM process, mean 

size and size distribution of the powder may vary. Typically, internal voids in feedstock powder 

can be transferred to the AM parts and it is difficult to remove them during printing (post 

processing such as hot isostatic press is needed to compress residual pores). Furthermore, powder 

composition, impurities, and inclusions with feedstock materials can be transferred to the final part 

and deteriorate mechanical properties and corrosion resistance. Therefore, it is essential to evaluate 

potential powder-related defects and remedies to improve build quality [9,336ï340].  

 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 atomization (GA), centrifugal methods, 

plasma rotating electrode processed (PREP), hydride-dehydride (HDH), wire atomization, and 

plasma atomization (PA) [341]. 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 Dawes et al. [342]. 

Atomization is a typical powder production process. The setup consists of a vacuum chamber 

that contains molten metal that is heated using an induction coil at the top. Vacuum is especially 

crucial to metal that is susceptible to oxidation. The molten metal is poured through the nozzle 

with a concentric high-pressure gas flowing which results in the breakup of the stream of melt, and 

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 non-reactive metals. Many high-speed videos of the atomization 

process are presented by Kouraytem et al. [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 quenching rates during 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 mechanism 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 non-contact induction heating. 

The PA method consists of a vacuum chamber containing electrodes 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 publicly) 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 (non-consumable) is fixed whereas the other one is the material 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 electrode [344]. 
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Rabin et 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 included: type 304 

stainless steel, Fe-16wt.%Ni-Cr, Fe-40wt.%Ni, Ni3Al, Fe-9wt.%Cr-1wt. %Mo, Cu-2wt%Zr, type 

4340 steel, pure Al, and Al-alloy 2124 Al. They showed that both gas concentration and porosity 

increased with increasing particle size owing to the presence of gas 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 accounted for as macroscopic gas porosity. In general, it was also deduced that 

gas content and porosity increased with increasing particle size because a greater fraction of larger 

particles contained gas pores.  

Besides atomization, a completely different approach is hydride-dehydride (HDH) that works 

with hexagonal (also Nb and Ta) metals, commonly used to produce Titanium. In this method, 

hydrogen is added to titanium to form a hydride (TiH2) which is very brittle and easily milled into 

fine albeit rough powders. Given that 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 interesting for use in AM. 

For AM, these powders are usually spheroidized by plasma treatment [346], although success in 

using the as-dehydrided powder has recently been demonstrated [347]. 

Resulting powders are characterized by several quantifiable properties that would affect the 

resulting part quality and performance in PBF processes [338], including geometric properties 

(e.g., particle size and distribution, 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), bulk properties (e.g., thermal stability, 

tap density, flowability), etc. [348]. Depending on the powder production process, different 

powder characteristics are expected. For instance, powder production techniques that involve gas 

are generally prone to porosity entrapment in the powders [349], which is discussed in later 

sections as a potential source for the transferability of defects. More details will be presented on 

powder-related defects (Section 3), and powder spreading dynamics and anomalies (Section 4). 

The resulting size distribution 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 µm. However, in a conventional freefall gas atomization system, only about 10% of 

the powders produced are generally less than 120 µm and may 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. From a point of view of cost efficiency for 

powder production, it makes GA techniques less interesting for AM. However, Fritsching et al. 

[350] suggested controlling the flow of the system, resulting in powder particles being shifted to 

smaller sizes. As a result, more than 40 % of the produced powder may be used in powder bed 

fusion processes. 

It is important to understand the flow properties of the powder. 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 this technique, 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 the second type, specific 

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 be free-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, electrostatic and capillary forces. Typically, powders with lower 

internal friction (such as aluminum and stainless steels) show better flowability, while powders 

such as titanium exhibit worse flowability [351]. 

In addition to the conventional funnel test for testing the repose angle of powders, the rotating 

drum instrument has been presented to measure the dynamic properties of powders [352]. The 

method consists of a cylinder with a transparent wall that gets filled with a sample of powder. The 

drum is turned while systematically changing the rotating speed and the dynamic angle of repose 

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 values of flowing 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. While many defects are generally 

correlated to the processing window or the inclusion of gas in powders, some defects may result 

from the characteristics of the powders used in the feedstock. During subsequent layer printing, 

powders are spread using either a roller that rotates to stir up the powder as it spreads it out or a 

blade spread that scrapes the powder into a layer [353]. 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 repose, ring shear cell, bulk/tap density, and the avalanche 

angle as well as by many quantifiable properties. Furthermore, reuse of the powders may lead to 

alteration in the feedstock behavior and resulting part properties.  

Spherical powders are typically used with maximum powder size less than ~55 ɛm in 

diameter, hence less than 10 % fraction of the powders generated using gas atomization [354]. 

Gas-atomized powders generally display a log-normal size distribution, with sudden changes due 

to sieving that will be discussed shortly [355]. Hence, powders are expected to achieve a random 

packing density that is lower than the theoretical close 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 density [356]. In applications for AM, Zhu et al. 

