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EXECUTIVE SUMMARY

Additive Manufacturing, specifically Laser Powder Bed Fusion, is being explored by academic,
industrial, and regulatory entities for technical feasibility, cost effectiveness, and safety of fabricating
components for nuclear power plant applications. Laser Powder Bed Fusion is capable of fabricating
highly complex geometries, and in some applications can reduce assemblies of 10s of parts to a single as-
fabricated component. In conventional manufacturing the material properties are well characterized, and
the difficulty lies in machining and forming the desired geometry. In laser powder bed fusion, the
difficulty lies in characterizing material properties while geometric freedom is nearly unlimited.

In general, laser powder bed fusion is a reproducible process with material properties equivalent or
superior to conventional manufacturing, provided that appropriate calibration, technician training, and
feedstock tracking is followed. However, quantitative data on part to part variability in a production
setting, powder feedstock lot to lot variability, and machine to machine variability is not readily available
due to corporate confidentiality. Academic studies have attempted to address the knowledge gap in
property variability, but frequently suffer from incomplete reporting, narrow focus, and lack of replicate
specimens. As a result, reported material property values for laser powder bed fusion components vary
widely in common measurements such as yield strength (YS) and ultimate tensile strength (UTS).
Specific properties such as irradiation stress corrosion cracking (SCC) crack growth rates may only have
one or two published journal articles.

Many of the codes and standards indirectly supporting laser powder bed fusion are well established (e.g.
powder measurement, laser calibration). Codes and standards specifically on laser powder bed fusion vary
widely in quality, and some standards explicitly contradict on a few important details such as feedstock
recycling criterion. The National Aeronautics and Space Administration (NASA) has published MSFC-
STD-3716, which provides a statistically rigorous framework for determining material properties and
design values in the context of a laser powder bed fusion production setting. AWS and ASTM standards
on laser powder bed fusion specify collecting material property data from simplified geometries such as
cylinders and bars. However, the authors recommend that material properties initially not be evaluated
from simplified geometries but instead from sectioned end-use geometry components when possible.
Material properties are a function of geometry in laser powder bed fusion, and the use of simplified
geometries may give erroneous values. In the context of light water reactors, additional studies are needed
on the dendritic microstructure of laser powder bed fusion 316L, on the acceptable chemical composition
range of laser powder bed fusion 316L (which may not be identical to conventional 316L), and on
differences in welding laser powder bed fusion materials relative to conventional materials. Some of
above studies are already in progress or under consideration with ASME Code Cases.

In summary, additive manufacturing represents a significant opportunity for American manufacturing and
nuclear electrical energy generation. Some codes and standards details must be resolved empirically as
production data becomes available, and additional studies on the microstructure and welding of laser
powder bed fusion 316L are needed. However, early studies indicate that laser powder bed fusion 316L
can offer equivalent or superior performance relative to conventional 316L given appropriate
manufacturing parameters and heat treatments, while significantly improving cost effectiveness and
reducing assembly complexity. The NRC has developed a companion document to this report
(ML20351A204) that provides context to the gaps identified in this report from a regulatory perspective
and highlights key technical information related to LPBF-fabricated components in nuclear power plants.
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1. INTRODUCTION

Nuclear energy supplies approximately 18% of the US electrical power supply and the majority of
carbon-free electricity [1], and is a critical component of reliable domestically sourced power. To lower
construction and maintenance costs, multiple advanced manufacturing methods (AMMSs) are being
evaluated by academic, industrial, and regulatory bodies for cost effectiveness, technical feasibility, and
safety [4]. The Nuclear Regulatory Commission (NRC) is the federal agency responsible for regulating
NPP operation and ensuring public safety. Therefore, the NRC has a vested interest in surveying current
scientific literature on AMM. The NRC internally uses the term Advanced Manufacturing Technology
(AMT) in lieu of AMM and is pursuing technical knowledge of multiple AMM per the NRC’s Action
Plan. The objective of this report is to document the current state of one specific AMM—Iaser powder
bed fusion (LPBF)—with respect to material microstructures and properties relative to conventional
manufacturing, technical gaps in ensuring repeatability, and standards and regulatory gaps in machine
calibration, minimum requirements, and inspection practices. This report is motivated by the potential use
of LPBF in fabricating components for new NPPs as well as replacing components that are no longer
commercially available for use in existing NPPs. The NRC has developed a companion document to this
report (ML20351A204) that provides context to the gaps identified in this report from a regulatory
perspective and highlights key technical information related to LPBF-fabricated components in nuclear
power plants.

2. LPBF TECHNICAL REVIEW

Additive manufacturing (AM) is a collection of technologies that fabricate components by selectively
adding material layer by layer as opposed to conventional subtractive manufacturing, which removes
material from a blank or billet or shapes material via stamping or forging. AM has progressed rapidly in
the past 30 years from rapid design prototyping with polymers in the automotive industry to scale
production of metal components as evidenced by Boeing’s use of AM to reduce weight in the 787
Dreamliner [5] and SES-15 spacecraft [6] and General Electric’s (GE’s) decision to produce aviation fuel
injection nozzles via AM [7]. Some of the most common metal AM technologies at the time of this
review are laser powder bed fusion (LPBF) and electron beam melting (both of which are powder bed
fusion (PBF) technologies [8—10]), laser directed energy deposition (DED), and binder jetting.

Key AM technologies that may be used in the fabrication of nuclear reactor core structures are LPBF,
laser DED, and binder jetting. These technologies are not currently in widespread use in fabricating
components for NPP service but have the potential to drastically reduce fabrication costs and timelines,
combine multiple systems and assembled components into single parts, and increase safety and
performance by tailoring local material properties and redesigning geometries for optimal load paths.
Terminology within the LPBF industry is highly unstructured and frequently proprietary; Table 1 contains
a list of common and proprietary terminology where each term is synonymous with LPBF.

Table 1. Common and proprietary synonyms for LPBF.

Terminology Patent Owner
Cusing Concept Laser/General Electric
Selective laser melting SLM Solutions

Direct powder bed fusion —

Direct metal laser sintering —

Direct metal laser melting General Electric




The following review represents the current state of literature on LPBF and emphasizes quality control
(QC), material performance repeatability, and component performance compared with conventionally
manufactured materials. Research and standards published by government entities such as the National
Institute of Standards and Technology (NIST) and the US Department of Energy (DOE) have been
included where applicable. Literature should be reviewed, and new knowledge should be integrated
frequently because of the rapid pace of advancements in AM and associated industries. AM presents
unique challenges in certification for NPP applications such as anisotropic material properties, porosity,
underdeveloped process control feedback systems, and reproducibility. Conventional manufacturing also
has challenges with variability; however, conventional component variability is generally concerned with
geometric accuracy rather than material properties. Casting is the most analogous conventional
manufacturing method with respect to material property variability and defects (e.g., porosity). This
review begins with an overview of LPBF, followed by a systematic review of literature to detail the
fabrication process and difficulties with repeatably fabricating fully dense, geometrically accurate
components with known material properties, and a ranking of essential safety differences and a Codes and
Standards gap analysis.

2.1 TERMINOLOGY

Several terms used by the LPBF industry are specifically relevant to QC and include short feeding,
streaking, swelling, chatter, denudation, and spatter. “Short feeding” may also be referred to as
“incomplete feeding” or “short spreading” and is used to describe when the recoater spreads an
incomplete layer of powder across the top surface of the build chamber, typically due to low powder
dosing rates. Figure 32 depicts short feeding as well as several other LPBF processing discontinuities.
“Streaking” refers to uneven powder spreading caused by worn recoater blades. When grooves are
abraded into the recoater blade, powder will spread through the grooves as well as under the blade,
resulting in powder mounds parallel to the recoater travel. “Swelling” or “super elevation” describes the
swelling and volumetric expansion of a component, typically upward, which can prevent uniform powder
spreading and may abrade the recoater if severe. Swelling is caused by warping of components and is
typically most severe at the perimeter of the components. “Chatter” or “recoater hopping” refers to the
recoater bouncing vertically when spreading powder. Chatter typically occurs because of LPBF machine
warpage or powder caught in the recoater guide rails. “Denudation” is a relatively recent discovery within
the LPBF community and refers to gas convection conditions under which powder feedstock is blown
away from the melt pool. “Spatter” refers to large molten ejecta that leave the melt pool and is likely
familiar to readers with a background in welding.

2.2 MANUFACTURING METHOD

LPBF fabricates components by sequentially melting thin layers of metal powder together to create the
specified geometry. The process begins with a user designing a three-dimensional (3D) computer-aided
design (CAD) model of the component in an engineering design software package (e.g., SolidWorks,
Autodesk, or AutoCAD). The CAD model is then loaded into a separate software package for LPBF
specific processing; this processing is commonly referred to as “slicing” within the LPBF industry.
Slicing consists of separating the original CAD model into multiple layers that are vertically stacked;
slicing is not proprietary, is required for all LPBF machines, and is conducted in a virtually identical
manner for all LPBF machine manufacturers. Figure 1 [11] illustrates a CAD model prior to and after
slicing.



Figure 1. Example CAD slicing (a) before slicing and (b) after slicing [11].

After slicing, each layer of the sliced CAD model is assigned a unique scan strategy calculated for that
layer. “Scan strategy” refers to all settings used by the LPBF machine (e.g., laser power, laser
acceleration, laser beam diameter, acceptable O, levels) as well as the two-dimensional (2D) path that the
laser travels. Once a CAD model has been sliced and scan strategies have been assigned to each layer, the
files are transferred to the LPBF machine.

LPBF machine setup is completed by cleaning the machine, installing a flat “build plate” or “start plate”
upon which the component is fabricated, and loading sieved metal powder for feedstock. Build plates are
flat, thick (2 to 3 in.) metal plates and are treated as consumables. Figure 2 [12] provides a system
schematic representative of many LPBF machines. A thin layer of metal powder is spread from the
powder tank across the surface of the build plate via a recoating mechanism. Any excess powder from
recoating is deposited into an overflow container for later sieving and reuse. The laser then activates and
scans the 2D outline of the first (bottom) layer using the settings and laser path in the scan strategy for the
first layer. After the first layer is fused together, the laser deactivates and the recoater spreads a second
layer of metal powder. The laser then scans and fuses the second layer using the second layer’s scan
strategy, and the recoating/scanning process is repeated until the component is fabricated.
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Overflow contamer
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Figure 2. System schematic for generic LPBF system [12].



2.2.1 Powder Evaluation

Feedstock powders must be evaluated and carefully selected based on elemental composition, flowability,
internal porosity, particle geometry, size distribution, and surface features to minimize or eliminate
fabrication issues such as uneven powder spreading and feedstock induced porosity. Many powder
manufacturers publish information on the sieve sizes used in production or the mean particle size;
however, the D10, D50, and D90 (particle size at which 10%, 50%, and 90% of particles are respectively
of equal or lesser size) of a particle size distribution should be documented. The powder size distribution
has been documented to directly affect flowability [13], and flowability qualitatively affects the powder
packing density and probability of manufacturing defects such as incomplete spreading. Powder reuse
tends to shift the size distribution towards larger particles; flowability generally improves with powder
reuse due to fewer smaller particles [14]. Low flowability may result in incomplete spreading, non-
uniform spreading or spreading system jamming. ORNL staff experience indicates that as flowability
increases, manufacturing complications decrease in frequency until a threshold is reached and said
complications are observed highly infrequently. Further increases in flowability beyond the flowability
threshold do not result in observable improvement. Powder characteristics may be measured via scanning
electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) [15], and the Hall Flow
Meter. SEM can image dispersed samples of metal powder, typically against highly contrasting and
conductive backgrounds such as carbon, to identify individual particles and the particle size distribution.
SEM can simultaneously provide qualitative information on particle shape and the presence of satellites.
EDS is a well-established method of determining rough elemental composition, and if particles are
sufficiently well dispersed when imaging, the composition of the overall sample and also individual
particles can be determined. Powder flowability may be quantitatively measured via the Hall Flow Meter
method. Analyses of powder characteristics and their measurement have been described in the following
publications [16,17].

2.2.1.1 Elemental Composition

Control over the elemental composition of metal AM components is critical to ensuring QC and
predictable properties. Therefore, virtually all systems use pre-alloyed powders to achieve high elemental
control and homogeneity [18]. The elemental composition of fabricated components may deviate from
that of the feedstock because of four primary causes: powder cross-contamination, melt pool vaporization,
oxidation of feedstock, and oxidation of the melt pool. Melt pool oxidation is minimized by operating in a
high-purity inert gas environment for LPBF [19]. Powder cross-contamination is known to be a serious
area of concern and can only be solved by either dedicating machines to a single feedstock or
meticulously cleaning during powder changeovers. Metal vaporization may be a concern for elements
with high vapor pressures [20], but the high travel speed of the melt pool means any location on the build
surface is only momentarily molten before solidifying. One study on Ti-6Al-4V demonstrated the ability
to numerically predict the vaporization mass loss for selected elements in an Arcam melt pool and
experimentally demonstrated a mean aluminum loss of 0.12 wt % per melt cycle over five melt cycles
[21]. Whether compositional change due to vaporization is significant depends on the specific alloy used,
the powder lot elemental composition, and the role of the element of interest in solidification and
microstructure formation.

One way to reduce the cost of LPBF components is to recycle powder; some systems, such as the Concept
Laser X Line, automatically sieve and store recycled powder in a closed-loop inert gas environment
whereas other systems expose recycled powder to air during handling and sieving. The latter method may
alter the chemical composition of powder over multiple reuse cycles via oxidation. In one study,
Ti-6Al-4V powder repeatedly recycled and exposed to air in an Arcam electron beam PBF system
revealed an oxygen increase from 0.08 to 0.19 wt %, aluminum decrease from 6.47 to 6.37 wt %, and
vanadium decrease from 4.08 to 4.03 wt % over 21 cycles [22]. Determining whether a compositional



change, irrespective of cause, is significant requires two analyses. First, the compositional change must be
compared against the inter- and intra-lot variability from the powder supplier, including measurement
uncertainty. If a compositional change is within inter-lot variability or measurement noise levels, it is
highly unlikely to result in meaningful microstructural differences. Secondly, if the composition change is
statistically significant, the effect must be evaluated on an element-by-element basis for a given alloy. For
example, a 0.10% increase in oxygen may result in negligible changes to the microstructure and material
properties for one alloy and highly detrimental changes in a second alloy.

A 2017 study by NIST evaluated numerous powder characteristics for S17-4 PH stainless steel powder
reused over 11 cycles and concluded that no statistically significant difference existed in powder
microstructure, morphology, size distribution, chemical composition, or mechanical properties of the
fabricated specimens; powder bed packing density and flowability improved with increasing cycles [23].
A more recent 2019 study [24] evaluated 316L feedstock composition before and after 30 reuse cycles
and found that only oxygen and carbon changed by statistically significant amounts. The reused powder
contained a carbon content of 0.016 wt % (standard deviation of 0.002), which is within the American
Society for Testing and Materials (ASTM) F3184 - 16 specification of 0.030 wt % max; ASTM

F3184 - 16 does not specify acceptable oxygen content. Single crystal ferrite particles were present in the
recycled powder, but not virgin feedstock as shown in Figure 3 [24]. A mechanism of spatter ejecta from
the melt pool that solidifies in the inert gas environment of the build chamber was proposed for the
observed ferrite formation. Alternatively, feedstock particles near the melt pool or entrained by the vapor
plume could undergo a rapid solid-state heat treatment resulting in ferrite. Critically, however, the study
did not report whether detectable quantities of ferrite were observed in the fabricated components.
Therefore, it is unclear at this time whether ferrite in either virgin or recycled 316L feedstock correlates to
ferrite in fabricated components.
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Figure 3. Inverse pole map of virgin and recycled 316L [24].



Heiden et al. [24] also reported the presence of nanoscale SiO, surface growths on virgin powder and
larger SiO; and MnCr>O4 growths on recycled powder as shown in Figure 4 [24]. The powder production
method was not specified, but preferential oxygen scavenging by Si is likely the main cause of the oxide
growths in the virgin powder. Oxygen scavenging during the LPBF process also likely caused the
MnCr,04 growths and enlarged SiO2 inclusions. SiO; inclusions in LPBF 316L fabricated components
have been correlated to accelerated SCC crack growth rates; the topic is discussed in depth in Section
2.4.1. Taken as a whole, powder recycling appears to have beneficial and detrimental effects on the QC of
the fabrication process as well as on fabricated component material properties. However, quantitative
standards for determining when powder can no longer be recycled are needed.
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Figure 4. Observation of oxides on 316L feedstock particle surfaces [24].
2.2.1.2 Powder Porosity

Internal porosity and trapped gas in powders can result in porosity in metal AM-fabricated components
[25] and is one of several porosity sources in LPBF; therefore, minimizing internal porosity in feedstocks
is typically desirable. Porosity in components resulting from gas entrapped in powder can be recognized
by spherical voids whereas fabrication process—induced porosity tends to exhibit irregular and elongated
voids as shown in Figure 5 [18] and Figure 6. [26]. Figure 5. Powder porosity largely depends on the
production technology used. Powders produced via plasma atomization or a plasma rotating electrode
process have been shown to eliminate voids resulting from gas entrapped in powder [25-27] whereas gas
atomization yields powder with significant quantities of entrapped gas as shown in Figure 7 [26]. Gas
atomization and rotary atomization yield powders with satellites and irregular shapes, respectively, which
adversely affect flowability and powder packing density.

Another powder production technique that has been evaluated for LPBF applications is hydride-dehydride
(HdH) [28]. Bulk metal is converted to a metal-hydride via a gas-solid chemical reaction. The resulting
phase transformation results in significant (>15 vol %) expansion that produces significant stresses,
pulverizing the brittle hydride into powder. The hydrogen is then removed by heating the hydride under
vacuum, recovering the metal in powder form. HdH powder has been shown to have difficulties with high
levels of porosity, but porosity could be reduced by a “double melt” method and hot isostatic pressing



(HIPing). “Double melting” refers to the practice of rastering the laser across each layer a second time (as
compared with the standard practice of melting a layer a single time). Analysis of process parameters on
powder atomization-induced and process-induced porosity has been reported elsewhere [29].
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Figure 5. Process-induced porosity vs. gas-induced porosity [18].
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Figure 6. Examples of powder atomization-induced porosity in components [26].GA = gas-atomized; PREP =
plasma rotating electrode process
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Figure 7. Examples of powder porosity [26].



2.2.2 File Preparation

File preparation consists of machine instructions on the energy source scan path, timing of turning the
energy source on and off, layer thickness, energy source spot size, energy output, environmental
parameters, and coater parameters. The machine parameters and scan strategy used must ensure complete
fusion while avoiding issues such as melt pool balling, delamination, porosity, warping, and unacceptable
residual stresses. Melt pool “balling” refers to beads or balls that form on the top of the melt pool under
specific conditions due to surface tension in the molten metal and are illustrated in Figure 12. Two terms
related to file preparation that are commonly used in the LPBF community are “contour” and “infill.”
“Contour” refers to the outside edge of a layer slice and “infill” refers to the interior of a layer slice.
“Scan strategy” in the context of LPBF refers to the path the laser travels during the melting process.
Multiple scan strategies such as bidirectional rastering, unidirectional travel, and checkerboard/island
have been developed as illustrated in Figure 8 [30]. Scan strategy optimization depends on if the objective
is build time minimization, thermal gradient reduction, or surface finish quality, as well as the limitations
of the LPBF system.

Unidirectional and bidirectional infill scanning have historically been prevalent because of the high
efficiency and simplicity of programming; however, these strategies develop high thermal gradients and,
therefore, internal stresses. Island scanning melts randomized unidirectional or bidirectional patches in a
checkerboard pattern as a compromise between the efficiency of bidirectional scanning and the thermal
gradient reduction of randomized spot melting and has been shown to reduce residual stress [31]. LPBF
typically melts the contour after melting the infill to achieve smoother surface finishes than melting the
contour before the infill [31].
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Figure 8. A variety of commercially available scan strategies [30]. CB = checkerboard with interlayer offset.
CBNO = checkerboard with no interlayer offset.

Many LPBF systems provide significant flexibility to operators in choosing parameters. For example,
operators may specify the scanning pattern used (e.g., unidirectional, bidirectional, checkerboard),
whether contours will be melted prior to or after infill, and interlayer pattern rotation angles, laser power,
laser spot size, and travel speed to name a few. These parameters directly affect the thermal history of a
specific location within a component, porosity, surface quality, yield and tensile strength, and other



qualitative and quantitative outcomes. Process parameters must be coordinated to control the critical
relationship between thermal energy output and melt pool velocity. At the time of this review, most PBF
systems do place restrictions on scan strategies such as uniform layer thickness throughout a component,
constant energy source velocities, and constant delay periods to dissipate thermal energy between layers.
Scan strategy parameters are typically static and uniform; however, the way in which scan strategies and
heat transfer from the melt pool interact with the component geometry is nonuniform throughout the
component. Therefore, the microstructure and material properties change throughout the component
because of varying local temperatures that result from heat transfer. Varying processing parameters to be
nonconstant and nonlinear may be a possible route to compensate for the effect of geometry and result in
uniform if not isotropic microstructures. The ability to control currently restricted parameters in addition
to incorporating closed-loop control systems may aid in forming uniform microstructures. Determining
what parameter combination should be used at each point throughout a component with this method is
nontrivial and will likely require advances in multi-scale simulation techniques and/or computer
processing power. These parameter control changes are significant technological challenges but offer the
possibility of solving AM issues such as intra-component yield and tensile strength variation.

The energy source used in LPBF interacts with the powder bed and melt pool in various ways depending
on the total power applied, power distribution, and processing environment. Improper processing
parameters may result in one or more detrimental phenomena. Localized boiling of the melt pool is
common to LPBF and may result in convective transport liquid or vapor known as “spatter” when the
droplet overcomes surface tension; Figure 9 [32] depicts an example of spatter formation. Spatter is
observed in LPBF and welding as white “fireworks” and is caused by excessively high temperatures in
the melt pool. Ejected material is typically not a concern unless large or frequent enough to interfere with
the recoater blade depositing a uniform powder layer. Ejected material must be removed from recycled
powder via sieving. However, boiling of the melt pool can result in “keyhole” voids by creating metal
vapor cavities where the melt pool solidifies prior to the void floating to the melt pool surface.

Figure 9. Example spatter formation [32].

LPBF transfers energy to the powder bed or melt pool via photons. The absorptivity of powders and melt
pool affect energy transfer [33], and some highly reflective powders cannot be processed with LPBF as a
result of reflected energy destroying optics and sensors. LPBF laser beams are typically distributed in a
Gaussian profile; however, ring beam shaping has shown the potential for finer microstructures because
of more even power distribution [19]. Pulse shaping of Gaussian laser beams (the control of output power
over time) has also shown the ability to reduce spatter ejection, improve surface roughness, and decrease
melt pool width [34]. Pulse shaping can also effectively preheat powder, thereby decreasing reflectivity
and potentially allowing for LPBF fabrication of highly reflective powders. However, pulse shaping and
non-Gaussian beam profiles significantly increase computational requirements. One study recently
discovered phenomena in LPBF is “denudation,” in which convective gas currents above the melt pool
blow powder away from the melt pool [35,36]; comparatively little is known about causes, effects, or
solutions to denudation in comparison with keyholing or spatter formation. One 2020 simulation article



indicated that denudation is an unavoidable aspect of LPBF but the gas currents and effects may be
controlled by processing parameter selection [37]. From the perspective of component quality
reproducibility, a thorough knowledge base on denudation is not necessary as the effects of denudation
appear to be primarily related to the laser velocity and power. Therefore, the effects of denudation are
expected to be repeatable provided that the same scan strategy is used for the same component geometry.
Closed feedback loop controls that alter the scan strategy in-situ may require more a thorough knowledge
base on denudation.

In summary, the primary powder/laser interactions of concern are spatter formation and keyholing due to
excessive energy transfer. Spatter may result in abrasion and erosion of the recoater or be dragged
through the powder bed and create uneven layers. Keyholing results in spherical pores within a
component. The effects of denudation on component quality are not well understood at this time.

2.2.3 LPBF Design Considerations

LPBF AM has revolutionized design in fields where it has been applied, particularly for components
redesigned to use the advantages of AM. LPBF does not require straight lines, conventional simple
geometries, or direct lines of sight for internal features. Design is, however, limited by four major
obstacles. The simplest limitation is the build chamber size of the LPBF system. GE’s ATLAS machine
can fabricate components up to 1.1 x 1.1 x 0.3 m [38] and, to the authors’ knowledge, is the largest
commercially available LPBF system at the time of this document’s publication. Most manufacturers’
systems are considerably smaller with build volumes of 200 to 250 mm cubed. Components must fit
within the build volume of a LPBF system during fabrication, which imposes a size limitation.

The second limitation is overhangs and unsupported surfaces. LPBF bonds one layer to the previous layer
and for an overhang, no supporting layer is under the melt pool, but rather, loose powder. The lack of
substrate supporting the melt pool leads to several issues including swelling, rough bottom surfaces,
curling, and inconsistent heat transfer properties within the fabrication process. Swelling occurs when
melted material rises above the powder bed plane as shown in Figure 10 [18] (a). The primary cause of
swelling is surface tension of the melt pool, similar to humping in welding, and directly relates to melt
pool geometry [25]. Underside surface roughness is affected by powder particles sintered or partially
melted onto the bottom surface of the unsupported melt pool. Curling of unsupported surfaces occurs
when new layers on a build solidify and contract upon cooling, warping previously deposited layers.
Fabrication of overhangs is possible using support structures of lattices [39] and wafers to provide
thermally conductive paths and mechanical anchoring to counter thermally induced stress. Limited
unsupported overhangs are possible, though, and the maximum overhang angle depends on the material
used and parameters. 45° is commonly viewed as the maximum achievable overhang angle.
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Figure 10. Examples of (a) swelling and (b) warping in PBF components [18].

The third limitation in LPBF component design is anisotropic material properties. Columnar grain
structure in LPBF systems has been well documented [40,41] and leads to anisotropic or transversely
isotropic material behavior with the yield and tensile strengths typically being higher in the build
direction (Z axis) [42]. Therefore, the build orientation, load path analysis, and LPBF limitations on
overhangs must be considered simultaneously when designing components. The orientation of the
component in the build chamber will determine the transversely isotropic property plane, and limitations
on overhang angles preclude certain geometries. Designers can use geometries not possible with
conventional manufacturing (particularly organic shapes, which can reduce stress concentrations) to
redirect load paths in optimal ways. When properly accounted for and incorporated into a design,
anisotropic behavior is not problematic as evidenced by the extensive use of fiber-reinforced composites
with anisotropic properties. Recent work has focused on understanding and controlling the columnar-to-
equiaxed grain transition [42—44] and describing the transition as a process map [45] to selectively form
the grain structure of choice. The thermal history of an AM component is also important to consider when
designing for critical applications. For example, if 10 tensile test specimens are fabricated individually
and sequentially and removed from the machine when complete, the material properties will be different
than had all 10 specimens been fabricated simultaneously. In the former case, the component will be built
comparatively quickly and so experience a higher mean temperature. In the latter case, the time interval
between layers for a given specimen will be greater because of the time spent melting other specimens, so
more thermal energy will dissipate between layers. Depending on the alloy used and the desired phase or
microstructure, this factor can be used advantageously to control microstructure.

Surface finish and minimum feature size are the fourth limitation in LPBF component design. Surface
finish is generally a qualitative aspect of LPBF components but may be a major design consideration in
the case of fatigue or internal gas or liquid channels in which pressure head losses are relevant. LPBF
geometry resolutions in the range of 80 to 250 um have been reported in literature [46] and depend on the
laser spot size and geometric accuracy of the LPBF system.

2.2.4 Substrate and Powder Removal

After fabrication, components must have excess powder removed and are typically cut off build plates.
LPBF components can be cleaned by brushing and vacuuming excess powder. Components are typically
removed from build plates with electrical discharge machining (EDM) or bandsaws. Removing entrapped
powder from channels and internal cavities can be challenging and cutting components off build plates
presents handling difficulties for EDM and bandsaws designed for tubular and beam stock. Although not
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technologically challenging, specialized support equipment is required for depowdering and build plate
removal.

2.3 PROCESSING PARAMETERS

Processing parameters in LPBF can be grouped into (a) parameters of the LPBF machine and (b) post-
processing parameters such as HIPing and heat treatments. Modeling and optimizing LPBF machine
parameters is difficult because of the interconnectedness of outcomes and high dimensionality of
independent variables. For example, optimizing for low porosity typically requires high energy input,
which may result in larger grain sizes due to larger heat-affected zones (HAZs) of the melt pool. HIPing
and heat treatments affect the microstructure of LPBF components in fairly predictable manners;
however, the significant differences in starting microstructures between conventional and LPBF materials
may necessitate the development of new heat treatments for LPBF rather than using existing heat
treatments for conventionally manufactured materials.

2.3.1 Energy Density

Processing parameters specified during the file preparation phase dictate the laser’s travel path, speed,
power output, beam diameter, and other aspects of the fusion process. Depending on the manufacturer,
LPBF systems require dozens to hundreds of parameters to be specified. Three parameters are commonly
cited as critical in determining the thermal energy transfer to the melt pool: power, spot size, and scan
speed. All three parameters are linked by the need to control the melt pool geometry and form fully dense
components. Process mapping has emerged as a method of describing the power-speed relationship useful
to PBF and other metal AM methods and is similar to welding process mapping [47]. One representative
LPBF process map for maraging steel is shown in Figure 11 [48]. Some combinations of power and
velocity are not viable because of melt ball formation and delamination as shown in Figure 12 [49]. Melt
ball formation occurs because of melt pool instabilities when the surface tension of the melt pool exceeds
the wetting ability of the previous layer [50]; melt balls result in fabrication failure due to interference
with the rake and nonuniform layer formation. Delamination results from insufficient remelting of
previous layers and will occur when the interlayer bonding strength is exceeded by thermally induced
residual stresses. Delamination can be further influenced by high thermal gradients, incomplete melting,
and grain boundary precipitate formation. Studies have particularly identified the importance of scan
strategy [51] and applied energy input [52] in delamination occurrence. A recent study analyzed the effect
of spot size by varying the focus plane in LPBF. For a constant wattage, out-of-focus beams resulted in
larger spot sizes, lower power densities, and coarser columnar grains [53].
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Figure 11. Example process map for LPBF [48].
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Figure 12. Fabrication failure examples due to power-speed relationships [49].

Physics-based simulations can be used to estimate melt pool size [54,55], lack of fusion [54], keyholing
[56-59], and solidified microstructures [60,61] to determine optimal LPBF parameters; simulations may
be simplified approximations or precise models. “Lack of fusion porosity” refers to comparatively large
irregularly shaped pores formed by insufficient overlap between layers or between hatch lines.
“Keyholing porosity” refers to comparatively small pores that are typically spherical; keyholing is the
result of gas bubbles trapped within solidified material. Such gas bubbles may be formed by residual
feedstock porosity or localized boiling of the melt pool forming metal vapor cavities. Simulations offer
valuable insights but suffer from computationally expensive methods (i.e., simulations taking days or
weeks to run), deviation from empirical results, and a frequent lack of stochastic uncertainty. One active
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area of research for reducing computational expense is multi-scale models; for example, when modeling
the first melt pool track of a build the substrate and powder bed can be assumed to have a uniform
background temperature. However, as the build progresses the substrate and component experience
varying local “voxel” temperatures. A voxel is a cube inside the model that represents a discrete point in
the component. The local voxel temperature is necessary to know when simulating the melt pool and for
predicting precipitation, grain growth, and so on, but the rate at which voxel temperatures near (10s to
100s of microns) the melt pool change is significantly higher than far (1,000s of microns) from the melt
pool. Therefore, a need exists for models that update voxels close to the melt pool at one frequency and
far from the melt pool at a different frequency to reduce computational expense. Determining the
distances and frequencies at which different voxel regions can be updated without losing significant
model accuracy is an ongoing area of research. One method that has been explored to address the above-
mentioned shortcomings of simulations is to iteratively use simplified approximations with quick
experimental layouts [62]. Such an approach reduces development time, reduces the number of
experimental samples that must be prepared relative to a purely empirical approach, and provides
stochastic uncertainty data for models. Overall, simulations can identify regions of nominally “good”
parameters for simple geometries but are not well suited for precise parameter fine-tuning or for modeling
of complex or large components due to prohibitive computational expense.

2.3.2 HIPing and Heat Treatments

HIPing is a method in which components are heated in the presence of a high-pressure inert gas
environment to close internal pores [63]. Internal cracks may also be remediated by HIPing as
demonstrated in LPBF-fabricated Ni superalloy components but surface-connected cracks remain after
HIPing [31]. The high temperatures of HIPing also facilitate grain growth in some materials. Inconel 718
deposited on an Inconel 718 substrate via LPBF and subsequently post-processed with HIPing was
observed to result in grain growth in the substrate but not the deposited material [64]; differences in
phases or grain boundary precipitates may have caused the variation in response to HIPing. If so,
appropriate characterization or homogenization of deposited material prior to HIPing may be necessary to
achieve consistent responses.

The effects of HIPing and heat treatment combinations on Ni superalloys [65-75], Ti alloys [76-78], Al
alloys [79], and steels [80,81] have been reported in literature, and data on the effects of HIPing on
porosity and elongation at failure are shown in Table 2. The difference in YS and UTS between as-
fabricated and HIPed samples due to grain size cannot be directly correlated because of the often-
significant effects of phase transformations and precipitation; however, Young’s modulus is usually
negligibly affected by HIPing. Porosity and internal cracks are typically reduced by an order of magnitude
in volume. Treatment times as short as 4 min have been shown to reduce porosity as significantly as 3 to
4 h treatments [74], suggesting that lengthy treatments are unnecessary to reduce porosity. Studies that
heat-treated (HT) after HIPing reported negligible variation in porosity between post-HIPing samples and
post-HIPing + HT samples [68], indicating that porosity reduction is permanent. Elongation at failure has
been reported to improve by 30 to 200% with HIPing, but ductility may not improve in cases in which
highly brittle phases are formed as a result of the HIPing temperature profile. Fatigue resistance increases
with HIPing because of the reduction in internal crack nucleation sites but is similarly difficult to compare
because of thermal effects on grain size and phase formation for each alloy system.

Table 2. Effects of HIP on porosity and elongation at failure for PBF components.

HIP HIP Pre-HIP | Post-HIP Pre-HIP Post-HIP
. HIP . . . .
Material | pressure | temperature time porosity | porosity elongation elongation Ref.
(MPa) O (%) (%) (%) (%)
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Hlsfegl’d 100 1,130 6 hr 0.11 0.005 33+1.6 6.6+06 | [81]
Has;?noy 103 1,160 4hr [029-034 | <0.1 — — [69]
Inconel 718| 120 1,200 4 hr — — 6+ 1 14+1 [68]
Inconel 718| 102 1,160 3hr | 048-135| 0.01 — — [70]
Inconel 718| 150 1,180 3hr 0.27 0.06 2145 3443 [72]
CMSX-4 100 1,300 4min | 0.607 0.061 — — [74]
CMSX-4 100 1,315 4min | 0.607 0.074 — — [74]
Ti-6Al-4V | 100 920 2hr 0.97 0.10 13.6 + 1.4 17.7£09 | [77]
Inconel 718| 120 1,200 4 hr 0.70 0.05 — — [75]

2.4 MICROSTRUCTURE AND MECHANICAL PROPERTIES

Meaningful comparison of literature results is complicated by the significant number of fabrication
parameter variables and incomplete reporting in literature. For example, absorptivity of Fe varies from
0.12 at room temperature for a CO; laser to 0.25 to 0.32 for a Nd:YAG (neodymium-doped yttrium
aluminum garnet) laser [82]. Therefore, reporting both applied power and laser wavelength is necessary to
calculate absorbed energy, yet laser type is not consistently reported. Similarly, spot size, hatch spacing,
layer thickness, build orientation, and material porosity are not consistently reported yet are required for
accurate parameter comparison and calculation of thermal history. Incomplete reporting can be partially
attributed to three causes: (1) non-standardized terminology within the LPBF community, (2) inter-
supplier variation in hardware and software, and (3) a lack of reporting standards. Uncertainty in
interpreting results is further complicated by the influence of geometry as an independent variable, and
the lack of accepted standardized geometries frequently leads to unique geometries for each study.
Therefore, interpretation of quantitative results in LPBF material properties should be more skeptical than
typical for scientific endeavors.

Four alloy groups have seen significant use in metal AM to date [8,83,84]: titanium alloys [8,85—-87],
steels, Inconel alloys [42,88], and aluminum alloys [89,90]. Specific steel classes used in AM include
austenitic stainless steels [91], tool steels [92], precipitation hardenable stainless steels [93], and maraging
steels [48]. General reviews on the hardness of AM metals [94], the effect of build orientation [95], and
anisotropic material properties [96] have been published. Key issues for each system are briefly reviewed
in this section; however, the study, prediction, and control of microstructure of metal AM processes
encompasses a vast field of research because of the high number of combinations of processing methods
and alloy designs. The primary focus of the material property review is on LPBF 316L given the
application in NPP environments and well-documented reference performance of conventionally
manufactured 316L in irradiated environments.

Additively manufactured metallic components frequently have comparable if not superior properties to
conventionally manufactured parts, partially due to fine grain sizes [8]. LPBF essentially welds layers
together and the small (50 to 500 um) spot size of the energy source results in small melt pools and rapid
cooling, which inhibits grain growth upon solidification. Columnar grain structures oriented lengthwise in
the build direction (Z axis) are frequently observed in LPBF, and this grain structure has been reported in
Ti-6Al1-4V [97] and Inconel 718 [98—100]. Grain structures primarily depend on the temperature gradient
and solidification interface velocity, and selectively forming columnar or equiaxed grains is possible by
varying the energy source power and scan speed [101].
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Reviews of the tensile properties of additively manufactured Ti-6Al-4V have been conducted [12,102]
and numerous articles have been published on the subject [103—-110]. In general, the reported Young’s
modulus, YS, and UTS of PBF Ti-6Al-4V are comparable to wrought Ti-6Al-4V whereas reported
ductility varied significantly. Reviews of Ti alloy fatigue behavior [111] reveal strong relationships
between fatigue strength and the method of powder production. Ti and its alloys are highly reactive with
oxygen, and processes that form powder in a vacuum, such as plasma rotating electrode process, result in
lower oxide content powders. LPBF of Ti forms a martensite phase with decreased ductility due to rapid
solidification and cooling and, therefore, stress relief and phase transformation heat treatments are
typically required for components with cyclical stress loads [112]. However, careful LPBF parameter
choice has been reported to produce as-fabricated Ti-6Al-4V without martensite [113].

Commonly used Ni alloys in AM include Inconel 718, Inconel 625, and Invar 36. The first two alloys are
used in the aerospace industry because of their strength retention at high temperatures [114]. Mechanical
properties of Ni-based alloys have previously been reviewed and are listed in Table 3 [115]. Although
clear relationships between transverse and longitudinal ductility or UTS and ductility for LPBF Ni alloys
have not been reported, an expression has been developed [116] for estimating hardness given the
elemental composition of a Ni alloy as shown in Eq. 1 [117]. Experimental results of hardness vs. Ni
equivalent are plotted in Figure 13 [115]. Comparable hardness analysis for aluminum and steel alloys
have been conducted [116].

Table 3. Summary of mechanical properties of Ni-base alloys fabricated by AM in literature compared with
traditionally processed counterparts [115].

Alloy P(W) v(mmfs) H (J/mm) Orientation  E (GPa) ay (MPa) Tyes (MPa) Elongation (%) HV

Powder bed fusion -
laser heat source

Invar 36 400 1800-4300 022 As-deposited Long. 400 535 14
Transv. 340 455 30
HT Long. 311 447 32
Inconel 625 200 800-1200 0.25 HIP Long. 380 900 58 347
Transv. 360 880 58 296
Inconel 625 50 130 038 As-deposited Long. 202.24+412 800120 1030 £ 50 8-10
Transv, 140.66 + 8.67 1070 £ 60 720+ 30 8-10
Haynes 230 200 450-1200 0.44 As-deposited  Long. 205+ 4 798 +5 11026 28+1
Transv. 1521 656 £ 4 9412 323

Powder bed fusion -
electron beam heat source

Inconel 625 1800 10% 0.18 As-deposited  Transv. 410 750 44 224
HIP Transv. 330 770 69
Directed energy deposition -
powder feedstock
Inconel 718 - - - As-deposited Long. 650 1000 38% (Reduction in area)
HT Long. 1257 1436 13% (Reduction in area)
HT+ HIP Long. 1155 1380 20.4% (Reduction in area)
Inconel 718 2350 8 294 As-deposited  Long. 590 845 1
HT Long. 1133 1240 9
Long. 1170 1360 18
Directed energy deposition -
wire feedstock
Inconel 625 5 As-deposited Long. 180 72217 4227+24 240-270
Transv. 68423 4013 +3.7
Inconel 718 5 As-deposited Long. 1541 4736 828+8 282
Inconel 718 As-deposited  Long. 163 666 1022 26.1
HT Long. 241 947 1242 235
HT Long. 258 932 942 222
Traditionally processed
Inconel 718  Cast - typical 915 1090 11 266 (max)
Annealed and Aged - 862 1034 20 318
minimum
Inconel 625  Cast - typical 350 710 48 266 (max)
Annealed - typical 430 940 515 145 (min)
Invar 36 Cast - typical 265 483 44 -
Annealed - typical 260 470 37 131

¢ = Ni+ 0.65Cr + 0.98Mo + 1.05Mn + 0.35Si + 12.6C — 6.36Al + 3.80B + 0.01Co + 0.26Fe +
7.06Hf + 1.20Nb + 4.95Ta + 5.78Ti + 2.88W )
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Figure 13. As-deposited Vickers Hardness (HV) as a function of nickel equivalent [115].