[357] presented a theoretical model of bi-modal and tri-modal powder packing to achieve high 

apparent density. Although theoretically, a 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 factors [358]. Karapatis et al. [359] adopted the bimodal approach with 

the ratio of 10:1 to enhance the packing density of direct metal laser sintered 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 particle size is ~55 µm, so a 10:1 

size ratio means 5 µm particles but having a substantial fraction of such small particles will make 

the powder very óstickyô i.e., very poor flowability. Such bi-modal powders would be also very 

expensive, thus seems impractical. When tested using L-PBF, the part produced using the tri-

modal powder achieved a final density within the apparent density values, whereas the part 

produced using the bi-modal powder exhibited a lower final density. Other techniques to add 

smaller particles consist of wet [361] or dry coating [362] of powder particles with nanoparticles 

which is implemented for oxide strengthening of the material or improving the density of the 



41 

 

powder, respectively. In the first method, nanoparticles are suspended in water then mixed with 

the metal powder, and finally dried in a furnace. Such a technique may be challenging to avoid 

oxidation of the metal powders. However, Karg et al. [362]established a wider powder size 

distribution by dry coating aluminum-silicon powders with silica nanoparticles to increase the 

density of the powders. During the printing process, about 20-30 % of the powder 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 understand the life-cycle of different 

powders as a function of degradation during AM processes, chemical composition variation (e.g., 

interstitial pick-up), powder flowability, surface contamination, apparent density, powder 

morphology, sphericity, and size distribution [363,364]. Moreover, the surface roughness of the 

fusion-based AM processed parts is negatively affected by powder recycling. Typically, powder 

properties change after each time of use, thus, it is challenging 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 aerospace, military, and medical sectors have highly specific requirements for the 

components produced, thus composition differences in the powder can affect performance. 

Therefore, precise prediction of powder degradation is hard and thus troublesome to determine the 

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, the used powder 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 to the reheating of the alloys which ultimately affects the 

mechanical properties of a printed part. To investigate the effect of recycling powders, Ardila et 

al. [365] studied the mechanical properties of L-PBF alloy 718 printed using a powder that was 

recycled up to 14 times. The authors established a methodology of consecutive sieving and drying 

iterations to recover the powderôs initial properties. The powder distribution and powder 

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 followed by Asgari 

et al. [366] to print L-PBF parts using recycled AlSi10Mg powder with the platform preheated to 

200 °C. Results of this study unveiled comparable powder characteristics, microstructures, and 

mechanical properties (hardness and tensile properties). Cordova et al. [367] compared powder 

characteristics for the virgin and used metal powders (e.g. alloy 718, Ti-6Al-4V, AlSi10Mg, and 

Scalmalloy). It was shown that powder morphology, size distribution, powder flow, circularity, 

chemistry, and microstructure were affected after using powders for L-PBF (Figure 26). Rafieazad 

et al. [368] showed that the virgin powder of AlSi10Mg had a mean particle size of 8.8 Ñ 7 ɛm, 

while it increased to 13.7 Ñ 9 ɛm after five-time recycling of L-PBF processed powders. It was 

also shown that the part porosity increased, the area fraction of Al-Si eutectic increased, and cracks 

were formed between eutectic arms. In other words, a higher density of internal defects such as 

porosity, micro-segregation, and cracks appeared for L-PBF processed with the recycled powder. 

Since the mean size of the recycled powder was larger with irregular morphology, thermal 

conductivity was reduced thereby leading to a lower cooling 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 in [140,369ï371] that fine spattered particles that were not removed by 

sieving would cause porosity formation in the build by disrupting powder spreading, in turn 



42 

 

influencing the packing density and leading to the formation of pores.  

 
Figure 26. Comparison between various characteristics of the virgin and used powders in L-PBF, (A) scanning 

electron micrographs and powder size distribution results, (B) cross-sectional SEM micrographs showing the 

effect of re-melting 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. circularity parameters of powders. Reprinted with 

permission from Ref. [367]. 

One of the risks of using sieving is that powders that are needle-shaped, 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 issues in the spreading of the powder layer 

and the inaccuracy in the final shape of the printed layer. Powder sizes may be characterized 

depending on the powder sizes using microscopy, sieving, light scattering, etc. [372]. More 

efficient ways to characterize powder morphology include image-based computer vision and 

machine learning techniques that were applied to classify powder geometry into many categories 

[373,374]. Other efforts by Scime and Beuth [298] implemented a Convolutional Neural Network 

(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 properties [357,375,376]. Powders may also include defects within the powder 
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particles as presented by Morrow et al. [375]. The authors studied the effect of defects in the 

feedstock on the microstructure and quasi-static response of Stainless steel parts. They showed 

sub-micron particles visible on surface defects of certain powders resolvable using TEM. Those 

sub-micron particles also showed up in the microstructure and fractography images along the 

cracked surfaces and exhibited a chemical composition that deviates from that of the virgin 

powder.  

The characteristics of powders produced using different manufacturing techniques have also 

been shown to affect the mechanical properties of printed parts [377]. To test this effect, Irrinki et 

al. [377] used a gas-atomized (mostly spherical, bimodal distribution) and a water-atomized 

(irregular morphology, monomodal distribution) 17-4PH 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 effect of the powder characteristics on the density and ultimate 

tensile strength. At low energy density, parts printed using the water-atomized 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, low-cost water-atomized powders may be used to 

produce AM parts with good mechanical properties when the processing parameter are adjusted. 

The enhancements of powder characteristics are one of the ways to improve the design and 

production of AM parts with improved surface quality and mechanical properties with many 

recommendations offered by Anderson et al. [378]. As mentioned earlier, spherical powders are 

usually preferred for their better flowability, layer spreading, and loose powder packing. However, 

powder characteristics such as size distribution, porosity, and argon content have been shown to 

vary depending on the powder manufacturing technique in spherical powders as well [344]. These 

characteristics and their effect on the transferability of pores from the powder to the printed part 

will be further discussed in a subsequent Section 3.4 with the presentation of some relevant 

investigations. 

 Common Metals and Defects 

Additive manufacturing of metal powder is rapidly growing in different industries such as 

aerospace, automotive, and biomedical. It is necessary to evaluate the types of metal powder that 

can be effectively used in fusion-based AM machines. Although fusion-based AM technologies 

have the potential for the efficient production of complex, precisely dimensioned components, 

there are limitations in terms of composition for being used in AM machines. The main reason is 

related to the processability and weldability of metallic materials during the AM process to 

fabricate defect-free parts. Elemental evaporation, oxidation, segregation, cracking, and pore 

formation are the main concerns limiting materials selection for fusion AM processes.  