2.4.1 Properties of LPBF 316L

316L is commonly used in light water reactors for structural components; austenitic stainless-steel
alloys—particularly 316, 316L, 304, and 304L—have been considerable researched in LPBF systems, but
relatively little research on irradiated LPBF austenitic stainless steels has been published to date. All four
alloys form delta ferrite and gamma austenite [118,119] as predicted by the relevant phase diagram in
Figure 14[120]. Residual ferrite can be post-processed to austenite with solution heat treatments between
850 and 1,250°C [120,121], which is desirable for NPP applications because ferrite is a
thermodynamically unstable phase, susceptible to void swelling under radiation damage, and a major
contributor to alloy embrittlement [121,122]. Ferrite decomposes to the o phase, a brittle intermetallic,
and austenite upon aging. The o phase is undesirable not only because of brittleness but also because it
reduces grain boundary Cr content in the remaining austenite. Low-Cr grain boundaries then act as
nucleation sites for SCC. Experimental results indicate that irradiation-assisted SCC (IASCC) can be
reduced via reduction in grain size [123]; therefore, heat treatments should be kept as brief and low-
temperature as possible to minimize grain growth. One additional consideration for metal AM stainless
materials is that the presence of a small amount of oxygen forms disperse oxide precipitation in the
matrix, which alters grain growth and hardness evolution during tempering [124]. One study of LPBF
316L reported to have achieved significantly smaller grain sizes (5 to 16 pm vs. 50 pm) than conventional
316L when solution HT at 1,100°C for 1 h [125]. Therefore, LPBF components may have comparatively
high yield and tensile strengths due to grain size refinement even though not hot-worked; higher
dislocation densities due to rapid solidification and residual stress also affect material properties
[118,126-128].
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Figure 14. Phase diagram for 18 wt % Cr austenitic stainless steels [120].

Tensile properties of LPBF 316L have been reported in literature [129—132]; in general, austenitic
stainless steels fabricated by LPBF show slight anisotropy in material properties, and elongated grains
and dendrites oriented in the Z axis are often observed [119,126,127,132,133]. YS and UTS are often
higher than in conventionally manufactured and annealed austenitic stainless steels whereas elongation at
failure is decreased. It is not clear whether the decreased ductility is due to porosity and internal defects or
smaller grains leading to dislocation buildup at grain boundaries [119,126,130,134]. Variation in tensile
properties due to part orientation has been reported at 555 to 738 MPa for UTS, 508 to 718 MPa for Y'S,
and 20 to 47% for elongation at failure [129]. For comparison, ASTM F3184 - 16 “Standard Specification
for Additive Manufacturing Stainless Steel Alloy (UNS S31603) with Powder Bed Fusion” specifies
minimum requirements of 207 MPa for YS, 517 MPa for UTS, and 30% for elongation at failure for
LPBF 316L. ASTM A276 - 17 “Standard Specification for Stainless Steel Bars and Shapes” specifies 310
to 515 MPa for YS, 550 to 655 MPa for UTS, and 25 to 30% for elongation at failure for conventionally
manufactured cold-rolled 316L depending on size. Table 4 provides an overview of LPBF 316L tensile
properties from literature.

Table 4. Tensile properties of 316L from literature.

Reference [129] [130] [131] [132]
UTS (MPa) 555-738 567-659 493-630 317-528
YS (MPa) 508-718 444-534 — 287438
Elongation at failure 20-47 8-16 o 723
(%)
. . . . . Preheating vs. room Processing
Variable of study Orientation Orientation
temperature parameters
N High (2.5-6.2%) High (1.5-8.8%)
ote — . — .
porosity porosity

The fracture toughness of LPBF 316L has not been thoroughly studied to date, and multiple publications
lack critical details such as porosity, porosity measurement method, and processing parameters (i.e.,
proprietary parameter combinations) [135-138]. To the authors’ knowledge, only one published LPBF
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316L fracture toughness study [138] has presented results on HT (HIP + solution HT) LPBF 316L.
Tabulated fracture toughness results are presented in Table 5. Results to date suggest as-fabricated LPBF
316L has ~40% lower fracture toughness relative to conventional annealed 316L; HIP + solution HT
LPBF 316L has ~50% higher fracture toughness than conventional annealed 316L. As-fabricated fracture
toughness varies ~14% because of part orientation, and toughness appears to have a strong negative
correlation to porosity. The exact relationship between porosity and fracture toughness has not been
quantified as of this document’s publication. Although replicate studies are needed to confirm
repeatability and quantify variance, LPBF 316L may offer comparative fracture toughness values relative
to conventional 316L given careful selection of processing parameters and heat treatments.

To the authors’ knowledge, no irradiated LPBF 316L fracture toughness results have been published to
date. As reported in ref. [138], GE Hitachi has planned experiments to irradiate and obtain fracture
toughness results in collaboration with Idaho National Laboratory; however, a timeline was not provided.
DOE’s Oak Ridge National Laboratory’s (ORNL’s) Transformational Challenge Reactor Program does
not anticipate irradiating any fracture toughness specimens in 2020.

Table 5. Fracture toughness values for LPBF 316L from literature.

Study [135] [136] [136] [137] [138] [139]
Machine M1, Mlab AM250, M270, M290,
Concept Laser Concept Laser | Renishaw EOS EOS Irradiated
rradiate
: 180 W power 175-190 W power (0-10 dpa)
Processing 1,600 mm/s velocity . . . . .
. Not provided | Not provided | 800 mm/s velocity Not provided conventional
parameters | 30 um hatch spacing 40 um laver thickness 316L/304L
75 um spot size wm ay reference
Variable Orientation Orientation Orientation Power, orientation None
Porosity ~4% 0.07-0.35% ~2.5% Not provided Not provided
Heat As-fabricated As-fabricated | As-fabricated As-fabricated HIP + solution
treatment
Fracture 145-176 MPam'? | 124-144] 20-28 7 54-140 J/cm? 387-429 | 70 550 MPa m!?
toughness MPa m

Fatigue properties of LPBF austenitic stainless steels has been reported in literature in both original
studies [140,141] and reviews [142]. Riemer et al. [140] reported that fatigue limit and crack growth rate
strongly depend on heat treatment in 316L for cracks growing perpendicular to the build plane (i.e., the
X-Z or Y-Z planes) but not for cracks growing parallel to the build plane (i.e., the X-Y plane). Figure 15
illustrates how fatigue cracks grow through columnar grains in the X-Z plane but between grains in the
X-Y plane for as-fabricated and stress-relieved 316L, providing a mechanistic explanation for the
observed difference in fatigue limit and crack growth rates from orientation. HIPed, and presumably
solution HT, LPBF 316L has enlarged relatively equiaxed grains and therefore exhibits fatigue crack
growth more similar to conventionally manufactured material. Fatigue limit and crack growth rates for
316L with stress relief and HIP heat treatments are presented in Figure 15 and Figure 16 [140]. Spierings
et al. [141] reported fatigue endurance limits of 200 to 270 MPa (R =—1) for un-HT 316L in the X-Y
plane for various surface finishes, the results of which are presented in Figure 17[141]. The observed
range of LPBF 316L endurance limits compared favorably with conventional 316L endurance limits of
141 to 207 MPa under a less demanding cycle mean load of R = 0.1. The same mechanism of crack
growth through grains rather than at grain boundaries reported by Riemer et al. may be the driving force
for the higher endurance limits observed in LPBF 316L. Unfortunately, neither study reported porosity
levels or pore morphologies in fabricated components.
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Figure 15. Interactions of fatigue crack growth with grain boundaries in LPBF 316L for (a) stress-relieved
with crack growth parallel to build plane, (b) stress-relieved with crack growth perpendicular to build plane,
and (c) HIPed parts [140].
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Figure 16. Fatigue crack growth rates in the (a) X-Y and (b) X-Z planes for LPBF 316L [140].
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Figure 17. Fatigue limits of LPBF 316L for various surface finishes [141].
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The effects of surface roughness on the fatigue life of LPBF 316L have been reported [143—145].

Blinn et. al. [143] observed high sensitivity to surface roughness in stress-relieved unpolished samples
with high cycle (>10°) fatigue and low sensitivity with low cycle (10*) fatigue. Shrestha et. al. [145]
reported significantly higher scattering in low cycle lifetimes in machined specimens relative to as-
fabricated specimens. This unexpected result was postulated to be caused by an internal lack of fusion
pores being exposed to the surface via turning and polishing. Solberg et. al. [144] fabricated fatigue
specimens with ~5% porosity and observed a transition in crack nucleation sites from internal pores in
low cycle lives to external surface roughness in high cycle lives at ~10° cycles. Taken as a whole, the
fatigue lives of LPBF components appear to be predictable using existing fatigue testing methods for a
given processing parameter, post-processing treatment, and surface roughness. As reiterated elsewhere in
this document, all testing specimens should be sourced from final component geometries because grain
size and orientation affect crack growth rate, and geometry and heat transfer characteristics directly affect
grain size and orientation.

A literature search on corrosion-related crack propagation in LPBF 316L, cyclic or constant load,
revealed few published studies. One notable study on SCC by GE Global Research [146] (republished in
[147]) evaluated stress relief vs. HIPing + solution annealing heat treatments for LPBF 316L. Crack
growth in stress-relieved LPBF 316L was preferential along the build direction (Z axis) and
approximately two times higher in the build direction than in annealed conventional 316L, qualitatively
mirroring fatigue behavior. However, when cracks grew perpendicular to the build direction and thus
through grains rather than along grain boundaries, the crack growth rate was comparable to annealed
conventional material. HIPed + solution-treated LPBF 316L was observed to have comparable SCC crack
growth rates to annealed conventional 316L, and the crack growth mode in HIPed + solution-treated
LPBF 316L was along grain boundaries. Post-SCC fracture surfaces of HIPed + solution-treated
specimens revealed a significant frequency of corroded pits with diameters of ~500 to 1,500 nm.
Corroded material within the pits was identified to be rich in chromium and oxygen but deficient in iron,
nickel, and silicon. Inclusions at the crack tip that had not yet been corroded were identified to be rich in
silicon. Figure 18 [146]depicts corroded pits on SCC intergranular fracture surfaces of LPBF 316L. Si-,
Mn-, Cr-, and O-rich nanoscale inclusions have been reported in non-HT LPBF 316L in other studies
[148]. In summary, the SCC crack growth rate of LPBF 316L appears to highly depend on the heat
treatment and may be accelerated by oxide inclusions.
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Figure 18. Intergranular fracture surface of SCC LPBF 316L with corroded pits [146].

Rebak et al. [146] present compelling information that Si-rich inclusions at grain boundaries in LPBF
316L contribute to accelerated SCC growth rates but that the crack growth may be moderated to rates
comparable to conventional 316L via heat treatments. However, information lacking from the GE study
presents gaps that must be addressed. Chemical composition of the conventional annealed control
specimens was not published, nor were fractography images of conventional control specimens.

Rebak et al. state that few inclusions were observed in the conventional control specimen but do not
quantify the inclusions (e.g., counts per square millimeter) or provide chemical composition information
on the few inclusions observed in the conventional control specimen. Spatial distribution information on
Si inclusions in the LPBF specimens was also not published (e.g., proximity to grain boundaries, clusters
vs. uniform distribution, line patterns). Therefore, several pertinent questions must be addressed to
understand and minimize SCC in LPBF 316L.

First, the root cause of Si inclusion formation in LPBF 316L components must be identified. Considering
that a high frequency of Si rich inclusions was not observed in the conventional control specimen and
inclusions of this type have not been widely reported in conventional 316L [149] even though the powder
feedstock used was within ASTM F3184 - 16 composition specifications, the authors conclude that Si
inclusions result from phenomena within the LPBF process or preceding feedstock production processes.
Cross-sectional analysis of powder feedstock may help determine whether Si inclusions are present in
feedstock material. Regardless of the cause of formation, limiting Si inclusion formation may be possible
by specifying ultralow Si content in powder feedstock. Eliminating Si as a primary oxygen scavenger may
result in other oxide species forming, which may then need to be evaluated for susceptibility to corrosion
in light water reactor conditions.
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Second, the spatial distribution of Si inclusions relative to grain boundaries in the as-fabricated/stress-
relieved and HIPed/solution-treated states must be quantified. If inclusions are present in powder
feedstock, simulation of LPBF Marangoni convection currents within the melt pool may provide insight
as to the distribution of inclusions after melt pool solidification. Empirical observation of inclusions
relative to grain boundaries may reveal whether inclusions preferentially align with grain boundaries in
the as-fabricated state as well as how recrystallization due to HIPing/solution heat treating affects the
concentration of inclusions at grain boundaries. If Si inclusions at as-fabricated LPBF grain boundaries
are sufficiently reduced, HIPing and/or solution heat treating post-processing may be eliminated, making
only stress relieving possible. Not only would significant cost savings be realized, but also, LPBF
components would be limited in size by the volume of the LPBF machine rather than the volume of the
HIP chamber.

Corrosion fatigue crack growth of LPBF 316L was also evaluated in the GE study [146] and post-
processing heat treatments were observed to affect crack growth rates as illustrated in Figure 19 [146]. In
all cases, LPBF 316L was observed to have higher crack growth rates than conventional 316L at low
stress amplitudes and crack growth rates comparable to conventional 316L at higher stress loads. To the
authors’ knowledge, GE’s work [146] is the only published study to date on corrosion fatigue in light
water reactor simulated environments.
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Figure 19. Corrosion fatigue crack growth rates in LPBF 316L for various heat treatments [146].
2.4.2 Properties of Irradiated LPBF 316L

The effects of irradiation on LPBF 316L microstructures and material properties are currently unclear.
Several recent studies have presented results on irradiated additively manufactured 316L discontinuities
[146,148,150—-153], including stress relieved [146,152], solution HT [151], and HIPed [146,152] samples.
Comparisons of loop densities in the X-Y vs. Y-Z planes [152] and the effects of vertical vs. horizontal
sample orientation [150] have been published. Quantitative comparisons from one study to another are
not possible because of the significant differences in processing parameters, radiation doses, and lack of
processing parameter documentation, and no one study encompasses all three heat treatments (as-
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fabricated, stress-relieved, solution-treated/HIPed). Table 6 lists the documentation available for
references on irradiated LPBF 316L properties.

Table 6. Documentation in irradiated LPBF 316L references. X indicates data is available

Reference [153] [152] [151] [150] [148] [146]
Laser power (W) — 195 195 195 200 195
Laser velocity (mm/s) — 1,200 1,083 1,200 850 1,200
Laser spot size (pm) 54 — — — 70 —
Hatch spacing (um) — — 90 90 100 —
Layer thickness (pm) — 20 20 — — 20
Powder size data — X X X — X
Powder chemistry data — — X — — —
Conventional control sample X X — X — X
Radiation dose (dpa) 5.5 2.5 50-100 80 — 2.5, 100
Radiation method Kr++ ions Proton Fe2+ions | Fe2+ ions He ions ferl(ﬁ(i)onr,l

Qualitative interpretations of the sources in Table 6 and GE’s study suggest that LPBF has the potential to
significantly improve the resistance of 316L to void swelling. The formation of cellular sub-grains inside
crystals in as-fabricated LPBF 316L samples has been reported to reduce the buildup of dislocation loops
by as much as 60% [148,153] relative to conventional 316L, and the sub-grains are reported to be stable
after 30 min at 400°C [153]. However, GE’s study reported an order of magnitude higher dislocation loop
density in stress-relieved LPBF 316L relative to conventional 316L [146] as summarized in Table 7[146].
Another study has reported as-fabricated LPBF 316L having significantly lower resistance to void density
and void swelling buildup relative to solution HT LPBF 316L and fully recrystallized LPBF 316L [151].
Etched optical images of as-fabricated 316L samples with superior resistance to defect buildup are
presented in Figure 20 (a) and (b) [148]and indicate grains characterized by submicron cellular sub-
grains. . If sub-grain formation is a significantly beneficial mechanism in improving the resistance of
LPBF 316L to irradiation defect damage, and then geometry-processing parameter combinations that
produce fine sub-grain distributions and post-processing treatments that do not eliminate sub-grains are
desirable and potentially result in superior performance relative to conventionally manufactured 316L. At
the time of this publication, the inconsistencies in trends between irradiated microstructure studies cannot
be resolved because of the limited number of studies published, incomplete reporting of processing
parameters, and lack of overlap in evaluated heat treatments.

Table 7. Effect of proton irradiation on 316L at 2.5 dpa.

Alloy ID Dislocation loops ¥’ precipitates Voids

d(nm) o 1022:.-[“3) 1(1 0]4fm2) d(nm) o(1 02]:"m3) (%) d(nm) o(1 OEI.«"mJ) S(%)
SR AM 316L | 18.9+9.0 4.7£1.9 8.9 6.2£2.5 | 5.543.1 .07 | 6.6x1.6 3.1x1.2 047
HIP AM 316L | 20.2+£10.4 | 1.540.7 3.0 6.6£2.4 | 2.9+1.7 04 | 8.4+2.0 | 0.08+0.04 | .0025
Forged 316L | 32.6+22.0 | 0.32+40.12 3.3 7.842.5 | 2.2+1.4 .06 [ 19.544.9 | 0.3440.19 | .156
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Figure 20. (a) SEM image of melt pool outline; (b) SEM image of crystal sub-grains from [148].

IASCC in LPBF 316L has been minimally studied at the time of this publication. Only one published
study was found [152] which uses the same data as the GE study [146]. Using the same stress relief and
HIP + solution heat treatments as for ref. [146], LPBF 316L was proton irradiated to 2.5 dpa and strained
under boiling water reactor normal chemistry solutions to 4% strain at a constant rate of 10”/s. The results
are listed in Table 8 and graphically displayed in Figure 21 [152].

Table 8. IASCC crack statistics for LPBF 316L [152].

Alloy Area  No.crack  Average crack length (um)  Crack density (#Cracks/mm?®)  Crack length/unit area (Avg length x density) (um/mm?)
HIP AM316L UIA 0 0 0 0
1A 0 0 0 0
SR AM316L//PD ula 0 0 0 0
1A 1 6.1 1.04 6.35
SR AM316LLPD UlA 0 0 0 0
1A 35 7+1 38+02 272427
Forged 316L UlA 0] 0 0 0
1A 50 9+2 38+1 342 + 46

In contrast with unirradiated SCC, HIPed + solution-treated LPBF 316L demonstrated remarkably
superior performance to conventional 3161 with no observed cracks in the HIPed + solution-treated
specimen. Stress-relieved LPBF 316L pulled perpendicular to the print direction had comparable crack
densities and smaller average crack sizes. Qualitatively, the observed performance in IASCC crack
resistance appears to mirror the volume void swelling percentage. Although more studies are needed to
evaluate IASCC for isostatic stress rather than isostatic strain and to evaluate the effect of LPBF Si-
inclusion-free microstructures, microstructures produced via LPBF may offer comparable or superior
tensile, fatigue, SCC, and IASCC properties relative to conventional 316L given appropriate heat
treatments.
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Figure 21. LPBF 316L IASCC crack length comparison [152].

3. GAP ANALYSIS

AM is transitioning from laboratory experiments to industrial mass production of components. Many
LPBF components will be required to conform to a quality assurance (QA)/QC process to ensure a
minimum confidence level in component performance. However, as LPBF is transitioning to industrial
usage, many pertinent standards are underdeveloped or do not exist. Best practices and standard operating
procedures for machine calibration and process control must similarly be developed. This section
discusses the gaps between existing requirements and requirements necessary for statistically repeatable
and predictable performance; the section consists of four subsections—prefabrication, during fabrication,
post-fabrication, and gaps in codes and standards.

3.1 PREFABRICATION

Requirements and challenges for the prefabrication LPBF processes can be grouped into three primary
categories: software, the powder sieving system, and the LPBF machine. Each exhibit unique challenges
and are reviewed in depth in the following sections.

3.1.1 Software

Software requirements in LPBF applications can be organized into three categories: file preparation, scan
strategy-geometry interactions, and accurate thermal simulations. The current generation of proprietary
LPBF vendor software packages frequently allows users to unintentionally commit errors in preparing
CAD files and assigning laser scan strategies to each part. Interactions between scan strategy parameters
and component geometry can result in variable melt pool sizes and local component temperatures,
resulting in heterogeneous microstructures and therefore heterogeneous material properties. Difficulties
arising in multiphysics simulations of the LPBF process and potential solutions are also discussed.

3.1.1.1 File Preparation

ORNL staff have identified four sources of uncertainty in LPBF file preparation: path independence in
file preparation, tessellation, layer thickness/slicing interactions, and “ghost” parts. Additional
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unidentified complications and sources of uncertainty may exist at the time of this document’s
publication. Components are first modeled in engineering CAD software packages such as SolidWorks or
Autodesk and saved as “.STL” files. The STL file is then loaded into a “slicing” software package and
separated into sequential layers as described in Section 2.2.2. Finally, each layer is assigned a scan
strategy by proprietary LPBF vendor software packages, after which the completed file is transferred to
the LPBF machine. “Path independence” refers to different laser scan strategies generated by user input
paths. For example, a user could model and prepare a build with ten standard ASTM ES8 tensile specimens
by (a) loading and slicing the tensile bars one at a time sequentially, (b) loading and slicing batches of
five tensile bars, or (c) loading and slicing all ten tensile bars at once. ORNL staff have observed some
manufacturers’ software packages to handle slicing and generating the laser scan path differently
depending on the order in which parts are virtually modeled and the number of parts sliced. In other
words, in the tensile bar example, the laser scan strategy for case (a), (b), and (c) may not be identical and
may therefore result in non-negligible variations in porosity, microstructure, and material performance.
Therefore, the only way to guarantee laser scan strategy consistency between replicate builds is to use the
same sliced build file. Identical comparisons of the same part when not replicating builds (for example,
comparing fabricating two copies of a part in a build vs. ten copies in a build) is more difficult and
requires using the same procedure when modeling and slicing components.

Tessellation is the result of converting organic or curved surfaces into polygons. When the polygon count
is low, the modeled component will appear blocky and may not meet dimensional tolerance specifications
as illustrated in Figure 22 [154]. As a user increases the polygon count, the model asymptotically
approaches the curvature of the organic shape at the expense of file size and computer RAM
requirements. At the time of this publication, tessellation is not a routine issue encountered in LPBF as
tessellation can typically be solved by increasing the polygon count. Large components or particularly
intricate components are more likely to encounter difficulties in producing file sizes too large to process.
Possible solutions to unmanageably large file sizes for large or intricate components include reducing the
polygon count to the minimum acceptable threshold for geometric tolerances, reducing the polygon count
below the acceptable threshold and machining to achieve the final geometric tolerance, and splitting
components into multiple pieces when possible.

Figure 22. Example of tessellation with various polygon densities [154].

Layer thickness/slicing interactions occur when the Z height of a component is not a multiple of the layer
thickness (e.g., a 50.035 mm height part with layer thickness of 50 microns). Similar phenomena may
occur at the interfaces of mated components if a gap/void exists at the interface; ensuring gaps between
mated components are filled typically resolves the issue. The topmost layer of components affected by
these interactions is typically irregular. Figure 23 illustrates layer thickness/slicing interactions at the
interface of the pentagon solid model and the cylinder solid model. Layer thickness/slicing interactions
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are frequently compounded by tessellation, and conversely are typically reduced in severity by increasing
the polygon count. Layer thickness/slicing interactions may or may not be cause for rejection; the most
likely causes for rejection are high top surface roughness and geometric tolerances. Potential solutions to
layer thickness/slicing interactions are to (a) ensure that part models are a multiple of the layer thickness
or (b) add supports underneath a component such that the height of the supports + the component are a
multiple of the layer thickness.
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Figure 23. Example slicing layer thickness interactions at the interface between
the mated pentagon and the cylinder.

Ghost parts are the result of user error; they are components that have been loaded into a slicer two or
more times at the same coordinate and therefore appear to the user as one component. Slicing software
treats ghost parts as separate components and assigns laser scan strategies for each part. Therefore, a
ghost part will experience multiple laser scans rather than a single pass and cannot be expected to exhibit
predicted microstructures or material properties.

Ghost parts can be detected by user observation of the fabrication process and by part counts in the slicing
software. User observation detects ghost parts by the user looking for any remelting of scanned surfaces
in the build. Unless specifically programmed, a LPBF machine should not remelt any scanned areas in a
build job, and therefore, remelting is an immediate indication of ghost parts. Video capture of the
fabrication process is also an effective method of verifying no ghost parts because the video can be
inspected repeatedly by an unlimited number of reviewers. Part counts is a preventative method in which
the slicing software user compares the count of components in the slicer software to the count of parts
displayed on the screen. Figure 24 illustrates a build setup consisting of a 5 by 7 grid of tensile test
specimens. The software registers 35 components, and therefore, the user can correctly deduce that no
ghost parts are in the illustrated build. Counting parts is a simple and effective method but relies on users
to not lose count or accidentally skip components.
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Figure 24. Example part count in slicing software.
3.1.1.2 Scan Strategy/Geometry Interactions

In conventional manufacturing, the material microstructure is homogenous and uniform throughout the
initial ingot and machining does not affect material properties. This results in two important consequences
that are frequently overlooked by engineers and scientists accustomed to conventional manufacturing
techniques: (1) the material properties of conventionally manufactured components are homogeneous and
uniform throughout the component, and (2) samples sourced from the same ingot as the component have
material properties statistically indistinguishable from the manufactured component. Neither of these
relationships hold for LPBF.

Instead, LPBF component geometry is a variable that affects heat transfer and the effect of the scan
strategy on the local microstructure. “Scan strategy” is an encompassing term referring to both the path
taken by the laser when rastering the surface of a component undergoing fabrication, as well as the laser
parameters such as power, velocity, spot size, and so on. Some example commercially available LPBF
scan strategy paths are illustrated in Figure 8 for reference. Scan strategies result in variable melt pool
sizes, line vs. point solidification modes, and variable local part temperatures due to interactions with part
geometry. Component properties such as tensile strength, fatigue strength, and ductility are not uniform
throughout the component but instead are functions of geometry. To illustrate, three examples are
provided in Figure 25. Example A can be expected to exhibit uniform if not homogeneous material
properties once a steady-state mode of heat transfer is reached, assuming all else is equal in the build. The
white bottom region of examples A and B represents the portion of the component with transient heat
transfer properties. The red region of examples A, B, and C represent the steady-state heat transfer
segments and can be expected to exhibit uniform material properties assuming all else is equal in the
build. The green region of example B can be expected to exhibit microstructures that vary from the red
region and from the top to bottom of the green region. With each additional layer in the green region, the
energy applied to melt the topmost layer increases. Therefore, the heat transfer in the green region does
not reach a steady-state equilibrium. The orange region in example C is similar to the green region of
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example B in that a steady state of heat transfer is not reached; however, it is an example of decreasing
rather than increasing energy input.

X-Z Plane Cross-Sectional View of
Cylindrical Specimens
A B C

Figure 25. Illustration of the effect of changing cross-sectional area.

Scan strategy/geometry interactions may be even more pronounced in the X-Y plane. Most LPBF scan
paths use a “line” solidification regime in which the melt pool solidifies perpendicularly to the
overarching direction of the laser travel as shown in Figure 26 (a). This method results in rapid
solidification of small melt pools, which yields fine grain size distributions and frequently prevents
precipitation in many alloy systems. However, when the width of the raster stripe becomes sufficiently
small as shown in Figure 26 (b), the melt pool will bridge from one raster pass to the next and result in a
significantly slower solidification in the overarching direction of the laser. Raster bridging via this
phenomenon almost invariably occurs in sharp corners (internal and external) and frequently occurs on
the outside edge of components because of layer-wise rotation of the hatching angle. When the X-Y plane
cross-sections of components are sufficiently small, raster bridging may occur across the entire surface of
some layers and not at all on other layers. Therefore, obtaining uniform microstructures on components
with varying thicknesses is difficult and an active area of research. The wall thickness and geometry
required to observe raster bridging varies with scan strategy and the alloy used.
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Figure 26. Illustration raster bridging (a) bulk region with no bridging and (b) corner with bridging.
3.1.1.3 Thermal History Simulations

One active area of research and process improvement is understanding, modeling, and preparing scan
strategies for local thermal histories. Several factors affect performance measures such as interlayer
bonding, tensile strength, porosity, and surface finish; these factors include environmental control,
powder raking, power density, and control over the thermal history of a component. LPBF melts and
rapidly solidifies the top layer and several underlying layers; layers immediately under the melt pool will
experience multiple rapid heating and cooling cycles, which can affect grain size, phase formation, and
precipitate formation depending on the ambient temperature of the build chamber, melt pool temperature,
material thermal conductivity, time between passes, and component geometry. An example thermal
history profile is shown in Figure 27[155]. In LPBF, the build chamber is near room temperature unless
substrate heaters are deliberately added.
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Figure 27. Example thermal cycling simulation [155].
Time temperature transformations [155] and grain growth [156] are two major concerns with accurately
modeling and measuring the local thermal history of a component because of the possible loss of

strengthening mechanisms. One limitation of current scan strategies in preparing files is that the local
temperature and thermal dissipation are not considered. For example, a pyramidal component will have
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longer time intervals between layers at the bottom than at the top because of the change in cross-sectional
area. For short layer times, rapid sequential deposition and insufficient time to dissipate thermal energy
can produce a buildup of heat in the part, which modifies the build characteristic and acceptable process
parameter window over time [157,158]. Software packages that accurately model and account for the
local temperature might have delays between layers at the top of the pyramid in this example. In situ data
collection is also an important aspect of the fabrication process because of the possibility of empirically
correlating observational information with performance characteristics and nondestructively predicting
whether a component will fail, where the failure will occur, and the mode of failure. Thermal data capture
could improve thermal history simulations but would exponentially increase the quantity of data stored
and processed. As discussed in Section 3.2.1, most in situ data is currently processed via artificial
intelligence (AI), which introduces significant difficulties in interpretability. “Interpretability” refers to
the ease with which humans can interpret the process of a predictive method. High-interpretability but
low-accuracy predictive models would be linear regression, whereas low-interpretability but high-
accuracy models include deep and convolutional neural networks.

3.1.2 Sieving System

Powder sieving consists of gradually feeding virgin or recycled powder into a mechanical sieve and
separating sieved and “overflow” powders, which respectively do and do not pass through the sieve.
Overflow consists of particles too large to pass through the sieve, spatter, and miscellaneous debris.
Overflow is typically siphoned off and periodically disposed of to a metal dealer but can provide
information on debris and spatter formation. A distinction exists between “single-pass” and “double-pass”
sieving systems, which respectively have one and two sieves of different sizes as shown in Figure 28.
Single-pass sieves only remove material larger than a certain size, whereas double pass sieves also
remove material that is smaller than a certain size. Material that passes through the second sieve of a
double-pass system is commonly referred to as “fines.” Whether a single- or double-pass sieve is used
depends on the size distribution of the unsieved powder and the objectives of the operator. Removing
spatter and debris via overflow is industry standard; however, removing fines may be desirable because
smaller particles have a higher probability of flammability, all else being equal. Conversely, removing
fines results in additional consumables expenses and a greater proportion of reused material being
diverted to the recycling waste stream. The effect of reuse and sieving on part quality is discussed in
Section 2.2.1.1. Sieved powder is nominally considered good and can be either stored or transferred to a
machine for use/reuse.

Single-pass system Double-pass system

Unsieved Unsieved
powder powder

Nominally
good powder

]
Nominally
good powder

Figure 28. Single- and double-pass sieving system diagram.
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Three primary QC concerns with sieving are tears and punctures in the sieve mesh, contamination, and
atmospheric control. Atmospheric control is discussed in Section 3.1.3.4. Abrasion will occur and sharp
debris can cut or puncture the sieve as a sieve is used, necessitating that sieve meshes be treated as
consumables. The rate at which sieve meshes must be replaced depends on the frequency and quantity of
powder sieved, sharpness of powder, and sieve quality and material. Sieves are typically visually
inspected periodically and replaced either as needed or on a schedule. Contamination results from sieving
powder of different compositions (i.e., 316L and Ti-Al6-4V) in the same sieve system or potentially
different lots of the same composition and can typically be precluded by designating sieves for a specific
composition. Notably, qualification of feedstock powder should occur using sieved nominally good
powder and not unsieved powder—even virgin unsieved powder. Unsieved powder is not representative
of the particle size distribution that will be used in the LPBF machine, and elemental composition and
phases may not be uniformly distributed across the powder size range. Therefore, sieving may change the
elemental composition and/or phases present in feedstock powder.

3.1.2.1 Atmosphere during Powder Recovery, Recycling, and Storage

Metal powder feedstock in LPBF has a high surface area to mass ratio and is therefore more susceptible to
surface oxidation from air and humidity than an equivalent mass ingot. Additionally, surface oxidation
cannot be removed from powder feedstock in the way that oxidation can be removed from ingots.
Machine milling or grinding is not possible, and the high temperatures required for gaseous chemical
reduction would sinter powder particles together. The rate at which metal powder oxidizes is a function of
O, levels, humidity, feedstock composition and phases, and ambient temperature. Precise modeling of
oxidation rates is beyond the scope of this document and is not included. The effects of powder oxidation
on performance is discussed in Section 2.2.1.1.

Oxygen and humidity must be controlled during powder recovery, recycling, and storage to minimize the
rate of oxidation. Some LPBF machines—such as the Concept Laser X Line and AddUp’s FormUp
series—allow for powder to be opened, transported, sieved, and stored entirely under inert gas
environments. Many LPBF machines, however, expose powder to air at some point in the setup, sieving,
transportation, fabrication, and cleanup processes. Air exposure most commonly occurs when loading
sieved powder into LPBF machines and when removing builds from machines. Argon is the most
commonly used inert gas because of its low reactivity and high molecular weight, which results in the
displacement of oxygen to the top of containers. Industry-standard practice is to flood
transportation/storage containers and sieving chambers with inert gas to reduce oxygen exposure;
however, humidity in transportation/storage containers and sieving chambers is not routinely monitored.
Whether humidity in powder correlates to detrimental qualitative properties (i.e., powder “caking” and
poor flow) and/or detrimental quantitative properties (e.g., surface oxidation) is unclear. Detrimental
effects due to humidity may be specific to composition and/or powder size distribution.

3.1.3 LPBF Machine

There are two fundamentally different approaches in qualifying complex machines: (1) qualifying the
machine as a whole and (2) subsystem qualification. Although each method has its merits and faults,
LPBF is more amenable to subsystem qualification. Subsystems in LPBF do not typically interact, and
therefore, subsystem replacement or maintenance generally does not affect other subsystems. For
example, adjusting laser alignment or power calibration is not expected to affect repeatability of the build
stage, and replacing oxygen sensors for atmospheric control is not expected to affect the dosing
repeatability of the powder bed. The following sections describes subsystems common to most LPBF
machines, relevant calibration practices, and the effects of incorrectly calibrated subsystems.
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3.1.3.1 Stage

The build chamber stage in conjunction with the build plate is one of the most important areas of machine
hardware control. The build stage is raised and lowered specified amounts during a build to allow for
additional powder to be spread across the top surface of a component. Lowering the stage by an
insufficient amount can result in abrasion of the recoater wiper blade, which results in nonuniform
powder spreading or in extreme cases of abrasion short feeding. Lowering the stage too much results in
thicker than specified layers, which can cause delamination, unmelted powder, and porosity. Nonzero
mean variation from specified values may result in incorrect Z axis dimensions.

Build plates must be level and sufficiently flat. Non-level build plates will result in incorrect part
geometries as depicted in Figure 29. Build plate flatness does not affect part quality or geometry after the
first few layers and does not affect geometry at all if the component is designed to be “floating” on
supports as illustrated in Figure 30. However, flatness does affect the uniformity of powder spreading in
the first few layers, which affects bonding of the fabricated component to the build plate. One additional
concern with build plates is sufficient stiffness to resist residual stress deformation. Fabrication of LPBF
components results in tensile stresses in the top surface of the build plate, which can cause build plate
warping. Warping significantly affects the geometric tolerance of fabricated components as illustrated in
Figure 31. Build plate warping is discussed further in 3.2.2.

Figure 29. llustration of effect of non-level build plates on part geometry.

Figure 30. Illustration of mitigating non-flat plates via supports.



Figure 31. Illustration of warping effects on part geometry.

Possible sources of contamination in the build chamber stage and build plate are dust and debris on the
consumable build plates and worn seals in the build chamber stage. Build plate contamination may be
reduced or eliminated by cleaning and wiping down build plates immediately before placement in the
LPBF machine, and stage seal contamination may be mitigated by routine inspection and replacement of
seals.

3.1.3.2 Powder Hopper

QC of the powder hopper consists of vertical position control and preventing or minimizing
contamination. After sieving, powder is either stored or immediately transferred to the LPBF machine.
Transfer may occur by manual transference with a scoop, gravity feed from the bottom of a transfer
container, or vacuum. Under no circumstances should unsieved powder be transferred to the powder
hopper of the LPBF machine. All methods of transfer can result in contamination if general cleanliness is
not observed. For example, contamination in manual transference can be prevented or minimized by
wiping down scoops to remove any residue, dust, or metal powder (and preferably designating scoops for
specific compositions), wearing clean disposable gloves, wiping down machine surfaces and windows
prior to transference, working in undisturbed air, and mopping floors. Seals in the LPBF machine should
also be periodically inspected and replaced to prevent contamination.

The only function of the powder hopper is to dose a specified amount of powder to the recoater by
vertically raising the powder hopper as depicted in Figure 32. Typical dosing rates are 150 to 200% (i.e.,
1.5 to 2 times the amount of powder needed to coat a layer) to ensure that sufficient powder is delivered
to the recoater. Variation in the powder hopper position movement and thus dosing rate can be a concern
if the hopper position variation is significant. “Overdosing” or delivering more powder than specified is
only a concern if it interferes with the recoater or results in the powder hopper emptying before build
completion. Detecting insufficient powder to complete a build is straightforward because the LPBF
machine will halt the build and/or the top layers of the component will not be fabricated. Detecting short
feeding, also known as incomplete spreading, can be significantly more challenging. An example of short
feeding is depicted in Figure 32. Systematic short feeding can be detected by part delamination and
severely incorrect part geometries. However, intermittent short feeding may or may not result in
delamination; components may be successfully fabricated with intermittent short feeding with no visually
observable defects. Manual operator observation can detect intermittent short feeding but is not a practical
solution. One effective method to detect systematic and intermittent short feeding is placing a camera in
the top of the build chamber or adjacent to the laser optics train as shown in Figure 32 (a); an image is
captured after every layer of powder is spread which can be reviewed by humans or Al networks for short
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feeding. An example neural network classification of anomalies is shown in Figure 32 (b) for reference.
[159].
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Figure 32. Embedded camera (a) raw image and (b) convolutional neural network
classification of anomalies [159].

3.1.3.3 Laser Optics

Three primary aspects of the laser optics system require calibration and certification: laser power, laser
beam spot size, and mirror control. Laser power and spot size affect melt pool geometry and fabrication
issues such as delamination as covered in Section 2.3.1. Mirror control affects the acceleration at the
beginning and end of melt lines, the velocity of the laser under steady-state travel, and the geometric
precision of the fabricated part.

LPBF laser power can be measured by two methods: calorimetric techniques and radiation pressure.
Calorimetric techniques can measure laser power up to 100 kW [160,161] (which encompasses all
commercial LPBF at the time of this publication), are accurate to 3% [160,161], and are a method by
which the same sensor can calibrate multiple LPBF systems. Two disadvantages of calorimetric
techniques are that the sensors (1) have a maximum permissible power density in watts per square
millimeter, which typically necessitates defocusing the laser beam at high (>300 W) wattages, and (2) can
take discrete measurements only before and after fabricating a part. Reviews of calorimetric methods can
be found from refs. [162,163]. Radiation pressure is a measurement technique in which the photon mass
of light striking a surface is measured. NIST manufactures a standard-traceable radiation-pressure device
that can measure laser power up to 100 kW [164] and, unlike calorimetric methods, does not have a
power density restriction. Radiation-pressure techniques are accurate in the range of +1.3 to 4.5% with
accuracy improving with increasing power [164] and can take measurements anytime the laser is
operational, including during a build. However, radiation-pressure sensors must directly integrate into the
laser optics system; to the authors’ knowledge, no commercial LPBF machines with integrated radiation-
pressure sensors exist at the time of this publication. Reviews of radiation-pressure measurement theory
can be found from refs. [165-167].