Amongst all feedstock pre-alloys, nickel superalloys (mainly alloy 718 and 625), titanium 

alloys (mostly Ti-6Al-4V), aluminum alloy (mainly AlSi10Mg and AlSi12 and uncommon ones 

such as 7075, 6061, and Al-Cu-Mg), steels (stainless steels such as 316, 420, 17-4 PH and tool 

steel mostly H13) and a few other alloys such as magnetic materials [379,380], Co-Cr [381,382] 

and W [383ï385] have been used for powder bed fusion AM. Although using pre-alloyed 

feedstock is the most common option in AM, there is an interest to use pre-mixed powder from 

available compounds and perform in-situ alloying in PBF processes. In situ alloying from 

elemental powders opens up a wide range of composition adjustment possibilities to any alloy 

whose powder is difficult to obtain. There have been a number of reports of using elemental 

powder blends to fabricate parts in PBF AM such as Al + Si in L-PBF [386], Al + Cr + Mo + Nb 
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+ Ta in E-PBF [387], Al + Sc + Zr in L-PBF [388], Al + Mn in E-PBF [389], stainless steel 316 + 

Fe-Cr-Ni-B in E-PBF [390], Ti + Nb in L-PBF [391], and Ti + Al + V in L-DED [392]. All these 

studies pointed out the possibility of AM part production using pre-mixed powders that can 

compete with pre-alloyed powdered materials and effectively add a 4th dimension to 3D printing 

of metals. However, there remains the obvious challenge of achieving homogeneous 

microstructures from AM of pre-mixed alloys. Energy density plays an important role in the 

formation of the desired composition from pre-mixed powder. Evaporation of alloying elements 

such as Mn and Al during fusion AM processes requires a higher fraction of these elements in the 

premixed powders [389,392]. It is also possible that new intermetallic compounds and phases form 

during the PBF of pre-mixed alloys [386]. Besides, Clayton [393] found that although fusion AM 

processed stainless steel 316 from pre-mixed and pre-alloyed powders showed similar 

microstructure and mechanical properties, stainless steel 430 showed fully ferritic structure for 

pre-mixed powder and ferritic martensitic structures in pre-alloyed powders. He also found that 

the microstructure of Ti-6Al-4V was dependent on feedstock such that pre-alloyed powder showed 

the formation of basket-weave alpha along with regions of a martensitic alpha prime within prior 

beta grains; pre-mixed powder, by contrast, exhibited a larger alpha lath width because of slower 

cooling rates. In E-PBF, preheat temperature is needed before printing, thus, the pre-mixed powder 

containing low temperature melting materials may increase concerns for local melt formation and 

powder agglomeration (In Ti-6Al-4V or Al-Si pre-mixed powder). Indeed, some groups have 

suggested that local orientation gradients from incompletely mixed powders may have advantages 

[394]. Here, four main pre-alloys feedstock used for industrial application are presented. 

3.2.1 Titanium Alloys 

In powder-based additive manufacturing (AM), titanium alloy normally refers to a particular 

composition, Ti-6Al-4V, which is the workhorse alloy in AM production. Ti-6Al-4V is widely 

applied in the aerospace industry [395] due to the outstanding mechanical properties (high strength 

to weight ratio) and corrosion resistance; it is also used in the biomedical industry, mostly for body 

prostheses and orthopedic implants, because of its well-studied biocompatibility [396]. Besides, 

many reports discuss the development and testing of novel titanium alloys for AM application, 

such as the burn resistant BuRTi [397], the damage tolerance TC2 [398], the higher strength and 

lower density Ti-5553 [399], and the biocompatible Ti-2448 [400].  

Similar to other alloys, as shown in Figure 27 pre-alloyed spherical Ti-6Al-4V powder can be 

produced through methods like gas atomization (GA) [401,402], electron induction melting ï gas 

atomization (EIGA) [403], plasma rotating electrode process (PREP) [404,405], and induction 

plasma spheroidization (IPS) [406]. GA is a cost-efficient and the most popular powder production 

process as of today; however, it is inevitable to introduce entrapped gas [27,78,127] which can 

potentially become a source of defects in as-built AM parts. Water atomization [407], fluidized 

bed [140], and hydride-dehydride (HDH) [408] are processes that can produce non-spherical 

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 can be effectively 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 powder size substantially more difficult. Other novel powder production methods 

include the Metalysis or FFCá process [409], electrolytic methods, and metallothermic processes 

[410]. 
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Figure 27. Scanning electron micrographs of Ti-6Al-4V powder manufactured by (a) gas atomization, (b) 

plasma atomization, (c) plasma rotating electrode process, (d) plasma spheroidization from ï 140 + 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 

applicable powder size from 20 to 45 µm and from 45 to 106 µm, respectively. This potentially 

increases the cost of AM powder. The remaining coarse powder is normally recycled or used for 

conventional powder metallurgy, e.g., hot isostatic pressing. Note that titanium alloy is highly 

reactive to oxygen, especially at elevated temperatures. Oxygen can be picked up during storage, 

fabrication, and powder recycling [412]. Thus, it is preferable to store, handle, and build titanium 

powder in a vacuum/inert gas environment. Oxygen content in titanium powder has always been 

a major concern especially building with recycled powder. A standard solution [413] is to add the 

virgin powder to regulate the oxygen content meanwhile balance the size distribution and 

compensate the alloy elements which are selectively evaporated during melting. Interestingly, 

Simonelli et al. [414] mentioned that the alloying elements reduce the volatility of titanium as no 

formation of the oxide layer or elemental segregation on the of Ti-6Al-4V spattered particles in 

the L-PBF process were observed. Oxygen concentration must be limited to < 0.2% to avoid 

ductility problems. It is, however, a potent strengthening addition. Tang et al. [415] measured the 

oxygen content of the virgin and reused Ti-6Al-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 recycling, similar to [412] in which spherical 

powders were replaced by deformed and irregular powders. Composition variation in recycled 

powder was also reported (Figure 28). Surprisingly, powder flowability was improved with 

increasing the reuse time and the printed specimens showed highly consistent tensile properties 

[140]. 

(f)
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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 depending on recycling times, (C) oxygen 

content in powder, and (D) Al and V content as a function of recycling times. Reprinted with permission from 

Ref. [140].  

In the fabrication of Ti-6Al-4V alloy, the evaporation of the aluminum alloying element is a 

major concern since it affects the properties of the as-built components. Figure 29 reveals the 

inhomogeneity of aluminum in the cross-sections of as-built Ti-6Al-4V fabricated by selective 

electron beam melting. The loss of aluminum is positively correlated with the energy input [416] 

and the number of reuses. Many studies [417,418] attempted to use a modeling approach to 

understand the evaporation phenomenon in additively manufactured titanium alloy. 

 
Figure 29. Aluminum concentration of samples built with different scanning speeds and line energies in an E-

PBF by electron probe microanalysis. Reprinted with permission from Ref. [416]. 
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The common phases in titanium alloys include a, b, w and martensite (a¡ and a¡¡). In Ti-6Al-

4V, the addition of vanadium stabilizes the b phase which makes Ti-6Al-4V a a + b alloy at room 

temperature [419,420]. The as-built microstructure of Ti-6Al-4V depends on the cooling rate of 

the building process [421ï423]. Fast cooling suppresses the phase transformation from b to a and 

introduces a tremendous amount of strain into the as-built part (noted that the part attached to the 

base plate more directly causes strain to develop during thermal shrinkage); it leads to the 

formation of martensite through a diffusion-less transformation in laser-based AM processes 

[230,424ï426]. In contrast, the E-PBF process has a much lower cooling rate and smaller thermal 

gradient due to the high pre-heat. The matrix of as-built E-PBF microstructure is primarily a + b 

meaning the as-built E-PBF part exhibits lower strength but higher ductility compared with parts 

from laser-based AM processes [424,425,427,428]. An important feature in AM Ti-6Al-4V 

microstructure is the coarse columnar prior b grain 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 meaning the b grain preferentially 

grows along one of the variants of the <100> crystal orientation that closely aligns with the largest 

thermal gradient [426,429]. Thijs et al. [230] and Narra et 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 strategy.  

3.2.2 Nickel-Based Superalloys 

Nickel-based superalloys are a class of precipitation strengthened alloys that perform well in 

high-temperature environments [431ï433]. The excellent high-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 face-centered cubic matrix, known as g, are what 

provide the Ni-based superalloys with their improved high-temperature properties. The two major 

strengthening precipitates are the gô phase and the gôô phase. The gô phase is also a face-centered 

cubic structure possessing the composition Ni3(Al, Ti) [436]. The gôô phase is a body-centered 

tetragonal phase and possesses the composition Ni3(Nb, V) [437,438]. Different Ni-based 

superalloys possess different fractions of the gô and gôôprecipitates depending on the alloy 

composition and processing. MC carbide phases are also often found in Ni-based superalloy 

microstructures, with the majority of the MC carbides being TiC [436]. Additionally, the Laves 

phase is observed in some Nickel-based superalloys, including the popular alloy 718 [436]. s-

phase also appears in Ni-based superalloys that are exposed to high temperatures for long periods 

[436]. Large amounts of the s-phase can be embrittling. 

Nickel-based superalloys have been traditionally produced using powder metallurgy 

manufacturing techniques due to the improved homogeneity over the cast Ni-based superalloys 

[439]. Ni-based superalloy powders for powder metallurgy applications have been produced using 

a wide range of techniques including gas atomization [440,441], electrode induction melting gas 

atomization [442], and, more classically, hydrogen reduction to powder from an aqueous solution 

[443]. Gas atomization, plasma-rotating 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 techniques [262,444ï446]. Many Ni-based 

superalloy powders are available commercially. 

A wide range of Nickel-based superalloys have been developed for a variety of applications. 

The alloy 718 alloy system is considered one of the most weldable of the Ni-based superalloys 

[447]. As a result, parts of this alloy have been frequently fabricated using E-PBF and E-PBF 

manufacturing methods [448ï451]. Other Nickel-based superalloys have also been used in the 

fabrication of parts using powder bed machines including alloy 625 [452,453], alloy 738 [454], 

Rene 142 [455], Hastelloy X [456,457], CMSX-4 [445], and Haynes 230 [458].  

Ni-based superalloys are prone to cracking during welding [459,460]. Both hot cracking and 

strain-age cracking are observed in Ni-based superalloy welds [460]. This cracking behavior 

extends to AM applications as well [198,461,462]. The extent to which cracking is a concern varies 

from alloy to alloy due to the composition variations between the different Ni-based superalloys. 

Figure 30(A) illustrates how weldability is affected by differing amounts of aluminum and titanium 

content in different Ni-based superalloys [463]. Cracking during L-PBF of Ni superalloys are 

shown in Figure 30(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 to Ni-based superalloy 

components. The wide variety of alloying elements found in Ni-based superalloys present the 

possibility of forming many oxidation products [464]. These oxidation products can negatively 

impact the performance of nickel-based superalloy parts [465]. Additive manufacturing processes 

are susceptible to exposing the alloys to environments where oxides can form [140,466].  