Three accurate methods to measure laser spot size have been developed: charged coupled devices
(CCDs), apertures, and the knife-edge method. CCD measurements are obtained by diffracting the laser
through a beam splitter; the majority of the beam is directed to a heat sink and a small fraction of the laser
beam is directed to a CCD/camera where the diameter and power distribution of the laser are measured.
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The reduction in laser power via the beam splitter ensures that the camera will not be destroyed or
saturate the camera. In theory, CCD can also be used to calculate the laser power but requires precise
calibration values to do so. Apertures determine laser spot size by firing the laser perpendicularly through
either a series of circular apertures with varying diameters or a single aperture with a variable aperture
onto a power measurement device. The portion of the laser beam greater than the diameter of the aperture
is blocked, resulting in power measurements as a function of diameter. The laser beam’s power is either
assumed to follow a circular Gaussian distribution or an appropriate distribution based on empirical
measurements, and the laser beam diameter is calculated as a best fit given the series of power-aperture
diameter measurements. The knife-edge method is fundamentally similar to the aperture method, but
rather than a series of apertures, a single flat edge is moved across the laser beam’s path, and the
measured power related to the knife-edge location. An illustration of the aperture and knife-edge methods
is provided in Figure 33. Notably, the aperture and knife-edge methods provide information only on the
mean laser beam diameter and do not describe variation in circularity or the power distribution. CCD
methods can be used to determine the mean laser beam diameter as well as circularity and the power
distribution. Accurate absolute power distribution values can be difficult to obtain from CCDs because of
calibration precision requirements; however, qualitative measurements of the power distribution can be
coupled with separate power measurements to determine precise absolute-value laser power distributions.
All laser beam spot size measurement techniques (CCD, aperture, and knife-edge) are discrete
measurements, can only be obtained prior to and after a build, and can only be measured perpendicular to
the laser beam (i.e., in one location on the build plate directly below the laser).

Aperture Knife-edge
method method

Red: Laser beam cross-
section

Green: Measured fraction of
laser

Figure 33. Illustration of aperture and knife-edge laser beam measurement methods.

LPBF uses a series of mirror galvanometers or “galvos” to direct the laser beam to the appropriate
location on the build plate and an F-Theta lens to focus the beam to the specified spot size on the build
plate; a representative diagram of a mirror control system is provided in Figure 34 [168]. Because the
mirrors have mass and inertia, instantaneously changing laser beam travel direction, acceleration, or
location is not possible. When discussing mirror control, the distinction between dimensional control and
location control is important to note. “Dimensional control” refers to fabricating a component that is
geometrically correct but not necessarily located at the specified X-Y coordinate on the build plate or with
the correct rotation on the build plate. “Location control” refers to accurate placement of the laser beam
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on the build plate. An example diagram showing location vs. dimensional control is provided in Figure
35. LPBF machines that use a single laser require accurate dimensional control but not accurate location
control if the fabricated component is removed from the build plate. For example, if a 1 cm cube is
fabricated with a single laser and is removed from the build plate, whether the cube is slightly translated
in the X-Y plane or rotated on the build plate is not important; rather, the cube must be dimensionally
accurate. Conversely, if a fabricated component is left on a build plate during service, accurate location
control is important to achieve specified dimensional requirements. Accurate location calibration and
control is also critical when multiple lasers are used to fabricate a single component; misalignment
between lasers can result in interlayer shifts or intra-layer high-porosity “stitching” regions in parts where
the lasers interface depending on the scan strategy used. Each laser melts a discrete area of a layer, and
the interface between said areas is referred to as “stitching.” If parameters and/or laser positional control
are not carefully adjusted, the melt pool overlap between each laser’s area will be insufficient and result
in high porosity. Inter and intra-layer multi-laser misalignment is illustrated in Figure 36.
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Figure 34. Illustration of LPBF mirror system [168].
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Figure 35. Illustration of dimensional vs. location control.
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Figure 36. Illustration of multi-laser inter- and intra-layer misalignment.
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Measurement of laser position control is an ongoing area of academic and commercial standardization
and, to the authors’ knowledge, no method that directly measures laser position exists at the time of this
publication. Rather, laser alignment is indirectly determined by burning patterns into laser paper or a bare
build plate and measuring the etched and burned patterns. The difficulty with this method is that highly
accurate measurements are being attempted over comparatively large distances. Specialized optical
systems are required to accurately measure parallel or perpendicular lines at the scales (>200 mm)
required for LPBF, and the inherent stochastic variation in burn/etch lines adds to the measurement
devices’ uncertainty. A simpler and more direct method is to fabricate either the components to be used or
standardized artifacts [169] and take measurements via traditional and established methods such as
calipers, micrometers, shadowgraphs, coordinate measuring machines, and so on. One potential difficulty
with direct measurement accuracy is component distortion due to residual stresses; conversely, direct
component measurement may be desirable because deviation from specification can be detected before or
after heat treatment and/or before or after removal from the build plate. A second and more serious
difficulty with direct component measurement is that minor misalignments in multi-laser systems may
only be detected as increased surface roughness (see Figure 36) and an internal high-porosity stitching
region may be undetected. Depending on the degree of misalignment, the stitching region and pore size
distribution may not be detectable in a computed tomography (CT) scan and instead require destructive
microscopy methods to observe. Because of the complications discussed, using multiple lasers to
fabricate a component will necessitate extensive demonstration of accurate laser alignment to ensure that
a high-porosity stitching region does not exist within a component. Using multiple lasers where each laser
fabricates a separate component on the build plate does not suffer from the same alignment complications.

Neither direct measurement of fabricated components nor indirect measurement of laser alignment via
burn or etch patterns supply information on mirror acceleration or steady-state travel velocity. To the
authors’ knowledge, the only technique for determining mirror acceleration and travel velocity is ammeter
measurement of the mirror motors. After a voltage is applied to the motor to move the mirror, an increase
in amperage occurs until the mirror has moved to the correct location. The time difference between when
the voltage is applied and the amperage decays to a specified threshold can be quantitatively coupled to
mirror acceleration and velocity.

3.1.3.4 Atmosphere During the Build Process

Atmospheric control during the build process is significantly more critical than control during sieving and
storage because of the rapid oxidation many metals exhibit when molten material is exposed to air.
Monitoring and closed-loop control of oxygen levels during fabrication is industry-standard practice in
LPBF; however, as with sieving and powder storage humidity, monitoring and control are not routinely
performed. The inert gas environment in LPBF is used not only to minimize melt pool oxidation but also
to remove fine “soot” particulate and prevent attenuation of the laser. Attenuation occurs when soot,
smoke, or other particulates intersect the laser and cause loss of delivered power, spot size change, or
power distribution change. During the fabrication process, inert gas is blown across the build chamber
and removes soot particulate as illustrated in Figure 37. Determining the appropriate inert gas velocity is
empirically determined by observation; velocities too low result in attenuation of the laser as soot is not
removed, whereas velocities too high result in powder particles being lofted and attenuating the laser as
well as result in nonuniform powder beds.
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Figure 37. Illustration of effects of inert gas velocities in LPBF.

Variation of the gas velocity occurs in both the X-Z and X-Y planes; variation in the X-Z plane may
occur because of manufacturer design and is illustrated in Figure 38. Manufacturers frequently use two
laminar flow regions in the build chamber; the lower-flow upper region exists to reduce manufacturing
costs as well as to minimally interfere with the higher-velocity lower region. X-Z plane gas velocity
variation is not considered problematic provided that soot is effectively removed and powder is not lofted.

Filter

Build Chamber

Figure 38. Illustration of LPBF ventilation system in the X-Z plane.

Whether gas flow variation in the X-Y plane is problematic is unknown. The build chambers of most
LPBF machines place the chamber walls close to the powder bed to reduce manufacturing costs and
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machine footprints. However, this arrangement results in significant gas velocity losses near the edge of
the powder bed due to friction with the chamber walls as illustrated in Figure 39.
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Figure 39. Directional soot deposition due to gas flow variation on a Concept Laser X Line 2000R.
Yellow arrows indicate the direction of soot deposition from the fabrication process.

3.2 DURING FABRICATION

Several technical challenges remain in fabricating defect-free LPBF components and detecting
discontinuities above an acceptable threshold. Component residual stress is an inevitable side effect of the
fabrication process and may result in rejection due to warping outside of specified tolerances. If residual
stress is sufficiently high, cracking and delamination may occur, which will automatically result in
component rejection. At the time of this document’s publication, scan strategies are typically calculated
and set prior to fabrication rather than using feedback systems to adjust the process. An active area of
research is in situ feedback loops to detect and correct process discontinuities such as recoater short
feeding.

3.2.1 In Situ Feedback and Monitoring

One active area of research for AM QC is in situ process monitoring and closed-loop feedback systems.
In situ monitoring captures information related to process quality (e.g., melt pool shape and size) as well
as machine processing discontinuities (e.g., short feeding, streaking, and recoater chatter). In situ process
monitoring has been identified as a critical obstacle to robust AM systems [170,171] because of the high
number of process parameters and layer-wise nature of LPBF. One study identified more than 50 distinct
process parameters for LPBF [172], and melt pool velocity, power density, and thermal energy dissipation
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are well known to affect material properties and successful fabrication completion. A distinction exists
between open-loop and closed-loop monitoring. Open-loop monitoring only collects data for post-
fabrication review, whereas closed-loop monitoring sends commands to the LPBF machine (e.g., to
reapply a powder layer or remelt a layer). Early drafts of ASME pressure vessel codes for AM
components at the time of this publication suggest that closed-loop monitoring will not be accepted.
Nevertheless, a review of closed-loop monitoring is included for completeness. In situ monitoring has
previously been reviewed [173,174] and can be compared in many ways to the process monitoring in
modern machining systems. As monitoring sensors collect data, the data can be input to a control
algorithm that modifies key parameters to maintain desirable processing conditions.

Temperature and visual imaging are the two most common in situ methods; common monitoring devices
are cameras operating in the visual, near-visual, or infrared wavelengths and pyrometers. Noncontact
methods are preferred to minimize fabrication downtime in addition to the difficulties of using contact
measurement methods. In-line cameras have been used to observe melt pool electromagnetic radiation
and calculate the temperature and dimensions of the melt pool [175]. This method is patented by Concept
Laser [176] and implemented in a closed loop to stabilize and control the melt pool. One acute difficulty
of camera control of melt pools is the significant data accumulation due to high resolutions. Data must be
collected and processed and commands returned in real time to be of value. Further compounding the
difficulty is the need to incorporate macro thermal data of the entire powder bed environment with local
melt pool information (i.e., multi-scale computing).

Pyrometers are frequently used for in situ temperature measurement [174,177—184] because they allow
for in situ data collection with no adverse effects on the fabrication process. However, pyrometers and
cameras are limited to measuring the powder bed surface, and accurate absolute measurements depend on
accurate emissivity values for a given alloy at a given temperature. Cameras have also been used to detect
defects such as porosity, cracks, and incomplete powder raking [185]. Laser displacement sensors are less
commonly used for process monitoring but have measured in situ distortion [186] and layer height [187—
189]. The only commonly used contact measurement device are thermocouples [186,190—-192].
Thermocouples are inexpensive compared with pyrometers, high-speed cameras, and infrared cameras;
however, they are limited to substrate measurement because of the nature of LPBF.

In situ data capture is primarily along the top surface of the build chamber and environmental sensors
built into the LPBF machine. Environmental sensors may include inert gas flow rate [193,194], oxygen
content [193,194], inert gas temperature [ 193], build chamber temperature [194], build chamber positive
pressure [194], and build chamber preheating temperature [194] depending on manufacturer and machine
options. Spikes in environmental data, such as oxygen, can inform investigation at specific layers for
defects. In situ data of the top surface of the build chamber may consist of observing the melt pool size
and morphology [195] and optical images of the build chamber [159,196-200]. Images of the build
chamber may be after powder spreading and/or after fusion for a given layer, and each image type
provides different information. Post-powder-spreading images inform the uniformity and quality of the
powder layer and may reveal complications such as component swelling, short feeding, and worn recoater
blade grooves. Post-fusion images may detect processing issues such as delaminated layers (commonly
referred to as “shrapnel” or “debris” because of appearance), unmelted regions due to software errors, and
soot patterns. Soot patterns in the unmelted powder of the build chamber provide qualitative information
on the directional vectors and magnitude of the inert process gas flow. An example of a post-powder-
spreading image with short feeding is provided in Figure 40; the short-feeding area extends from the
center of the image to the left edge in a wedge shape. Figure 40 (a) is the original build chamber image,
Figure 40 (b) is a thresholded version to highlight the short feeding to the human eye, and Figure 40 (c) is
an example of Al detection and classification of defects. The vertical stripe in Figure 40 (b) is an artifact
of thresholding and should be ignored.
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Figure 40. Powder short-feeding example of an (a) original image, (b) thresholded image, and
(c) Al defect classification.

Because of the large (hundreds to thousands) number of images and granularity required to detect defects,

Al has emerged as a prominent method of analyzing in situ images. The objective of Al analysis is not to
recommend that a component is nominally good but rather to flag possible defects for human review. In
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that regard, a lack of Al-flagged defects should not be interpreted as a recommendation that a component
meets quality specifications but rather that possible defects were not detected. Build chamber images with
Al analysis offer the possibility of intra-component defect detection and precise location in 3D space for
multiple defect types. However, some Al network types are not agnostic to their training data. For
example, if an Al is trained on a data set where nominally “defect-free” components are fabricated in the
top left quadrant of the build chamber and “defect-intensive” components are fabricated in the bottom
right corner, that Al may maintain a permanent bias to flag more defects in the bottom right corner. The
only way to avoid such bias is to train an Al exclusively on the identical component, machine, build plate
coordinates, and processing parameters that will be used for the final inspected component. In a
production setting, this limitation may not be an issue because of the need to fabricate a series of proofing
builds for destructive analysis; the Al may be trained on in situ data from the sacrificial startup builds.
One significant drawback to Al is the difficulty of interpretability; Al and machine vision have
demonstrated an impressive capability to accurately interpret vast quantities of data, but determining how
and why outputs were calculated can be difficult.

Closed-loop monitoring has been explored by some commercial LPBF manufacturers such as Concept
Laser. Concept Laser’s QM (Quality Management) series is largely open-loop; however, the QM Coating
software module uses optical images of the powder bed to detect short feeding and reapply a powder layer
if necessary [201]. As reported in ref [202], Politecnico di Milano recently patented a hybrid method of
defect detection and QC; if defects are detected via optical or infrared images, the entire layer is ground
off and rebuilt. To date, in situ process monitoring has largely focused on categorical discontinuities due
to the nature of Al, and is therefore better positioned to detect “black swan” events rather than estimating
continuous outcomes such as tensile strength. “Black swan” events are defined as low-probability but
high-impact occurrences; in the context of LPBF, incomplete spreading or delamination are prime
examples. Development of closed-loop systems is ongoing; it is unclear at this time what types of closed-
loop monitoring will prove effective, what role Al will play in closed-loop monitoring, and how closed-
loop corrective actions will be documented and approved in a QC program.

One limitation of all build chamber surface monitoring methods is that only the top surface is observed.
Defects below the surface of a layer (e.g., keyholing porosity) cannot be detected by line of sight
methods. Theoretically, ultrasonic methods could produce a 3D reconstruction in semi-real time of a
component undergoing fabrication, including defects such as porosity and cracks. However, in situ real-
time ultrasonic monitoring has not proven successful as of the time of this document’s publication
[203,204].

3.2.2 Residual Stresses and Substrate Warping

Build plates are used in LPBF systems to adhere the first layers of a component [25] and to provide a
planar starting surface. Substrates may be unheated or heated via internal heaters. Reasons for substrate
heating include in situ stress relief, decreasing thermal gradients between the melt pool and previously
deposited layers, or forming phases or microstructures that require specific thermal conditions [205].
Substrates may be composed of the same material as the component to minimize differences in
coefficients of thermal expansion, cost-effective materials, or alloys that form brittle interfaces with
deposited materials for easy removal (e.g., Ti-6Al-4V deposited on stainless steel 304). However,
substrate warping may occur [206] if the thermally induced residual stresses exceed the YS of the
substrate, thereby causing plastic deformation.

Thermally induced strains and residual stresses are an inherent aspect of LPBF because liquid metal is
solidified on a comparatively cooler underlying material [205]. Residual stresses can cause delamination,
cracking, and warping, all of which will result in failed fabrication. Accurately understanding and
modeling thermal stresses and in situ heat transfer can facilitate optimal processing parameters and
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placement of sacrificial heat dissipation supports attached to a component. Residual stresses in LPBF
components tend to be concentrated near the substrate interface, tensile stresses near edges, and
compressive stresses in the interior [99,207-209]. Mechanical support structures may be used to lift the
component off the build plate and slightly reduce residual stresses due to the supports having reduced
cross-sections that limit energy transfer to the build plate and result in higher mean component
temperatures [205]. Residual stress may be relieved when a component is removed from the build plate
via deformation [207], which would typically be undesirable. Therefore, stress-relieving heat treatments
with the build plate attached are common in LPBF. Scanning strategy affects residual stress in LPBF, and
the effect of island scanning on residual stress has been reported [206,210]. Directly comparing the effect
of scan strategies is difficult because of incomplete fabrication parameter reporting in literature. As a
reference point, residual stress in LPBF pure iron has been reported at 60 to 80% of the Y'S [41].

Characterization of residual stress may be achieved by several methods, including neutron diffraction
[211,212], x-ray diffraction [205,213], contour [212,214], microhardness [215], and hole drilling [216].
Microhardness may be used for single phase alloys but only provides information about residual stress at
the surface. The contour method uses deformation measurement after cutting a sample (i.e., EDM), which
provides comparable data to neutron diffraction [217] with less influence from elemental composition but
is a destructive measurement method. X-ray diffraction and neutron diffraction can both measure residual
stress but require expensive specialized equipment. Finite element analysis modeling has been used to
predict residual stresses in LPBF [218], and simplified thermal cycle modeling has been reported to
qualitatively correlate with experimental substrate warping [219]. A thorough review of AM residual
stress origins, modeling, and remediation has been published [115].

3.2.3 Cracking and Delamination

Two types of cracking have been observed in AM components [220] in addition to interlayer
delamination. Solidification cracking occurs when the tensile stress in the solidified regions of the melt
pool exceeds the material’s Y'S, which is also observed in welding [31]. Solidification as well as
thermally induced contraction in the solid-state results in local tensile stress, but displacement is inhibited
by bonding with substrate layers. The second type of cracking is known as "liquation cracking or grain
boundary cracking and is observed at grain boundaries in partially solidified regions of the melt pool.
Upon solidification, some phases nucleate first and begin contracting before the remaining material has
solidified, and the liquid inter-grain region can act as a crack nucleation site. Several material
characteristics have been related to liquation cracking and include large differences between the solidus
and liquidus temperatures (as with Ni superalloys [31]), large melt pools due to low thermal conductivity
(as with Ti-6Al-4V), and large coefficients of thermal expansion (as with aluminum alloys) [221].
Literature has been published on the causes and mitigation of cracking in Ni superalloys [31].

Delamination occurs because of residual tensile stresses in the solidified region exceeding the layer
interface YS [222] and is illustrated in Figure 12. Delamination can be caused by either incomplete
melting of powder feedstock or insufficient remelting of underlying layers to achieve high interlayer
strength. Incomplete melting of feedstock and the resulting internal porosity may be largely remediated
by HIPing if pores are closed, but cracking and delamination cannot be remedied by post-processing. If
porosity is sufficiently high, macroscopic cracking can occur because of stress concentrations, thereby
causing the residual stress to exceed the strength of the material. Substrate heating has been demonstrated
to reduce macroscopic cracking in LPBF [220].

3.3 POST-FABRICATION

Post-fabrication requirements and processes for LPBF components are more nuanced than for equivalent
conventional components because LPBF material properties are affected by spatial orientation and

46



interactions between the scan strategy and component geometry. Therefore, samples for testing properties
must be sourced from the final geometry and scan strategy used in production. LPBF components also
typically contain internal porosity, which may need to be quantified via CT scans depending on
component application.

3.3.1 Post-Process NDE Methods

Nondestructive post-process testing of LPBF components is a critical aspect of certification for NPP
applications, and primarily consists of porosity detection and geometric measurement. In situ monitoring
of AM fabrication can exploit the unique layer-wise nature of AM to create a 3D map of a component
given a series of 2D data sets for each layer using the methods discussed in Section 3.2.1. Although in
situ techniques can inform potential areas of porosity, for qualification, final porosity and geometry
testing should occur after all post-processing treatments such as HIPing, heat treatments, and precision
machining. However, the geometric complexity of AM components and frequent mixture of fine details
with bulk structures add significant challenges to accurate measurement. Work on nondestructive testing
of metal AM components has been published [223] and is an active area of research given commercial
interest in fabricating critical components that require inspection and certification.

Porosity in a final component must be characterized with techniques that are sensitive to the size range
and type that will impact mechanical properties, particularly fatigue strength. Existing standards for
porosity such as ASTM E186 - 15 for cast steel walls may provide useful reference upon which to
develop. Porosity can be characterized by average material density, number of pores, pore location, pore
size distribution, and pore morphology. Comparing a component’s actual density against theoretical
density is the simplest characterization and can be achieved by the Archimedes principle [224].
Measurement of other aspects of porosity depend on the resolution desired, material properties (such as x-
ray absorbance), and geometric considerations. CT is capable of pore resolution to 10 um [225] and work
has been published on CT pore measurement in laser welds [226,227]. Synchrotron radiation micro-
tomography [228] has been used to detect pores with a resolution of 1.3 x 1.3 x 1.3 pm, but the
measurement area was small at 1.3 x 1.3 x 10 mm. Although CT and synchrotron radiation micro-
tomography are highly accurate, both methods are capital-intensive and may be unnecessary if a HIPing
post-process treatment is standard for a component. In such a case, using the Archimedes principle to
determine overall porosity and another method to detect large pores may be faster and more cost-
effective.