 
Figure 30. (A) Plot of aluminum vs. titanium content in Ni-Based superalloys. The dotted line separates regions 

of good and poor weldability (reprinted with permission from Ref. [463]), (B, C) Microscopy images showing 

cracks present in L-PBF of nickel superalloys (B) CM247LC (reprinted with permission from Ref. [467]) and 

(C) IN738LC (reprinted with permission from Ref. [468]). 

Spattered particles and oxide layer formation on powder surface continuously form in the PBF 

process and will change powder characteristics such as morphology, mean size and particle size 

distribution, surface features, and flowability. Additionally, melt pool shape and behavior are 

influenced by them. In nickel alloy 718, alloying elements of Al and Ti have high oxygen reactivity 

and form nanoscale TiO2 and Al2O3 layers on the powder particle surfaces (on spattered powders, 

Figure 31(B)) or sub-micron oxide particles (as inclusions) in the microstructure or top surface of 

the AM parts (Figure 31(D)). Gasper et al. proposed the spatter formation mechanisms as (1) melt-
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ejection spatter, (2) hot-entrained spatter, (3) cold-ejection spatter, and (4) metal vapor ejection 

and vapor plume [140]. It was shown that the spatter particles had sizes ranging 1-273 µm, 

negatively affecting size distribution of recycled powder and coarse spattered particles could land 

on the powder bed or print area, resulting in defective build production. 

 
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 the L-PBF process 

alloys 718 where oxide spots are detected, (C) Schematic illustrating laser-powder interaction and how 

spattered particles form during PBF process. Reprinted 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 to weight ratio, superior recyclability, 

corrosion resistance, and thermal conductivity. Gas atomization [471,472] is the dominant powder 

production method for aluminum powders as of today. Additional powder production techniques 

[473ï475] 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 powder-based AM processes mainly due to the formation of the undesired columnar 

microstructure and the hot cracking problem [95,476,477] caused by the directional rapid cooling. 

Additional challenges for AM aluminum components comes from their high reflectivity [478,479] 

of photon and reactivity with oxygen [480,481] making it rather difficult to obtain a stable melt 

pool in laser-based AM processes or to prevent the formation of oxide during fabrication. 

AlSi10Mg is the most reliable and frequently used aluminum alloy in AM processes due to its 

near-eutectic composition with a small solidification range. Extensive studies [22,482ï485] have 

been performed on the microstructure and mechanical properties of AlSi10Mg alloy. Other studies 

have tested non-standard aluminum alloys [388], 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 cracking at different levels of severity.  

In addition to powder-based AM processes, hot cracking is a well-documented problem in 

many welding literature papers [489,490] despite welding possessing lower cooling rates 

compared with AM processes. Many aluminum alloys have a large solidification range and low 

solidus temperature, meaning that they could be increasingly susceptible to hot cracking. This is 

currently the primary roadblock for the application of aluminum alloys in AM. The addition of 

silicon can decrease the eutectic temperature, improve the fluidity and reduce the solidification 

range and the thermal expansion coefficient [476,491]; as a result, the cracking can 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 cooling rate can effectively 

mitigate the cracking problem [95,487]. Zhang et al. [487] successfully fabricated crack-free AM 

parts similar to high-strength wrought aluminum alloy by using a high energy density. Higher melt 

pool temperature is beneficial to the wettability of aluminum alloy, as 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 angle [492]. Additionally, cracks 

originated from the isolated interdendritic liquid pools can be reduced by backfilling [487,490]. 

Martin et al. [493] had remarkable success by coating high-strength aluminum powders with 

nanoparticles. They provide nucleation sites for the formation of equiaxed grains which effectively 

accommodate strain and mitigate cracking (Figure 32). 

 
Figure 32. SEM images of a) Al7075 powder with TiB2 nanoparticles, c) Al7075 powder with WC nanoparticles, 

d) AlSi10Mg 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 defects [480,481,485]. Numerous literature papers [492,494,495] have 

reported that oxide formation increases the surface tension of the molten aluminum which 

promotes the balling effect [496] and suppresses wetting. Additionally, the oxide introduces extra 

diffi culty for laser penetration, which in turn affects the densification process and leads to defect 

formation. As shown in Figure 33 and Figure 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 (10-52 pO2 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 instead of avoid the oxide. Louvis et al. [480] attempted to control 

the Marangoni flow by adjusting the laser parameters; in this study it was believed that the flow 

pattern is responsible for the disruption of the oxide which effectively improves the wettability 

between layers, Figure 34.  

a) b) c)
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Figure 33. Defects associated with oxide formation in AlSi10Mg part fabricated using laser powder bed fusion 

process. Reprinted with permission from Ref. [485]. 

 
Figure 34. Schematics of oxide formation in melt pools of aluminum alloy. Reprinted with permission from Ref. 

[480]. 

Similar to other alloys, processing related porosity [22,485,498,499] is common in as-built 

AM aluminum parts including keyhole and lack-of-fusion porosity. Residual hydrogen content 

from the aluminum production process can also induce the formation of hydrogen porosity in 

selective laser melting AlSi10Mg parts. Weingarten et al. [500] reported that the hydrogen porosity 

can be controlled by adjusting process parameters and drying the powder. Damon et al. [249] 

successfully used shot peening to reduce surface porosity by 15 % - 30 %. Extensive studies [483ï

487,498] have been conducted to understand how in-part defects affect the mechanical 

performance of AM aluminum parts, which is addressed in Section 8.1. 