Grain size and orientation can be characterized on the component surface via microscopy-based
techniques such as electron backscatter diffraction [229]. Data on the internal microstructure are only
possible with destructive methods. However, sacrificial startup specimens could be fabricated under the
same processing conditions with the same feedstock and thereby offer a measure of assurance.

3.3.2 Witness Testing

“Witness testing” in the context of LPBF refers to the analysis of test specimens and coupons that are
fabricated concurrently to end-use components. Witness coupons may be fabricated physically separate
from end-use components or physically attached to end-use components (e.g., as a protrusion). Physically
attached witness coupons may be left on end-use components in some applications and removed later to
evaluate corrosion rates or irradiation embrittlement. Witness coupons are not required to be monolithic
solid masses; hollow shapes allow for the capture of feedstock powder and effectively act as “time
capsules.” Theoretically, a hollow witness coupon may also provide data on the gaseous build chamber
environment at the time it was sealed. Witness coupons may be spatially arranged in any manner around,
above, or below end-use components, and may be located inside cavernous end-use components.
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As discussed in Section 3.3.3.1.1, the microstructures of LPBF parts are a function of geometry and
therefore, material properties are functions of geometry. Therefore, witness coupons should be carefully
assessed and demonstrated to be representative of performance in end-use component geometries before
being used for quantitative measurements such as fatigue life or fracture toughness. HIPing may or may
not help address the microstructural and porosity concerns and facilitate the use of simplified test
specimen geometry. For example, 316L may form ferrite, austenite, or a mixture of the two phases upon
solidification depending on complex interactions of solidification velocity, thermal gradients, and heat
transfer. Grain size and morphology are similarly affected by the same complex interactions. HIPing
and/or solution annealing will completely transform the material to an austenite phase, but it is unclear at
this time how the grain growth and final grain size distribution are affected by the initial phases and grain
size. If the final grain size and morphology converges to a uniform distribution across the entirety of a
component, then it is likely reasonable to substitute witness specimens or simplified geometries for
sectioned end-use components. However, if recrystallization or grain growth vary with initial phases or
grain size, then the grain size of the final HIPed microstructure will still be heterogeneous and a function
of geometry. Such an evaluation will likely have to be conducted per alloy. In this example the strength of
316L is predominantly affected by grain size and the Hall-Petch relationship; however, the same
fundamental concern of the initial microstructure affecting the final microstructure exists if the
strengthening mechanism is lamella spacing, precipitate size, or solute trapping and is the motivation for
scan strategy refinement to control and predict the as-fabricated microstructure. Another option when
sectioning end-use geometries is not feasible is to perform functional evaluations of end-use geometries
such as burst tests in conjunction with simplified test specimen geometries.

Witness coupons are suitable for build level measurements such as chemical composition and
contamination (e.g., oxides) and for layer-specific measurements. Witness coupons may be used in
conjunction with in situ monitoring as illustrated in Figure 41. In situ monitoring can inform investigation
at specific locations, and witness coupons may provide empirical evidence of incomplete spreading,
delamination, or other events that may result in component rejection. The optimization of witness
coupons is not well understood at this time, and optimal witness coupon geometry, size, location, spatial
orientation, and frequency have yet to be determined. Quantifying the efficacy of witness coupons and
witness coupon/in situ monitoring synergy is an active area of research and a goal of ORNL’s
Transformational Challenge Reactor Program.

Red: In situ flagged
incomplete spreading

Green: End-use component

Yellow: Witness coupon

Figure 41. Illustration of in situ monitoring and witness coupon testing synergy.
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3.3.3 Mechanical Testing

One of the most significant challenges with certifying and qualifying AM components is the variation and
uncertainty associated with material performance. For many conventional manufacturing techniques, the
material performance is extremely well understood. Larger blocks of material are produced that have very
uniform, often isotropic material properties. The performance of this material can be easily tested with
different methodologies. When specifically focusing on mechanical properties (but this is similar with all
properties, including thermal, electrical, functional, structural, and others), samples can be easily
extracted from the bulk material. Extraction can be done for large quantities of samples to ensure a high
statistical repeatability. The challenge is not in understanding the material performance but forming the
material into the geometry of the component being fabricated. In AM, the challenge is almost exactly
opposite. The amount of geometric flexibility is significantly greater than conventional processes and
assemblies such that nearly any geometry can be fabricated. However, the performance may be extremely
difficult to quantify because of properties being a function of geometry. As representative specimens must
be extracted from components rather than bulk ingots, limited testing can be performed. Because one
must test the 3D printed material directly, the inherent cost per sample is typically greater than
conventionally processed material and therefore, generating statistically significant quantities of data is
expensive.

3.3.3.1 Conventional AM Microstructural Differences

Mechanical testing of LPBF 316L has revealed numerous differences compared with conventional 316L.
LPBF 316L tends to form columnar grains oriented in the build direction (Z axis) [230] and frequently
exhibits a preferred crystallographic orientation. This microstructure results in transversely isotropic
material properties, and the as-fabricated and stress-relieved tensile properties of LPBF 316L are
significantly higher than conventional 316L because of grain size refinement. Other properties such as
fatigue, corrosion-assisted fatigue, and SCC have higher or lower performance relative to conventional
316L depending on orientation. HIPed and solution-annealed LPBF 316L typically performs comparably
to conventional 316L but is superior in some properties such as SCC resistance for unknown reasons.
Cellular sub-grains on the scale of 500 nm [231] have been observed in as-fabricated and stress-relieved
LPBF 316L microstructures but are not observed in conventional 316L. Similarly, Si- and Mn-rich
nanoscale oxide inclusions are observed in the microstructure of LPBF 316L but not in conventional
316L. Porosities of varying size and morphology distributions are also observed in LPBF 316L; porosity
is not observed in conventionally machined and forged 316L but may be observed in cast components.
The long-term effects of the LPBF 316L microstructure—in particular, the cellular sub-grain structure—
on corrosion and irradiation resistance and its microstructural stability are largely unknown at this time.

3.3.3.1.1 Geometry Influence on AM Microstructure

In conventional manufacturing, material properties are independent of a component’s geometry. Large
quantities of homogeneous and uniform samples can be sourced from the same ingots or batches as
components to form statistically significant quantities of test data. The challenge with conventional
manufacturing is in forming material to the desired shape rather than in characterizing material properties.
In AM, the problem is reversed. AM allows for virtually any geometry, and components can be designed
with minimal stress concentrations or with internal cooling channels to name a few possibilities.
However, geometry directly affects the microstructure formed and material properties caused by heat
transfer. Understanding and quantifying how geometry and the size of a component affect material
properties in 3D space is nontrivial and encompasses a vast area of research within AM.

Leicht et al. [232] fabricated vertical thin (0.2 to 3.0 mm) walls out of 316L. The authors observed that
0.2 mm thick walls formed small grain randomly textured microstructures. Large columnar grains with a
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predominant 101 inverse pole direction were observed with increasing wall thickness, and were the
dominant microstructure at a wall thickness of 3.0 mm. Figure 42 [49] illustrates the transformation in
microstructure as wall thickness increases.

Leicht et al. also fabricated thin wall overhangs at 30° and 45° to horizontal. Despite being relatively
thick, the microstructure formed was randomly textured and without the dominant 101 direction observed
in the vertical walls. Figure 43 [232] illustrates the effect of an overhang angle on microstructure
Tancogne-Dejean et al. [233] inadvertently observed qualitatively similar results when exploring LPBF-
fabricated lattice structures of 316L.
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Figure 42. Electron backscattering diffraction orientation maps of (a) 0.2 mm, (b) 0.6 mm, and
(¢) 3.0 mm thick 316L walls [232].
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Figure 43. Electron backscattering diffraction orientation maps of (a) 45° overhang and
(b) 30° overhang [232].

The microstructure directly relates to the thermal history of each sub-portion of a component, and the
thermal history directly relates to the processing parameters and geometry of a component. Multi-physics
simulations can offer approximations of solidifications rates and expected microstructures but are
computationally expensive and take significant amounts of time to run. A simpler method that offers a
higher factor of safety is to use the lowest property values from each microstructure observed. Areas that
are predicted to experience higher stress loadings or are more difficult to inspect in service could be
qualified with the true material properties of the local microstructure and undergo more stringent testing,
whereas areas with low demands on material performance could use the lowest values of mechanical
properties. Such a flexible mixed method would allow for qualification based on empirical data while
reducing sampling requirements on low requirement components and allowing true higher performance
values to be used in critical components.
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ORNL staff have also identified the potential for systematic differences in porosity in the skin and interior
regions of components. For example, a cylinder may be fabricated such that the interior of the cylinder
has a porosity average of 0.1% and the 50 pm outermost surface or “skin” has an average porosity of 1%.
Provided that the cylinder is sufficiently large, the high porosity in the skin region will not significantly
affect the ductility of highly malleable materials such as 316L—even without machining. However, if the
same scan strategy is used to fabricate a 100 um thick wall for a heat exchanger, the entire cross-section
will exhibit an average porosity of 1% and material properties will not be equivalent to test data. Figure
44 illustrates such an occurrence. Such occurrences are frequently due to different processing parameters
for the skin and interior regions of a component.
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Figure 44. Example of systematic porosity variation in skin and interior regions of LPBF
components.

3.3.3.1.2 Processing Influence on AM Microstructure

The microstructure of LPBF materials is affected by the processing parameters of the LPBF machine
(e.g., laser powder, velocity, spot size), by the geometry of the component, and by post-processing heat
treatments. Of these three factors, the effects of heat treatments on microstructures is the most predictable
for 316L. Little microstructural change is observed up to 800°C when melt pool boundaries begin
disappearing because of diffusion, and grain growth appears to be limited below 1,040°C [231]. Solidified
microstructures depend on the size and geometry of a component as well as the processing parameters due
to heat transfer. Generalized effects of geometry on 316L microstructure are discussed in Section
3.3.3.1.1. Meaningful empirical comparisons of LPBF machine processing parameters are extremely
difficult because of the lack of an accepted standard geometry, inter-vendor hardware variation, inter-
vendor software variation, and incomplete reporting, to name a few complications. However, there are
two broad methods of empirical comparisons: direct parameter modeling and reduced-order surrogate
models. Numerical simulations of solidification structures and melt pool characteristics have been
published, but accurate modeling is complicated by the need for multi-scale simulation methods to reduce
computational expense. Therefore, determining the effect of a particular processing parameter
combination on a given geometry is frequently most accurately and quickly accomplished by fabricating
and destructively evaluating the microstructure.
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Direct parameter modeling attempts to create process parameter maps directly from independent variables
such as laser powder, velocity, beam spot size, layer thickness, or hatch spacing and is borrowed from
welding literature and practice. The most common direct mapping combination is laser power vs.
velocity, as illustrated in Figure 45[49].The difficulty with direct mapping is that only two or three
variables can be illustrated at once and any change to other variables necessitates additional graphs. An
alternative is reduced-order surrogate models, which approximate process outcomes. Two of the most
common surrogate models are linear energy density (LED) and volume energy density (VED), which
respectively are power per length and power per volume ratios. Disagreement exists as to whether spot
size or hatch spacing should be used in calculating VED; LED and the two forms of VED are respectively
presented in equations 1-3. Increasing VED has been broadly associated with reduced lack of fusion
porosity [70,234-236]. However, VED and LED have limitations in applicability [237,238] as illustrated
in Figure 46 [238]. To the authors’ knowledge, the only reported as-fabricated microstructure of LPBF
316L is the cellular structure observed in Figure 20. Variations of LPBF machine parameters all appear to
form the same microstructure [231,239,240]; however, the cellular grain size appears to relate to LED
with higher power to velocity ratios resulting in larger cells [239].
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Figure 45. Example of direct parameter modeling [49].
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Where P is power (W), V is velocity (mm/s), S is spot size (um), H is hatch spacing (um), and L is layer
thickness (um).
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Figure 46. Example of melt pool variation for constant VED and LED [238§].
3.3.3.2 Microstructural Influence on AM Performance

Reduced grain size in LPBF 316L results in higher UTS and Y'S relative to conventional 316L as
predicted by the Hall-Petch relationship. The elongated grains of LPBF 316L result in a transversely
isotropic material where the build direction (Z axis) exhibits decreased UTS and YS and increased
elongation relative to the X-Y plane [129]. Fatigue properties of stress-relieved LPBF 316L are superior
for cracks growing in the X-Y plane relative to cracks growing in the X-Z or Y-Z planes. Fatigue cracks
growing in the build direction (Z axis) propagate along grain boundaries, whereas fatigue cracks in the
X-Y plane grow through grains as illustrated in Figure 15. Section 2.4.1 discusses the behavior of fatigue
crack growth in LPBF 316L in depth and provides experimental results. Larger grains in solution-treated
LPBF 316L relative to stress-relieved LPBF 316L have been reported to reduce SCC crack growth rates;
however, it is unclear whether the reduced crack growth rate directly results from larger grains or is
influenced by the confounding effect of fewer grain boundaries resulting in fewer oxide inclusions at
grain boundaries.

The effects of cellular sub-grains observed in as-fabricated and stress-relieved LPBF 316L on material
properties are not clear at this time. Conflicting experimental results of increased vs. decreased resistance
to void swelling in as-fabricated and stress-relieved LPBF 316L relative to conventional 316L have been
reported [146,148,153]. Curiously, HIPed + solution HT LPBF 316L has been reported to exhibit
significantly higher void swelling resistance relative to conventional 316L [146,152]; however, the heat
treatment of the conventional 316L in the study was not specified. At this time, it is unclear whether the
difference is due to incomplete reporting of the conventional sample’s heat treatment or an
uncharacterized difference in microstructures between solution-treated LPBF 316L and solution-treated
conventional 316L. Solution-treated LPBF 316L is expected to have a microstructure nominally similar to
conventional 316L and without cellular sub-grains.

Nanoscale oxide inclusions in LPBF 316L have been documented to significantly accelerate SCC crack
growth rates [146]. Oxide inclusions are likely formed by species preferential oxygen scavenging of
particles heated but unmelted by the laser or melt pool. Reducing Si, and possibly Mn, content in powder
feedstock may reduce oxide formation to acceptable levels.

Porosity in LPBF 316L detrimentally affects tensile properties—most noticeably, ductility [129-132] and
fatigue—because of acting as crack nucleation sites, and SCC crack growth rates [146]. At the time of
this document’s publication, clear relationships have not been established between material properties and
pore frequency, pore size, pore morphology, or total void fraction.
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3.3.4 Environmental Testing

Prescribing qualifications and testing procedures for environmental degradation of LPBF components is
difficult given the lack of studies on the topic, particularly for SCC and IASCC as encountered in NPP
environments. To date, the only study published on the topics of SCC and IASCC is GE’s report to DOE
[146], which has also been republished in other forms [152,241]. GE reported that cold working (without
subsequent heat treatments), high porosity, and nanoscale oxide inclusions increased SCC crack growth
rates [146]. HIPing + solution heat treatment was observed to reduce SCC crack growth rates, but the
primary cause is unclear between intra-crystal changes and a volume reduction of grain boundaries (and
therefore oxide inclusions at grain boundaries). HIPed + solution-treated LPBF 316L and stress-relieved
LPBF 316L in the build plane (X-Y) were observed to have crack growth rates comparable to
conventional 316L. Stress-relieved LPBF with cracks in the build direction (X-Z and Y-Z planes) was
observed to have significantly higher (~3%) crack growth rates due to cracks propagating at grain
boundaries rather than through grains.

A thorough critique of GE’s report is presented at the end of Section 2.4.1; however, a summary of
further needed research for 316L is as follows. Oxide inclusions, specifically SiO,, accelerate SCC crack
growth rates. Therefore, minimizing Si content in feedstock beyond the ASTM F3184 - 16 maximum
allowable concentration of 1% Si may be necessary to reduce the frequency of Si-rich oxide inclusions.
Inspection of virgin feedstock powder for SiO; inclusions may be required, and SiO, may limit the
number of reuses a powder batch can undergo. Mn content may also be a concern, but it is unclear at this
time because of the preferential formation of SiO,. The effect of cellular sub-grains observed in as-
fabricated and stress-relieved LPBF 316L on material properties is unclear at this time, as is sub-grain
stability over time and temperature. GE’s study evaluated IASCC under isostatic strain; isostatic stress
IASCC testing is recommended to determine whether crack propagation varies by loading type.

3.3.5 Joining and Welding of LPBF Components

At the time of this document’s publication, most LPBF machines have a build volume of approximately
250 to 300 mm cubed, limiting the size of fabricated components. To assemble larger AM components or
join AM components to conventionally manufactured parts, welding is required. A limited number of
studies have been published on welding LPBF metal to LPBF metal [242], LPBF metal to conventional
metal [243], and the effects of heat-treating LPBF components before welding [243]. In general, LPBF
316L can be welded to other LPBF 316L components or to conventional components with acceptable
performance, but the weld shape, welding parameters, and HAZ size and microstructure are not directly
transferable from the current knowledge base of conventional 316L.

3.3.5.1 LPBF to LPBF

Matilainen et al. [242] evaluated a factorial design of laser welding parameters on both conventional cold-
rolled and as-fabricated LPBF 316L. It was observed that LPBF 316L-LPBF 316L formed welds with
more uniform cross-sections than conventional 316L for many parameter combinations; conventional
316L formed hourglass cross-sections under many combinations whereas LPBF 316L tended to form
columnar welds. Multiple parameter combinations were observed to fully penetrate when LPBF 316L was
welded but only partially penetrate when conventional 316L. was welded. Matilainen et al. postulated that
the higher surface roughness of LPBF 316L resulted in higher absorptivity rates and therefore more
energy transfer to the weld. LPBF 316L demonstrated a tendency to form porosity in welds with a laser
power of 1.5 kW and centerline cracks in welds with a laser power of 4 kW; conventional 316L did not
demonstrate the tendency for centerline cracking or porosity. Qualitatively, LPBF 316L may form more
uniform welds with deeper penetration but in narrower welding parameter ranges than for

conventional 316L. HAZ were not reported by Matilainen et al.
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3.3.5.2 LPBF to Conventional

Laitinen [244] investigated welding conventional 316L to as-fabricated LPBF 316L and observed that the
weld shape sharply contrasted depending on the base material. The half of the weld adjacent to the
conventional 316L base material consistently took on an hourglass shape whereas the half of the weld
adjacent to the LPBF 316L base material took on a columnar shape (i.e., the weld bead was uniform in
diameter) consistent with the research from Matilainen et al. [242]. Critically, the weld microstructure
also differed with base material. LPBF 316L propagated a dendritic microstructure in adjacent weld
material whereas conventional 316L propagated a mixed dendritic/planar microstructure. Ferrite content
in the range of 0.8 to 3 wt % was reported in all welds, but accuracy was questionable because a
feritscope was used, which requires manual probe tip placement. Therefore, it is unclear at this time
whether the dendritic weld microstructures were austenite or ferrite, as well as the phase of the planar
microstructure observed. Depending on whether ferrite is formed in the weld, a solutionizing heat
treatment may be necessary.

Kuryntsev [243] tested welding LPBF stainless steel PH1 and conventional cold-rolled stainless steel 321
under two welding laser powers, three heat treatments for the LPBF PH1, and as-fabricated PH1 as a
control. The compositions of PH1, 321, and 316L are presented in Table 9 for reference. The pre-welding
heat treatments of LPBF PH1 (1,050°C for 90 min, 650°C for 90 min, 500°C for 90 min, and no heat
treatment) did not significantly affect the size or morphology of welds, and in all welds, the weld
preferentially expanded into the conventional cold-rolled 321. The conventional 321 did not exhibit a
HAZ and retained its original austenite phase whereas the LPBF PH1 formed a HAZ of martensite,
troostite, or bainite. The weld phases formed were a mixture of austenite and the PH1 HAZ phase. Tensile
testing of the weld joints revealed that only solution HT PHI1 failed, and did so in the PH1 HAZ. All other
heat treatments and the as-fabricated state plastically deformed out of the testing fixture rather than
failing. The tensile test was not per ASTM ES8 with a machined neck but rather a custom fixture. Because
of the significant compositional variation between 316L and PH1, the results are not directly comparable.
However, the results suggest that traditional welding concerns such as the YS, ductility, and phase(s) of
the base material are still relevant and are affected by pre-welding heat treatments. To the authors’
knowledge, no studies have been published to date on pre-welding heat treatments of LPBF 316L.

Table 9. Weight percent compositions of stainless steel 321, PH1, and 316L.