3.2.4 Iron-Based Alloys 

Iron-based alloy considered for additive manufacturing processing mostly lies in stainless 

steel (grade: 316L, 304L, 17-4, etc.), tooling steel (grade: M2, H13, P20, etc.) and Maraging steel 

(grade: 18Ni-300) and metal composites with these steel or pure Fe as matrix [501]. They are 

widely adopted for medical, automotive, aerospace, and tooling industries for applications 

including dental crafts, knee and hip joints, heat exchangers, tooling drill, casting and extrusion 

dies [502ï504]. These applications usually require complex and customized part geometry design. 

Traditional processing routes (hot forming, cold forming) usually fabricate these components by 

dividing them into several smaller parts, which is time-consuming and material wasting. Additive 
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manufacturing technology, due to its unique part geometry design freedom, allows fabricating 

these geometrically complex parts as a single unit. This draws great interest from the industry to 

develop AM process route to fabricate ferrous alloy components for the above applications. 

Simonelli et al. [505] compared the 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 to that of the spatter particle with coarse, 

equiaxed grains. Besides, 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 iron-based alloy processing, laser-based additive manufacturing is commonly selected, 

while much less effort has been made to explore the qualification of electron-beam additive 

manufacturing [506]. For ferrous alloy, its phase transition under AM processing conditions 

usually deviates from that under conventional processing conditions, resulting in significant 

microstructural differences between AM-processed ferrous alloy and their conventionally 

processed counterparts. Yu et al. [172] showed that for L-PBF -processed 304 stainless steel, high-

temperature ferrite to austenite phase transition was partially suppressed due to the high cooling 

rate of L-PBF solidification. As a result, the high-temperature (delta) ferrite phase was retained in 

an austenite matrix in the as-built microstructure. Yu et al. [172] also reported the strengthening 

effect of the retained high-temperature ferrite phase. Here, the repeated heating cycle of AM 

processing conditions results in heterogeneous microstructure unexpected from that of 

conventionally processed ones. Chen et al. [507] showed that for L-PBF processed H13 tool steel, 

the martensitic microstructure was observed with different size scales and morphologies at the top, 

center, and bottom regions of each melt pool. This heterogeneous microstructure led to inferior 

ductility for the L-PBF-processed H13 tool steel compared to conventional-processed ones. 

The influence of AM process parameters on microstructures and properties of Fe-based alloy 

have been investigated by abundant research, particularly in the effects of process parameters 

including laser power [507], scan speed [508], preheat temperature [509,510], build orientation 

[511], laser scan pattern [512] and hatch spacing [509]. Miranda et al. [513] developed six models 

to predict the hardness and shear strength of 316L stainless steel produced by L-PBF-AM with 

different laser power, scan speed, and hatch spacing. The models were developed by ANOVA 

statistical analysis to determine the main factors and the relationship between input (AM process 

parameter) and output (steel properties), which could be utilized as a design tool for AM process 

optimization with ferrous alloy. Besides, composition modifications by nano carbide and oxide 

addition have been observed to enhance properties of AM-processed Fe-based alloy 

[53,511,514,515]. Different property enhancement mechanisms were reported for ferrous alloy 

modified by different types of nano-particles, including laser absorptivity enhancement, grain 

refinement, grain boundary strengthening, and solid solution strengthening.  

AM process not only affects the microstructure of the AM part but also changes powder 

characteristics. Heiden et al. [348] carried out a detailed analysis of the virgin and recycled 316L 

stainless steel powder (Figure 35). 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 fused particles) stick to the coarse powder. In addition, the oxygen 

content was increased in the recycled powder and a mixture of SiO2 and MnCr2O4 was formed for 

recycled particles. Since various cooling rates occur during the AM processes, new phases such as 

ferrite or martensite may form in recycled steel powder. Galicki et al. [516] showed that the L-
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PBF of stainless steel 316 picked up 0.1 wt.% oxygen compared to that of the virgin powder with 

0.033 wt.% oxygen content. 

 
Figure 35. A comparison between (A) virgin and (B) recycled or reused stainless steel 316L powder. Scanning 

electron micrograph (SEM), electron backscattered phase map (EBSD), and transmission electron microscopy 

images including elemental analysis results were presented for each powder type. Reprinted with permission 

from Ref. [348]. 

Sun et al. [516] reported potential oxide inclusion formation (with amorphous structure) from 

starting powder and/or during L-PBF of 17-4PH stainless steel. Equiaxed inclusions were seen in 

both xz and xy cross-sections formed at the grain boundaries and potentially constrain grain growth 

during processing via Zener pinning effects (Figure 36(A, D)). Electron microscopy observations 

revealed coarser inclusions accumulated between melt tracks at the build surface, deteriorating 

mechanical strength, fatigue life, and corrosive behavior of the as-built AM parts (Figure 36(C)). 

The oxide strips in Figure 36(C) were enriched in Mn, Al, O, and Si and the nano-size inclusions 

composed of Fe, Cr, Ni, and Cu were randomly dispersed in the matrix as the 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 

(Figure 36(B)). Since other researchers [31,377,517ï523] 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 powder. 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 desirable for metal AM 

processes. 
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Figure 36. (A) SEM micrographs from xz and xy cross-section of 17-4PH stainless steel alloy produced by laser 

beam powder bed fusion, (B) oxide contamination on powder surface, (C) electron microscopy and mapping 

elemental analysis from the top surface of the as-built 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]. 

 Surface Contamination and Oxidation  

Generally, oxide formation on the powder particles may affect AM processes since the melting 

and melt pool stability are affected by the presence of surface oxide layer in powders. Since the 

oxygen concentration is higher in L-PBF compared to that of the E-PBF, the high local temperature 

at the fusion area will likely trigger 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 on the melt pool formation. It is associated with laser-powder interaction and 

Marangoni flow in which the thin oxide layer is disrupted and stirred in the melt pool [505,524]. 