Alloy C N Si Mn Mo Nb S P Cr Ni Ti Cu Fe
321 | <0.08 | <0.10 | <0.75 | <2.00 — — <0.031<0.045| 17-19 | 9-12 [<0.70| — Bal
PHI | <0.07 — <1.00 | <1.00 | <0.50 | 0.15-0.45 |<0.03 | <0.04 |14-15.5|3.5-55| — |2.54.5 | Bal
316L | <0.08 | <0.10 | <0.75 | <2.00 | 2-3 — <0.03|<0.045| 16-18 | 10-14 | — — Bal

3.3.6 In-Service Considerations

Two primary considerations for the in-service lifespan of a component are inspections and component
aging. At this time, few case examples exist of age-related LPBF component failure to guide
recommendations on either topic, and none in nuclear environments. Nevertheless, a review of the
capabilities of LPBF and differences in microstructures between conventional and LPBF microstructures
offers some insight toward developing inspection protocols and predicting component lifespans.

3.3.6.1 Inspection

In general, components in NPPs do not fail from mechanical overloading but rather age-related
degradation such as corrosion, cracking (e.g., fatigue, SCC), and effects related to irradiation
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embrittlement. Therefore, inspection should focus primarily on preventing, detecting, and monitoring age-
related degradation. Developing inspection protocols for new technologies requires a reevaluation of
assumptions and existing procedures, perhaps best performed through the Socratic method: what, how,
when, where, and why measurements should be taken.

Determining what measurement should be taken is impossible without knowing the function of a
component; however, surface roughness has long been known to affect fatigue strength, SiO, inclusions
have been identified to detrimentally affect SCC (see Section 2.4.1), porosity is known to affect fatigue
life, and Cr depletion at grain boundaries is known to accelerate SCC. Metallographic samples may be cut
from built-in component coupons or “witness” parts from the same build and inspected for inclusions and
grain boundary Cr depletion with the assumption that the witness part is representative of the component
chemistry. Surface roughness may similarly be determined from witness parts or via white light or laser
scanning of the actual component. White light or laser scanning will also inform dimensional accuracy of
components. Porosity averages and size distributions may be assumed via sacrificial startup parts, but CT
scans of components will only detect large or concentrated porosity in final components. In situ
monitoring can inform higher resolution targeted CT inspection of specific locations that have been
flagged for possible manufacturing discontinuities.

How measurements should be taken is a question of techniques and depends on the techniques available
and required resolution. Unpublished work by the authors indicates via a first principles derivation that
the uncertainty of volumetric porosity measurement techniques such as the Archimedes method and
pycnometry increases with decreasing porosity, whereas cross-sectional porosity measurement methods
have decreasing uncertainty with decreasing porosity [245].

The remaining three questions of when, where, and why are best answered together. Geometric flexibility
is AM’s greatest advantage and also its greatest difficulty in performance quantification. Organic shapes,
internal channels, and design flexibility frequently allow for minimization of stress concentrations in
LPBF components. In some instances, reducing assemblies of dozens of parts into single components
may be possible, as with GE aviation’s fuel nozzle [7], and when assembly is still required, locating bolts
or welds in more accessible locations may be possible. However, component microstructure and therefore
performance varies with geometry. Therefore, the maximum stress specification in an overhang may be
different than in a vertical section of a component. For as-fabricated and stress-relieved 316L, the
variation in microstructure due to geometry also informs the direction cracks (fatigue and SCC) are most
likely to travel should they nucleate (i.e., in the build direction). Without post-process machining or shot
peening, the underside of overhangs has the highest surface roughness and may nucleate cracks at a faster
rate than vertical or top surfaces of LPBF components. At this time, how frequently LPBF components
should be inspected is unclear; however, preliminary results by Rebak et al. [146] indicate that high-cycle
corrosion fatigue cracks in LPBF 316L grow at an accelerated rate relative to conventional 316L and low-
cycle corrosion fatigue cracks grow comparably to conventional 316L. Results by Riemer et al. [140]
suggest that un-corroded fatigue crack growth rates are predictable and have defined fatigue limits given
the orientation and heat treatment of a component.

3.3.6.2 Aging Management

Planning for aging management of LPBF components in NPPs is currently conceptual as no additively
manufactured components have seen service and therefore no empirical observations of age-related
degradation exist. However, the limited testing that has been published to date on time-dependent failure
mechanisms such as SCC and corrosion fatigue suggests that degradation modes in LPBF components do
not fundamentally differ from conventionally manufactured components; rather, the rate at which
degradation occurs differs between conventional and LPBF manufacturing. Some degradation modes,
such as irradiation void accumulation, appear to occur significantly slower in LPBF material than in
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conventional material [146], whereas other degradation modes, such as high cycle corrosion fatigue, are
accelerated in LPBF material relative to conventional material [146]. One potential advantage of LPBF
components is the geometric ability to build in redundancy such as spare internal channels for fouling and
clogging, designing to minimize welds, placing welds in accessible locations, and built-in sensors such as
thermocouples.

A potential concern for as-fabricated and stress-relieved LPBF 316L is growth in the size of cellular sub-
grains at elevated temperatures. As discussed in Sections 2.4.2 and 3.3.3.2, a consensus on the effects of
cellular sub-grains on LPBF 316L material properties has not been reached. Cellular sub-grains in stress-
relieved LPBF 316L have been reported to be stable after 30 min at 400°C [153]; however, it is also
unclear at what rates sub-grains grow at temperatures above 400°C. Therefore, the material properties
may change as a function of time and/or temperature if the reactor design operates above 400°C; more
studies are needed to explore this possible microstructural phenomenon.

3.4 TECHNICAL GAP ANALYSIS

The following technical gap analysis is written with a focus on the performance of a final component
produced for a nuclear application. The importance of each topic is rated according to its potential impact
on material properties and does not correspond to a specific material property or failure mode. For
example, contamination management is rated as highly important because contamination may adversely
affect SCC resistance, ductility, or the as-fabricated microstructure in unpredictable ways. Feedstock
contamination would be an adverse influence regardless of whether a component experienced radiation or
a corrosive environment.

Table 10:LPBF Fabrication Gaps

Importance Topic

High Software and File Control

Related In-Document 3.1.1
Sections

Ranking Rationale | Significant potential to alter material properties, porosity, and geometric accuracy

Discussion The scan strategy used to fabricate a component and the software controlling the
LPBF machine has an extremely important role in geometric accuracy, warping,
material properties, and the probability of successfully completing a build. It is
critically important that the exact same file, LPBF software version, and LPBF
software settings be used to fabricate replicates of a given qualified component.
As a result, cybersecurity, database traceability, disabling automatic software
updates and similar items are highly important to ensuring end use component

quality.
High Material Property Sampling Methodology
Related In-Document 3.5.1
Sections 352
Ranking Rationale |Significant risk of overestimating material properties or underestimating
variability.
Discussion Heterogeneous LPBF microstructures and material properties have been

documented in literature and are functions of the scan strategy, feedstock,
component geometry, and LPBF machine. Heterogeneity in material properties
should be assumed until sufficient empirical evidence is presented otherwise. The
sampling methodology for quantifying the mean, variance, skew, and kurtosis of
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LPBF material properties in four-dimensional space (X,Y,Z, orientation) is
significantly more involved than in conventional materials.

High Planned and Unplanned Build Interruptions
Related In-Document 3.5.1
Sections 352
Ranking Rationale |May adversely affect material properties or component geometry.

Discussion Build interruptions may affect the thermal distribution within the build chamber
by cooling, which may result in non-negligible component warping prior to
restarting the build. Depending on the cause of the interruption, several adverse
events may occur. Exhaustion of inerting gas may result in oxidation of multiple
layers, electrical power outages may require recalibration of the laser optics, and
laser overheating may result in build failure to name a few possibilities.

High Geometry-Scan Strategy Interactions
Related In-Document 333.1.1
Sections
Ranking Rationale | May result in incorrect geometry, adversely affect material properties, or produce
manufacturing defects.

Discussion Geometry-scan strategy interactions may significantly change the meltpool
solidification rate and local thermal profile. Components with mixtures of
monolithic and fine features and significantly changing cross-sectional areas in
the build direction are at highest risk of adverse interactions.

High Contamination Management
Related In-Document 2.2.1.1
Sections 312

Ranking Rationale | Significant potential to alter material properties

Discussion Contamination of feedstock powder is a serious concern as contamination may
adversely affect material properties. Contamination can typically be reduced to
acceptable levels by general cleanliness and dedicating LPBF machines to
specific alloys. Documenting a lack of contamination may be accomplished in
parallel with quantifying powder characteristics. The authors recommend
sampling sieved powder prior to each build and storing said powder sample for
the lifespan of related components as security should further feedstock analysis
be warranted.

Medium LPBF Environmental Sensor Data
Related In-Document 3.1.34
Sections
Ranking Rationale |May detect layer-wise component defects

Discussion Data from environmental sensors in the LPBF machine (e.g. oxygen sensors), do
not provide information as spatially specific as in-situ monitoring, but are
typically more accurate and the underlying technologies thoroughly documented.
Events during fabrication that are captured by environmental sensors are likely to
affect entire layers. The authors recommend analysis of environmental sensor
data for all builds; determination of what environmental data is relevant to 316L
in NPP applications must be empirically resolved as data becomes available.

Medium Powder Characterization

Related In-Document
Sections

221
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Ranking Rationale

Affects powder application uniformity, which in turn affects incomplete
spreading, recoater chatter, and recoater streaking.

Discussion

Powder feedstock characterization includes size distribution, morphology,
internal porosity, and flowability. Said characteristics qualitatively affect the
uniformity of powder layers, which in turn may result in incomplete spreading,
lack of fusion porosity, and delamination. Such detrimental events occur
probabilistically but can frequently be empirically correlated to feedstock
characteristics. Relevant feedstock characteristics depend on the LPBF machine,
component geometry, and scan strategy used. Powder re-use acceptance/rejection
depends on routinely sampling and characterizing powder after sieving.

Medium Witness Specimens
Related In-Document 332
Sections 33.6.1
Ranking Rationale |May detect layer-wise and chemical composition defects.

Discussion Witness specimens afford the possibility of capturing layer-wise defects such as
incomplete spreading via destructive metallographic sectioning and can
reasonably be assumed to share the same chemical composition as end-use
components from the same build. Hollow witness specimens may be used to
encapsulate powder samples for later investigation if warranted.

Medium LPBF Machine Calibration
Related In-Document 3.13
Sections
Ranking Rationale | Potential to alter material properties and geometric accuracy.

Discussion LPBF machines must be calibrated in order to operate at specified parameters
(e.g., laser power, spot size) in order to repeatably fabricate components,
particularly when using the same scan strategy for multiple machines. It is unclear
at this time how precisely machines must be calibrated.

Low Residual Stress — Warping, Cracking, and Delamination
Related In-Document 232
Sections 322
323
Ranking Rationale | Potential for geometric inaccuracy and catastrophic part failure prior to entering
service.

Discussion All LPBF components experience significant as-fabricated residual stress which
must be removed via post-processing heat treatments. Residual stress is not
problematic provided that an appropriate heat treatment is applied prior to
entering service; however, high residual stress can result in geometric inaccuracy
which may result in component rejection. High residual stress may also result in
cracking and delamination, however, these events are not commonly associated
with 316L and may typically be visually detected.

Low Sieving System

Related In-Document 3.1.2
Sections
Ranking Rationale |Little risk of adverse effects provided sieves are inspected and contamination

prevented.
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Discussion

Sieving feedstock is a necessary aspect of LPBF to recover feedstock. Sieves
must be periodically inspected and replaced and steps taken to prevent feedstock
contamination during the sieving process.

No- In-Situ Monitoring and Feedback
Feedback — | Related In-Document 3.2.1
Low Sections
Feedback — . ) . . . . . -
High Ranking Rationale |In-Situ monitoring with no feedback poses no risk, in-situ monitoring with
feedback control may adversely affect material properties.

Discussion In-situ monitoring without feedback control may inform more targeted CT
inspection of components but poses no risk. In-situ monitoring with feedback
control may adversely affect material properties. At this time, it is unclear how
risk varies with the type of feedback (e.g., reapplying a powder layer, adjusting
laser parameters, adjusting environmental parameters) and how corrective actions
should be documented.

Application- Porosity Measurement
Specific | Related In-Document 2212
Sections 232
24.1
242
Ranking Rationale |Porosity directly and adversely affects multiple material properties. The
importance of porosity quantification depends on whether the affected properties
are required during component service.

Discussion The importance of porosity measurement depends on component application.
Porosity is known to adversely affects fatigue life, SCC, and IASCC. High (>1%)
porosity adversely affects ductility in 316L. The Archimedes method may be used
to determine the average density, and CT may be used to locate pores >10pm
diameter.

Application- LPBF Design Considerations
Specific | Related In-Document 223
Sections 31.1.2
Ranking Rationale | Potential for creating stress concentrators and heterogeneous microstructures.
Discussion The greatest strength of LPBF is the geometric freedom to create simplified

assemblies, organic shapes, and optimize load paths. However, design reviews
must be conducted to prevent unintentional defects. For example, assume that a
conventional component with a machined through hole is replaced with a LPBF
component. The hole path in the LPBF component may be made serpentine, non-
uniform in diameter or similarly non-conventional to optimize pressure head
losses, etc. However, a non-line of sight hole will prevent milling to improve
surface roughness and the 45 degree overhang limitation of LPBF may result in
diamond or triangular shape holes, which will create significant stress
concentrations. Designs must also consider the inspectability of such features.
These design byproducts do not prevent the use of LPBF components, but special
consideration must be given to designs in light of the limitations of the LPBF
process.

The following material property and performance gap analysis is written with the conventionally
manufactured version of the alloy as a comparison. Ranking is assessed on whether the LPBF version of
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the alloy exceeds the conventionally manufactured material properties and the frequency of a given
failure mode. For example, tensile properties of LPBF 316L are assessed as low importance because
LPBF YS and UTS are typically higher than in conventionally manufactured 316L. Additionally, failure
due to mechanical overloading is not a common failure mechanism in NPP applications.

Table 11: Material Property and Performance Gaps

Importance

Topic

High

Heterogeneity

Related In-Document
Sections

333.1.1

Ranking Rationale

Significant risk of overestimating material properties.

Discussion

“Microstructural heterogeneity” refers to 3D nonuniformity in the microstructure
of a component and is not to be confused with anisotropy. “Anisotropy” refers to
whether material properties are uniform in all directions (as in common in
conventional metallic materials) or are transversely isotropic (as is common in
columnar microstructures). Simple blocky geometries are less likely to suffer
from heterogeneity; however, such geometries do not take advantage of the
geometric flexibility afforded by LPBF. Heterogeneity may appear in multiple
forms singularly or in groups. For example, a component with equiaxed grains is
heterogeneous if the grain size varies significantly from one region to another
within a component. A second example is if a component exhibits columnar
grains in one region and equiaxed in a different region. A third example is if
porosity varies significantly within a component with respect to pore size, counts
per volume, pore morphology or volume percent. In all examples, the average
material properties change as a function of location within a component.
Heterogeneity may affect a single material property or may affect multiple
properties simultaneously. It is necessary, at a minimum, to characterize the
minimum property values within a heterogenecous component. Depending on
component application and requirements for a failure modes and effects analysis,
it may be necessary to quantify the heterogeneity of a component in four-
dimensional space (X, Y, Z, orientation).

High

Irradiation-Assisted Degradation

Related In-Document
Sections

242

Ranking Rationale

Irradiation embrittlement and void formation are potential concerns in NPP
applications. However, it is unclear at this time at what rate LPBF 316L ages
relative to conventional 316L.

Discussion

Irradiation embrittlement and particularly loss of fracture toughness is a concern
in NPP applications. Studies to date have reported conflicting results on LPBF
316L irradiation void and loop formation rates and is it unclear how the dendritic
microstructure of stress relieved 316L affects aging and how thermally stable the
dendritic microstructure is.

High

SCC and IASCC

Related In-Document
Sections

24.1
242

Ranking Rationale

SCC and IASCC are two potentially significant failure modes in NPP
applications.

Discussion

Preliminary studies indicate that LPBF 316L may offer significantly higher SCC
and IASCC resistance relative to conventional 316L given appropriate processing
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parameters and post-processing treatments. Porosity, grain size, and Si oxide
inclusions have been identified as highly correlated to crack growth rates.

Low

Tensile Properties

Related In-Document
Sections

241
242

Ranking Rationale

Tensile properties of LPBF 316L are typically comparable or superior to
conventional 316L. Failure due to mechanical overloading is also not a common
failure mode in NPP applications.

Discussion

Yield and ultimate tensile strength of LPBF 316L is typically superior to
conventional 316L due to grain size refinement and moderately depends on post
processing heat treatments. The uniform elongation of LPBF 316L is
approximately 50-60% but may be reduced by high (>1%) levels of porosity.

Medium

Fatigue

Related In-Document
Sections

24.1
242

Ranking Rationale

Fatigue failure is abrupt and LPBF 316L has been documented to have lower high
cycle fatigue life (corroded and uncorroded) relative to conventional 316L.

Discussion

The fatigue strength of LPBF 316L strongly depends on the post-processing heat
treatment, load path, and component porosity. Low cycle fatigue life has been
reported as comparable to conventional 316L, but high cycle fatigue life is
reduced relative to conventional 316L. Surface roughness adversely affects
fatigue life similarly to conventional 316L. Stress relieved LPBF 316L shows
anisotropic fatigue strength and preferential crack growth directions due to the
columnar microstructure.

Medium

Fracture Toughness

Related In-Document
Sections

24.1
242

Ranking Rationale

LPBF 316L fracture toughness has been reported as ~40% lower to ~50% higher
relative to conventional 316L depending upon post-processing heat treatments.

Discussion

The fracture toughness of LPBF 316L has been reported over a wide range of
values and strongly correlated to porosity and post-processing heat treatments.
Preliminary results indicate that LPBF 316L may have significantly higher
fracture toughness relative to conventional 316L given appropriate processing
parameters and post-processing treatments.

Low

Weldability

Related In-Document
Sections

335

Ranking Rationale

Relatively little literature has been published on welding LPBF 316L to date.

Discussion

Existing studies have indicated that the welding behavior (penetration depth, weld
cross-section, solidified microstructure) of LPBF 316L differs from conventional
316L all else equal. Optimal pre and post heat treatments are not characterized at
this time, nor is the phase and chemical composition distribution of LPBF 316L
welds. To the authors’ knowledge, the aging rate and irradiation resistance of
LPBF 316L welds has not been reported to date.
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3.5 CODES AND STANDARDS GAP ANALYSIS
3.5.1 Overview of Codes and Standards Relevant to LPBF

At the time of this document’s publication, ASTM has extensively collaborated with ISO in the creation
of joint standards and specifications for AM processes, terminologies, and component requirements.
Table 12 lists the ASTM and ISO prefabrication standards published at the time of this document’s
release. However, many AM-specific standards do not contain relevant original technical specifications
but rather simply reference existing technical specification documents for conventionally fabricated
materials, provide generic background information or terminology, or provide recommendations for
procurement specifications. For example, ASTM F3184 specifies “Processing shall be conducted in
accordance with applicable standards or as agreed upon by the component supplier and purchaser,”
“Condition and finish of the components shall be agreed upon by the component supplier and purchaser,”
and “Inspection criteria shall be agreed upon by the component supplier and purchaser.” Further
refinement of existing technical specifications for AM is needed, particularly for unique demanding
applications such as NPP environments. For example, ASTM F3184 — 16 for LPBF 316L specifies an
acceptable maximum Si content of 1.00 wt %; as discussed in Sections 2.4.1 and 2.4.2, the Si content of
316L used in NPP SCC-susceptible environments may need to be reduced to the range of 0.05 to

0.1 wt % to prevent Si oxide inclusions in the microstructure.

Standards not published by organizations not typically referenced is US procurement documents (e.g.,
ASTM, ISO, AWS, or NASA) are italicized and in red print; such standards are included for
completeness and as potential starting points in developing NPP applicable standards. To the authors’
knowledge, no codes or standards exist on joining and welding LPBF components. Table 12 through
Table 19 document current codes and standards on LPBF or that are closely related (e.g., ASTM E11 for
sieves).

Table 12. LPBF general prefabrication codes and standards.

Topic Standard Full name Status
ISO/ASTM Additive manufacturing — General principles — Existin
52900:2015 Terminology &
T : 1 . o,
€rminology 1SO / ASTM52921 — Standa}rd Termmo;ogy for Additive o
Manufacturing—Coordinate Systems and Test Existing
13(2019) .
Methodologies
ISO/ASTM Additive manufacturing — Design — Existin
Desi 52910:2018 Requirements, guidelines and recommendations &
esign
g ISO/ASTM52911-1: | Additive manufacturing — Design — Part 1: Laser- Existin
2019 based powder bed fusion of metals &
Software ISO/ASTMS52915: | Specification for additive manufacturing file format Existin
requirements 2016 (AMF) Version 1.2 &
Geometry capability | ISO/ASTM52902: Additive manufacturing — Test artifacts — .
Geometric capability assessment of additive Existing
assessment 2019 .
manufacturing systems

Table 13. LPBF feedstock codes and standards.