In contrast, a thick oxide layer cannot be disrupted during the PBF process and any oxide residue 

deteriorates the melting and stability of the melt pool. In other words, oxide residues lower the 

wettability between melt and substrate, thus induce balling, or bead-up occurs, leading to a rough 

surface of the as-built AM parts. Higher oxygen and sulfur in water atomized powder compared 

to the gas atomized powder was reported to negatively affect the melt pool dynamics [525]. Those 
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impurities would alter the surface tension and the Marangoni flow in the melt pool, leading to a 

higher amount of oxygen in the water atomized powder could result in frequent spatter ejection. 

Recently, Leung et al. [324] conducted an in-situ x-ray imaging to understand the influence 

of powder oxidation on defect formation in the L-PBF AM process. Laser-powder interaction and 

melt pool evolution were compared for virgin and oxidized powders (Figure 37). No gas porosity 

was evident in the single-track 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 pool, they may burst during solidification via pore 

coalescence and pore migration [41]. In contrast, different laser-powder interaction was seen when 

oxidized powders were used. A few gas pores (with counterclockwise rotation in melt pool and 

size less than 250 µm) and pores surrounded by oxide layers (with size ranges from 50 µm to 500 

µm) were generated in the first printed layer. Typically, large pores (the later ones) grow by 

consuming gas pores with a final size of >350 µm. Also, droplet spatters (irregular shaped and 

formed from agglomerated powder or droplet spatter covered by agglomerated powder (Figure 37 

(C)) were formed ahead of the laser beam. A negative temperature coefficient of surface tension 

was reported for liquid metals [527]. Centrifugal Marangoni convection occurs in the melt pool, 

while it is affected when 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 centrifugal to centripetal 

[528] and the oxide might act as nucleation sites for pore formation. During printing the next 

layers, it is possible that laser re-melting 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. Additionally, the size of pre-existing pores might be reduced, or they 

are partially filled by liquid feeding, which may result in irregularly shaped pore formation (Figure 

37(B, D)).  
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Figure 37. Time-series radiographs results: (A) deposition of the first layer from virgin and oxide powders 

revealing defect-free and porous melt pool formation in which pore coarsening was visible during melt pool 

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 pore healing 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 found in. Reprinted 

with permission from Ref. [324]. 

 Gas Pore Transfer 

Trapped gas from powder feedstock. Rapidly 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 million [345,378,529,530]. Powder production techniques were 

experimentally shown to affect the amount and characteristics of the entrapped gas using x-ray 

imaging techniques. The majority of the powder feedstock used in powder-based fusion AM 

processes are produced via gas atomization (as explained in Section 3.1), however, other methods 

such as plasma rotating electrode process (PREP) and plasma atomization (PA) have been also 

used. Using XCT, Chen et al. [344] compared three types of spherical Ti-6Al-4V powders: gas 

atomization (GA), plasma rotating electrode processed (PREP), and plasma atomization (PA) 

(Figure 38). Porosity and argon gas content, in particular, were analyzed for the three separate 

powder manufacturing methods. Overall, it was found that the powder particle size plays a crucial 

role in the 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. Consequently, the pore 

population, size, and overall porosity values within the powders increased with the increasing 

particle size. Powders manufactured using GA and PA exhibit relatively higher pore sphericity 

than that of powders manufactured using PREP due to different gas pressures inside of powders. 

Notably, powders manufactured using PREP that are below 150 ɛm in size achieved the lowest 

porosity and argon content, while the powders manufactured using GA yielded the highest values. 

The reveal of the existence of trapped gas in metal powder stock is crucial to the study of the 

generation of pores in AM parts. Cunningham et al. [27] found that pore size in L-PBF of Ti-6Al-

4V was similar to that of the gas pore in the feedstock. Anderson et al. [378] also compared 

different types of materials and 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). 
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Figure 38. 3D ɛCT reconstructions and cross-sectional micrographs of Ti -6Al-4V powders 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].  

Tammas-Williams et al. [127] investigated powder porosity transfer during E-PBF of 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 and as-built samples and attributed to 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 in the build chamber [127,531]. They 

showed that 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 reductions in 

pore population (< 0.2 %). 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 (hatch) sections was about 1.4 times the mean 

equivalent diameter of pores in the edge (contour) sections, and 1.6 times the pore size measured 

in the powder. As in [169], gas pores were found to have their largest axis strongly orientated in 

the xïy plane, with no preferential alignment in the z-plane (orthogonal) direction.  

In other material systems, less work has investigated trapped gas transferability in an effort 

toward suppressing internal porosity. Aboulkhair et al. [22] analyzed trapped gas porosity in L-

PBF AlSi10Mg in which noticeable porosity was discovered within individual powder particles. 

The entrapped gas porosity was described as ñmetallurgical poresò, namely small, spherical, 

hydrogen pores that are less than 100 ɛm in size. It was shown that a portion of porosity within 

the test cubes was generated 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 their entrance into the melt pool. 

Recent reports have focused on investigating the mechanisms of transfer for trapped gas 

porosity from powders to the as-built materials using x-ray techniques, in particular for Ti-6Al-4V 

materials [77,94,127,150,532,533]. Figure 39 shows the mechanism of gas pore transfer to the 

melt pool during the laser powder interaction captured via ultrafast DXR scanning of Ti-6Al-4V 

utilizing a stationary laser [125]. In Figure 39(A, a), a powder particle containing a gas bubble 

(circled in red) is located adjacent to the laser beam and pulled into the melt pool Figure 39(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 forces Figure 39(A, d-i). For the Ti-

6Al-4V test blocks within the process window, it is deduced that the small-scale defects present 

within the mSXCT are indeed gas porosity.  