Topic Standard Full name Status

Standard Terminology Relating to Nonsieving Methods of

Characterization | ASTM E2589 Powder Characterization

Existing
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Standard Test Method for Particle Size Distribution of

ASTM B822 Metal Powders and Related Compounds by Light Scattering Existing
ISO/ASTM Additive manufacturing — Feedstock materials — Methods Existin
52907:2019 to characterize metal powders &
ASTM F3049 — Standard Guide for Characterizing Properties of Metal Existin
14 Powders Used for Additive Manufacturing Processes &
Interngl PO?OSIty No existing standards —
specifications
Powder
geometry No existing standards —
specifications
316L chemical Standard Specification for Additive Manufacturing
composition | ASTM F3184-16 Stainless Steel Alloy (UNS S31603) with Existing
specifications Powder Bed Fusion
316.L ph'flse No existing standards —
specifications
Reuse. No existing standards —
specifications
Table 14. LPBF sieving system codes and standards.
Topic Standard Full name Status
Terminology ASTM E1638 Standard Terminology Relatlng to SleV.eS, Sieving Methods, Existing
and Screening Media
ASTM E2016 Standard Specification for Industrial Woven Wire Cloth Existing
Mesh ASTM El1 Standard Specification for Wovlen Wire Test Sieve Cloth Existing
. . and Test Sieves
specifications - - - -
SO 3310-1 Test sieves — Techmcal requlrementc and testing — Part 1: Existing
Test sieves of metal wire cloth
Initial testing ASTM E2427 Standard Test Method .for Acceptance by Performance Existing
methods Testing for Sieves
Atmosphcre No existing standards —
specifications
Mesh Inspection No existing standards —
specifications
Table 15. LPBF machine codes and standards.
Topic Standard Full name Status
MSFC-SPEC- | Specification for Control and Qualification of Laser Powder Existin
3717 Bed Fusion Metallurgical Processes &
Specification for Fabrication of Metal Components using L
Process control AWS D20.1IM Additive Manufacturing Existing
Additive manufacturing — Process characteristics and
ASTM/ISO . . .
performance — Practice for metal powder bed fusion Existing
52904:2019 i o
process to meet critical applications
JSA JIS C 6180 Measuring methods for laser output power Existing
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SAC GB/T 6360- Specification for laser radiation power and energy -
. . Existing
Laser power 95 measuring equipment
measurement i - oL . er — _
GOST 25811 Means measuring laser output aver age power Types Existing
Basic parameters — Measuring methods
Lasers and laser-related equipment — Test methods for
) ISO 11146-1 | laser beam widths, divergence angles and beam propagation Existing
Laser spot size ratios — Part 1: Stigmatic and simple astigmatic beams
measurement SAC GBIT
13741-92 Testing method of beam diameter of laser radiation Existing
Laser power Optics and photonics — Lasers and laser-related equipment
distribution ISO 13694 — Test methods for laser beam power (energy) density Existing
measurement distribution
Process gases Aiglggl\\zl S Specification for Welding Shielding Gases Existing
Laser
dimensional No existing standards —
control
measurement
Atrposphpre No existing standards —
specifications
Table 16. LPBF in situ feedback and monitoring codes and standards.
Topic Standard Full name Status
Feedback ASTM New Guide for Standard Guide for In-Situ Monitoring Draft
monitoring WK62181 (IPM) of Metal Additively Manufactured Aerospace Parts
Table 17. NDE codes and standards.
Topic Standard Full name Status
CT inspection Non-destructive testing — Radiation
nspee ISO 15708-4 methods for computed tomography — Existing
specifications
Parts 1 to 4
Weld inspection | DIN EN ISO Non-destructive testing of welds — General rules for Existin
methods 17635 metallic materials xisting
Table 18. LPBF material properties codes and standards.
Topic Standard Full name Status
Ma‘zi\f;eitgg(;[r)leﬂy MSFC-STD- Standard for Additively Manufactured Spaceflight Existin
. ) 3716 Hardware by Laser Powder Bed Fusion in Metals SHng
specifications
316L tensile ASTM F3184 — Standard Specification for Additive Manufacturing
. ) 16 Stainless Steel Alloy (UNS S31603) with Powder Bed Existing
specifications .
Fusion
316L for nuclear | ASME Code HIP and solution annealed UNS S31603 stainless steel Draft
applications Case produced using the LPBF Process
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Standard Guide for Evaluating Mechanical Properties of
Testing methods | ASTM F3122 Metal Materials Made via Additive Manufacturing Existing
Processes
Reporting Standard Practice for Reporting Data for Test Specimens .
requirements ASTM 2971 Prepared by Additive Manufacturing Existing
Recuorrcr;lr::ilrllded ASTﬁSOZ/g 01 - Standard Guide for Additive Manufacturing — General Existin
pure & Principles — Requirements for Purchased AM Parts J
requirements 16
Table 19. LPBF post-processing codes and standards.
Topic Standard Full name Status
ASTM F3301 - Standard for Additive Manufacturing — Post Processing
Heat treatments 134 Methods — Standard Specification for Thermal Post- Existing
Processing Metal Parts Made Via Powder Bed Fusion
Welding No existing standards —

Many ASTM/International Organization for Standardization (ISO) joint standards for AM presently do
not contain pertinent technical specifications but rather define general terminology or provide reference
lists to existing standards on powder characterization, mechanical testing, document control, and so on.
One reason for this is the considerable variation in industry goals; some manufacturers are more
concerned with fatigue properties, others with geometric tolerances, and others with throughput. For the
fabrication of NPP components, several technical requirements beyond current ASTM standards must be
developed.

Quantitative powder recycling and sieving specifications must be developed to determine when used
powder can no longer be reprocessed as well as how recycling occurs. Mesh size(s), mesh inspection, and
sieving atmosphere oxygen and water content affect the rate of powder surface oxidation and content of
fines and spatter present in feedstock material. Electron backscatter diffraction and/or x-ray diffraction of
sieved powder may be necessary to verify that feedstock chemical composition and phases are within
specification. Caution should be used in specifying chemical compositions identical to conventional
manufacturing, as evidenced by the observation of SiO, inclusions in LPBF 316L.

Prefabrication build chamber and stage requirements for build plate flatness, levelness, and height control
are recommended to ensure geometric tolerances are met, and specifications for post-fabrication build
plate warping may be similarly necessary to prevent geometric distortion.

Laser calibration and alignment are critical for ensuring that the intended processing parameters are used
during fabrication as well as for the geometric accuracy of components. Some aspects of laser calibration
are unclear at this time. For example, lasers would ideally be calibrated at multiple locations across the
build plate; however, the knife-edge and aperture methods for determining laser spot size require the laser
beam to be perpendicular to the sensor, which would require complex rotational positioning of the sensor
when the laser fires into corners of the build plate. Therefore, only calibrating lasers directly below the
laser module is currently realistic.

Minimum requirements for material properties are undoubtedly the most critical and technically
challenging specifications to be developed. To date, ASTM’s approach has been to specify isotropic
minimum requirements for additively manufactured components; this approach is conceptually simple
and greatly simplifies designing. However, isotropic material properties are typically not realistic in
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LPBF and accurate anisotropic properties are required for realistic simulations. It is unclear at this time
whether porosity specifications should be documented separately or are de facto incorporated into
minimum material property specifications such as fatigue life.

3.5.2 Analysis of Selected Highly Relevant Existing Codes and Standards

Multiple standards shown in Tables 12-19 supporting LPBF (e.g., sieve mesh specifications and feedstock
characterization) have been applied in industry outside of NPP applications for decades and are well
established. Standards and industry organizations have published standards and documents specific to
LPBF in recent years, all of which have been identified as highly relevant to the development of LPBF
standards for NPP applications and shown below in Table 20.

Table 20. LPBF documents highly relevant to establishing NPP codes and standards.

Organization Document Full name

MSFC-SPEC- Specification for Control and Qualification of Laser Powder Bed

NASA . .
3717 Fusion Metallurgical Processes

MSFC-STD- Standard for Additively Manufactured Spaceflight Hardware by
NASA 3716 Laser Powder Bed Fusion in Metals
AWS AWS D20.1M Specification for Fabrication of Metal. Components using Additive

Manufacturing
Additive manufacturing — Process characteristics and performance
ISO/ASTM . :
ISO 52904:2019 — Practice for metal powder bed fusion process to

meet critical applications
ASTM F3184 - | Standard Specification for Additive Manufacturing Stainless Steel

ASTM 16 Alloy (UNS S31603) with Powder Bed Fusion
Al\i[nael:clecsa Standardization Roadmap for Additive Manufacturing VERSION 2.0

America Makes is the leading AM industry standards collaboration organization in the United States; in
2016, America Makes and the American National Standards Institute (ANSI) launched a collaborative
effort to coordinate development of standards and address technical difficulties. Version 2.0 of the
America Makes “Standardization Roadmap for Additive Manufacturing” was published in 2018 and
includes an extensive gap analysis of AM codes and standards incorporating perspectives as diverse as the
US Food and Drug Administration, US Department of Defense, NASA, Society of Automotive Engineers
(SAE International), Institute of Electrical and Electronics Engineers (IEEE), Underwriters Laboratories,
Ford Motor Company, GE Additive, Boeing, Caterpillar, DuPont, and Honeywell, to name a few. In
addition to measurement, machine calibration, machine qualification, and material properties, the
document’s gap analysis includes topics such as cybersecurity and anti-counterfeiting measures and
identifies standards currently under draft. “Standardization Roadmap for Additive Manufacturing” is a
recommended reference for its thorough analysis, action plan recommendations, and breadth of industry
participation.

The remaining five documents are published by three organizations and address two topics: process
qualification and material property certification. ASTM 52904 and F3184 are informative only to the
extent of listing relevant ASTM and ISO standards (e.g., ASTM E8) and partially listing documentation
requirements. Some details are specified, such as permissible chemical composition ranges; however,
many technical details are left to purchaser/supplier contract specifications. Contract specifications are
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presumed to include criteria for contaminated powder, part inspection criteria, and frequency of used
powder sampling and testing. Furthermore, critical acceptance criteria for homogeneous vs.
heterogeneous microstructures, transversely isotropic vs. isotropic behavior, and acceptable porosity
measurement methods are not provided in these standards. Witness specimens are also not discussed in
either standard, nor are procedures to evaluate the effects of planned and unplanned build interruptions
(e.g., electrical power outages).

AWS D20.1M addresses numerous shortcomings of ASTM 52904, such as preproduction build layouts
with thick- and thin-walled specimens in multiple orientations (see Section 3.3.3.1.1 for relevance);
quantity, size, and positioning of witness specimens; procedures for planned and unplanned build
interruptions; and the percentage of production builds that must be radiographically examined. All three
standards organizations (i.e., AWS, ASTM, and ISO) define various classes of end-use component
qualifications; The AWS and NASA standards define classes based upon the criticality of a component
and a failure modes and effects analysis, whereas ASTM defines classes solely based on heat treatments.
The intent of the AWS and NASA standards in requiring varying levels of qualification and reporting
based upon the component’s failure modes and effects analysis is to facilitate manufacturer burdens to
levels commensurate with the criticality of a component.

MSFC-SPEC-3717 and MSFC-STD-3716, both published by NASA, provide three significant
contributions not found in AWS D20.1M: statistically sound testing requirements, procedures for setting
design property values, and best practice guidance. MSFC-STD-3716 specifies test specimen quantity
requirements to address powder lot variability, orientation variability, geometry variability, and surface
finish variability with sufficient residual degrees of freedom for statistical significance. Each source of
variability may then be quantified using analysis of variance or similarly appropriate method, and design
values be determined based on quantified variability. This method is in direct contrast to ASTM, which
has assigned static minimum property requirements and therefore design values. By determining design
values based on empirical evidence and allowing for different design values to be used based on LPBF
machine, powder vendor, and scan strategies, MSFC-STD-3716 facilitates the development and
incorporation of improved hardware, feedstock, and scan strategies without requiring continual revision
of codes and regulations. Finally, both NASA documents include significant best practice commentary,
which may be applicable to the development of codes and standards for LPBF components in NPP
applications.

One explicit contradiction in codes was found; AWS D20.1M explicitly recommends not using powder
reuse cycles as a metric for rejecting recycled powder, whereas MSFC-SPEC-3717 and MSFC-STD-3716
suggest using the number of reuse cycles as a metric if the number of reuse cycles has a quantitatively
adverse effect on performance.

Recommendations for Use of Relevant Codes and Standards in NPP Applications

Because of the shortcomings identified above, the authors recommend that ISO/ASTM 52904:2019 and
ASTM F3184 - 16 not be used in developing codes and standards for LPBF components in NPP
applications or referenced as guiding documents. AWS D20.1M, MSFC-STD-3717, and MSFC-STD-
3716 provide a more sound basis for machine, process, and component inspection qualification
procedures. The statistical methodology outlined in MSFC-STD-3716 is recommended both for
quantifying sources of variability as well as determining design values. Contrary to AWS D20.1M
requirements, however, the authors recommend that test specimens initially be sectioned from replicates
of the end-use component after all post-processing when possible rather than cylinders or rectangular
bars. Simplified geometries may not be representative of the microstructures found in complex shapes
such as thin-walled heat exchangers or debris filters, and the material properties of the end-use component
may therefore vary significantly from the simplified geometry. As discussed previously in Section
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3.3.3.1.1, the potential for systematic differences in the porosity in the skin and interior region of the
components can create greater issues in very thin sections than thicker sections. If sufficient empirical
evidence is presented on an alloy-specific basis to demonstrate equivalence or generalized correlations
between the material properties of end-use components and witness coupons, then the recommendation to
section and test end-use components may be relaxed. HIPing and/or scan strategy refinement may help
address the microstructural and porosity concerns and facilitate the use of simplified test specimen
geometry as discussed earlier in greater detail in Section 3.3.2. Gap Analysis

AWS D20.1M, MSFC-STD-3717, and MSFC-STD-3716 provide suitable standards and procedures for
most aspects of feedstock, machine, process, and NDE qualification; however, four topics have been
identified as insufficiently addressed in scientific literature and within current codes and standards. Topics
were identified via scientific literature indicating a need for further research, a lack of scientific literature
on some topics, and a lack of codes and standards specifically addressing some topics. Topics were
ranked according to the breadth of their influence. For example, topic 1—microstructural heterogeneity—
may affect all LPBF components irrespective of whether a component is welded, irradiated, or exposed to
corrosive environments. Conversely, topic 3—technical understanding of LPBF microstructure and pre-
and post-welding in the context of light water reactors—is only pertinent to welded components. All
topics are ranked and discussed in Table 2121.

The topic ranked #1 (i.e., most important) addresses technical difficulties with accurately measuring
material property heterogeneity, which is not covered in existing codes and standards. Topics ranked 2a
and 2b are identified knowledge gaps on the long-term interactions of the LPBF microstructure and
feedstock composition with irradiation response and corrosion rates. Ranked topic 3 has been identified
because no standards currently exist on said topic.

Table 21. Critical gaps in codes and standards related to LPBF 316L in NPP applications.

Rank
1 Microstructural heterogeneity

Codes and
standards

MSFC-STD-3716 section 5.4.2.4

Discussion | The risk of heterogeneity lies in incorrectly assuming homogeneity or incorrectly estimating
the average property as a function of location. Section 5.4.2.4 of MSFC-STD-3716 specifies
that components must be evaluated to determine whether a component is heterogeneous and
the effect of the heterogeneity on material properties but does not specify the form of such
an evaluation. From a codes and standards perspective, a quantifiable definition of
heterogeneity and statistically driven requirements for the locations of specimens, the
orientation of specimens, the number of specimens per component, and the number of
replicate components are needed to quantify the effects of heterogeneity. Such testing
requirements may not be static but instead scale with the number of regions suspected of
having varying microstructures. It is unclear at this time whether such test specimens,
sourced from the final end-use geometry, need be mechanical test specimens or Bakelite-
mounted metallographic specimens.

Heterogeneous microstructures are not necessarily detrimental. Heterogeneity may be
strategically used to improve specific material properties in the locations needed. For
example, by deliberately increasing the average grain size in a specific region of a
component, the ductility of said region will be improved. Alternatively, heterogeneity may
be used to produce comparatively inferior material properties in specific locations to
concentrate crack propagation within those specific locations with the intent that with both
inspections and cracks being concentrated in specific regions, a higher percentage of all
cracks are detected and components replaced promptly. Crack concentration via geometry
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has long been technically feasible; controlled heterogeneity via the LPBF process may offer
similar opportunities with microstructures.

Technical understanding of effects of elemental composition and powder reuse cycles in context of light

water reactors

MSFC-STD-3716 section 5.4.2.2

Codes and MSFC-STD-3717 section 4.1.2.2
standards AWS D20.1/D20.1M appendix C.5.4.2
ASTM F3184-16 section 7
Discussion |Powder degradation due to powder recycling and reuse is a known phenomenon, which can

significantly impact final component performance; however, the economics of LPBF heavily
rely on powder reuse to be cost effective. AWS D20.1/D20.1M appendix C.5.4.2 specifies
tracking several quantitative powder characteristics such as size distribution, chemical
composition, and flowability; additional quantitative criteria may be added as appropriate to
the alloy and / or component application. Acceptance or rejection of recycled powder is then
based upon said characteristics. MSFC-STD-3716 section 5.4.2.2 and MSFC-STD-3717
section 4.1.2.2 specify that quantitative powder metrics correlating to component
performance be identified, quantified, and tracked, but do not specify metrics as alloy
specific standards are needed.

All three standards clearly state that additional powder criteria unique to the alloy may be
added as appropriate. Silicon oxide has been identified in both feedstock 316L and
fabricated components and has been documented as detrimentally affecting SCC crack
growth rates. The authors recommend that silicon oxide content be included as an additional
criterion for powder acceptance/rejection in both virgin and recycled feedstock. It is unclear
at this time whether such a specification should take the form of weight percent, oxide
particle size, counts per volume, or a combination of such metrics. Future efforts to develop
a low—silicon oxide variation of 316L specifically for LPBF may result in other oxides being
preferentially formed (e.g., manganese oxide) with similarly adverse effects; therefore,
additional oxides may need to be included in feedstock metrics.

In addition to silicon oxide content standards, studies are needed to identify whether the
316L chemical composition ranges specified in ASTM F3184-16 are acceptable for light
water reactor applications. Specific items for investigation include as-fabricated phases,
oxides other than silicon oxide, and dendritic microstructures.

Technical u

nderstanding of LPBF weld microstructure and pre- and post-welding heat treatments in the
context of light water reactors

Codes and No standards
standards
Discussion | As discussed in Section 3.3.5Error! Reference source not found., weld shape, penetration,

and phases in LPBF 316L differ from conventional 316L. Existing literature suggests that
uniform low-porosity welds are achievable in LPBF 316L with careful welding parameter
selection; however, the microstructure of LPBF 316L welds has not been well characterized.
In particular, the weld phase(s) and potential elemental segregation have not been
quantified. To the authors’ knowledge, only as-fabricated LPBF 316L welds have been
reported to date; therefore, a knowledge gap also exists with respect to heat treatments prior
to and post welding. The authors recommend that the LPBF 316L weld microstructure and
effect of pre- and post-welding heat treatments be investigated before forming applicable
codes and standards.
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CONCLUSIONS

Conventional subtractive manufacturing starts with an ingot of homogeneous and isotropic material and
shapes it into the desired object with constraints on tooling paths and lines of sight. LPBF sequentially
melts layers of metal powder into the desired shape with constraints on overhangs and unsupported
features. QC in conventional manufacturing primarily revolves around testing statistically significant
quantities of specimens sourced from the same ingot as a component with the reasonable assumption that
the material properties are indistinguishable. The technical challenge in conventional manufacturing is
typically removing material and geometric accuracy. In LPBF the primary QC concern is quantifying and
controlling variability in the fabricated component’s microstructure and therefore material properties.
While progress has been made in demonstrating repeatable manufacturing processes and codifying
requirements in standards, several technical and codes and standards gaps should be addressed prior to the
use of LPBF components in NPP applications. Major technical gaps include software and file control,
sampling methodologies for determining material properties, procedures for planned and unplanned build
interruptions, understanding geometry-scan strategy interactions, and minimizing feedstock
contamination. Major gaps in codes and standards include definitions and procedures to quantify
microstructural heterogeneity, acceptable chemical composition ranges, and pre and post-welding heat
treatment requirements. Each identified gap has the potential to adversely affect material properties in a
probabilistic manner if not addressed. Fabricating components for NPP applications with LPBF will
require the above gaps to be addressed, but offers significant advantages relative to conventional
manufacturing such as reduced lead times, reduced component inventory, potentially superior material
properties, improved geometries, simplified assemblies, and the ability to reproduce nearly any “obsolete”
component from vendors that have gone out of business.
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