58 

 

 
Figure 39. (A) Schematic (left) and time sequence (a-i) showing the transfer of entrapped gas porosity from 

powder particles adjacent to the laser scan path into the melt pool. Reprinted 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 (b-c). (d) Once inside, the entrapped gas bubble may exit or remain within the melt pool, 

depending on the action of the laser beam (e-i). Reprinted with permission from Ref. [18]. (B) Pore formation 

from feedstock Ti-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 the L-

PBF process. 

Trapped gases during Solidification. Gas porosity 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 Marangoni-driven flow. The Marangoni force (the 

spatial gradient of the surface tension resulting in a downward or upward force [535]) 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 takes place [536]. These pores are known as keyhole induced pores which are 

discussed in Section 4.4). For metal AM powders, in particular, Anderson et al. [378] provide a 

detailed review of powders produced using atomization methods. Herein, multiple studies showed 

that large, internal porosities (pore diameter >10ï90 % of powder diameter) resultant from 

trapped atomization gas were the most prevalent in larger sized powders (diameter >70 Õm); this 

behavior confirms the observations made by Rabin et al. [345]. Anderson et al. [378] noted that 

ñmicro porosityò (pore diameter Ḻ 5% of powder diameter) may also be commonly present in 

metal AM parts due to trapped interdendritic solidification and are strongly related to the alloyôs 

ñmushyò zone range (the zone where both liquid and solid coexist). These are more apparent in 
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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 observed that new gas pores appeared in the 

weldments. In some alloys such as steel, aluminum, and titanium, the solubility of gases such as 

hydrogen varies with temperature [22,500,537ï540]. Therefore, soluble gases in liquid metal start 

nucleating gas bubbles at the solid-liquid 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 Weingarten et al. in L-PBF of Al-10Si-0.5Mg [500]. An inverse trend was reported 

in titanium alloys in which hydrogen solubility increases with temperature reduction [541,542]. 

This will matter when post-heat treatment such as hot isostatic pressing is applied to heal pores (as 

discussed in Section 5) [543]. 

4 Process-Related Defects 

Process-induced defects are associated with the formation of defects during the printing step. 

There are three main groups including (1) powder spreading dynamics and anomalies, (2) steady-

state conditions for defect generation, and (3) location-specific conditions for defect formation in 

PBF additive manufacturing processes. The first issues occur during the powder dispensing step, 

where defects form on the bed of powder and bed quality such as uniformity and powder packing 

density, are affected. Powder characteristics play an important role in the formation of defects and 

voids in the bed of powder. The second and third types of defects form during laser-powder 

interaction. If a steady-state behavior of the vapor depression is considered in the melt pool area, 

three main defects may be generated such as balling, LOF, 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 defects and issues may form 

under non-steady-state conditions such as powder spattering, turnaround and end of track pores, 

residual stress, cracking and delamination, geometrical defects, and dimensional inaccuracy, 

surface roughness, microstructural inhomogeneities, impurity and inclusion formation, and loss of 

alloying elements. In the following, the mechanism(s) of defect formation for each of these issues 

are explained.  

 Powder Spreading Dynamics and Anomalies 

Powder spreading is a critical first step in the additive 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 

interaction between the laser beam and the powder bed [130,155]. The density of the powder bed 

also affects the quality of the printing layer with denser layers making fusion steadier and more 

continuous [544]. Further, sparse and discontinuous powder bed was observed to lead to defects 

including balling, shrinking, and porosity [544,545]. Further, irregularly shaped particles led to 

increased porosity in the printed parts [546]. The defects in laying of powder bed can be 

differentiated into five categories: (1) re-coater hopping (repeated vertical lines perpendicular to 

recoating direction), (2) re-coater streaking (horizontal lines parallel to the recoating direction), 

(3) debris, (4) super-elevation of printed parts, and (5) incomplete spreading [160]. Examples of 

defects are presented in Figure 40. 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 continuity of the powder bed [544,547ï549].  
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Figure 40. Representative 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 with permission from Ref. [160]. 

The powder spreading process is most commonly studied 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 spreading simulation, 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 presented in Figure 41.  

 
Figure 41. Schematic of the powder spreading simulation using DEM. U is the horizontal velocity of the rake, 

ŭ is the separation between the base plate and rake which dictates the powder bed thickness, d is the diameter 

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

Using the numerical 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 particle size [544,547]. Both the cohesion effect and the wall 

effect contributed to the observed trend. Bimodal or Gaussian particle size distributions were 

observed to have a weak effect on the packing density for thin powder layers [544,548]. More 

cohesive powder particles were observed to worsen the continuity and stability of the powder layer 

[544,551]. Typically, more spherical, unimodal particles were observed to have less internal 

friction, thus leading to higher layer densities [552]. The defects introduced in the powder bed with 

changing powder size are visualized in Figure 42. 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. Gu et al. [553] and Xia et 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 from L-PBF of fine or coarse 

powders. 

The mass flow rate in front of the recoater blade was observed to decrease with increasing 

recoating speed [547,549] 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 recoater [555]. The mass flow rate also decreased with decreasing layer thickness [547]. 

Most of the particles were pushed out of the powder bed if the layer thickness was smaller than 

the mean particle size resulting in large empty patches [550,556]. The empty patches were caused 

by the jamming of the particles in front of the recoater blade [550]. Further, for larger layer 

thicknesses, short feed defects were observed in the powder layer [87]. For optimal layer quality, 
















































































































































































































