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ABSTRACT

The Advanced Materials and Manufacturing Technologies (AMMT) Program is aiming at the faster
incorporation of new materials and manufacturing technologies into complex nuclear-related systems. An
integrated approach, combining advanced characterization, high-throughput and accelerated testing,
modeling and simulation, including machine learning and artificial intelligence, will be employed.
Although 316H (Fe—[16-18]Cr—[10—14]Ni—[2-3]Mo0—[0.04—0.1]C) has been identified as a key alloy to
be integrated into the AMMT accelerated alloy qualification approach because of its relevance for many
current and future nuclear energy reactors, many other alloys could be considered for the advanced
fabrication of innovative, high-performance nuclear components. Argonne National Laboratory (ANL),
Idaho National Laboratory (INL), Oak Ridge National Laboratory (ORNL), and Pacific Northwest
National Laboratory (PNNL) are collaborating on identifying the most promising alloy candidates
relevant for the AMMT Program. A selection criteria matrix was established to evaluate the alloys
considering their relative importance and technological readiness levels for nuclear energy applications,
with a focus on laser powder bed fusion (LPBF). Because of the broad range of potential candidate alloys,
ORNL and INL focused on nickel-based alloys, and ANL and PNNL mainly evaluated iron-based alloys.
PNNL previously published material scorecards reports on several key alloys, and this report provides a
broader overview of iron- and nickel-based candidate alloys, expending beyond alloys well-known to the
nuclear community.

Among the nickel-based alloys, Alloys 718 (Ni—[17-21]Cr—[4.75-5.5]Nb—[2.8-3.3]1Mo0—[0.65-1.15]Ti—
[0.2-0.8]Al, 625(Ni—[20-23]Cr—[8-10]Mo [3.15-4.15]Nb), and 282 (Ni-20Cr—10Co—8.5Mo-2.1Ti—
1.5A1) were considered the most promising alloys because of their printability, superior properties,
significant amount of existing data, availability of commercial powder feedstock, and industry experience
in fabricating complex components. All these alloys received great scorecards, but most of the other
nickel-based alloys could not be evaluated in detail because of the lack of information on additively
manufactured versions of these alloys. Generating data on molten salt-resistant Hastelloy N or Haynes
244 should be considered in the future because these alloys might be key to the development of molten
salt reactors.

To assess the integration of Alloy 282 into the AMMT digital manufacturing framework, ORNL
performed the rapid optimization of Alloy 282 printing parameters on a Renishaw 250 machine, the
fabrication of sufficient materials for extensive characterization and mechanical testing both at ORNL and
INL, and added the printing data into the digital platform via the Peregrine software. INL conducted an
annealing study to determine the optimum heat treatment for LPBF 282 and concluded that 1 h at 1,180°C
would result in a grain size after recrystallization that should provide a balance between the creep and
fatigue properties of the alloy. Additionally, a detailed analysis of the LPBF Alloy 718 was conducted,
with creep specimens being tested at 600°C—650°C and characterized by advanced electron microscopy.
The alloy’s superior creep strength confirmed that LPBF 718 is a promising candidate alloy for the
AMMT Program.

Six different iron-based alloys were selected: three austenitic stainless steels (A709, D9, and alumina-
forming austenitic [AFA]) and three ferritic/martensitic steels (HT9, Grade 91, Grade 92). Customized
powders were obtained from vendors in small quantities to fabricate initial prints to check the printability
of these specific alloys.

In total, 72 single track experiments were performed on two alloy systems—one austenitic stainless steel
(A709) and one ferritic/martensitic steel (Grade 91)—to optimize the process parameters for the full 3D
prints. The optimization led to the selection of 20 different powder processing conditions—10 for each
class of alloys.



D9 and AFA alloys showed extensive cracking and porosity in the samples. This cracking was because of
the less-than-ideal conditions present in the chamber during the deposition. A709 printed using the same
process parameters showed almost fully dense samples with no noticeable porosity or any other defects.
Scanning electron microscopy and electron backscatter diffraction analysis revealed single-phase face-
centered cubic microstructure with cellular structure within the grains.

HT9, Grade 91, and Grade 92 alloys also showed no noticeable signs of cracking, and ImagelJ analysis
showed porosity <0.5% in all conditions. Although Grade 91 and Grade 92 showed single-phase body-
centered cubic microstructures, the presence of martensite laths was noted in the HT9 alloy.

All these results were used to provide the AMMT leadership team with clear recommendations on the
downselection of reactor materials, as well as establish a road map for the characterization and
qualification of these nickel- and iron-based alloys that were selected.

1. INTRODUCTION

Additive manufacturing (AM) allows for the fabrication of complex near net shape components, reducing
the needs for machining, welding, and brazing [1]. Recent studies predict that the large adoption of AM
will drastically affect the supply chain and global economy across multiple commercial sectors [2]. For
the nuclear industry, the Transformational Challenge Reactor (TCR) Program demonstrated that AM
combined with artificial intelligence can deliver enabling technologies for advanced reactors [3]. Digital
manufacturing is of particular relevance, using the tremendous amount of information generated during
printing to accelerate part qualification through analysis by advanced data analytics techniques [4—6].
Three programs across the US Department of Energy (DOE) Office of Nuclear Energy were therefore
combined in FY 2022 to create the Advanced Materials and Manufacturing Technologies (AMMT)
Program, aiming at developing advanced materials and processes for current and advanced nuclear
technologies. As stated in the AMMT Program road map [7], a key goal of the program is the faster
incorporation of new materials and manufacturing technologies into complex products and systems that
support a broad range of advanced nuclear reactor technologies.

Although the core efforts of the AMMT Program aim to demonstrate the potential of AM using stainless
steel (SS) 316H, many other structural materials may be relevant to the program. Thus, four
“Prioritization of Current Reactor Materials for Advanced Manufacturing” work packages at Oak Ridge
National Laboratory (ORNL), Idaho National Laboratory (INL), Pacific Northwest National Laboratory
(PNNL) and Argonne National Laboratory (ANL) aim to identify materials of interest to a broad range of
advanced nuclear reactors and determine their suitability for use with AM laser powder bed fusion
(LPBF). This effort is a continuation of the work initiated at PNNL with the publication of a materials
scorecards report ranking several relevant structural NE materials [8]. Because of the large number of
alloys of interest, ORNL and INL focused on nickel-based alloys, and ANL and PNNL investigated iron-
based alloys; INL and PNNL looked at other alloys, which refers to non-steel and non-nickel-based
alloys. A key goal for the four laboratories was to establish a decision criteria matrix for a fair and
consistent assessment of several potential structural candidate materials. The selection process is based on
potential effects to the nuclear industry, material processability via AM technologies, and improved
performance. The core results presented in this report have been published in reports from each partnering
laboratory, and the main goal of the report is to provide a comprehensive document including detailed
recommendations on a few high-potential alloys to be integrated under the AMMT Program.



2. DECISION CRITERIA MATRIX

The determination of relevant criteria for the selection of reactor materials to be produced by AM for NE
applications is needed to ensure a consistent and transparent decision process. Material scorecards were
developed and reported by PNNL for the following nuclear-relevant materials, with detailed justifications
of the proposed readiness levels: 316 SS, 304 SS, Alloy 800H, Graphite C/C, Hastelloy N, SiC, HT9,
Alloy 617, and Alloy 718 [8]. The scorecards were based on published literature data, industry response
to a survey, stakeholder input collected at workshops, and expert opinions. Six key categories were
considered when evaluating each material: code availability, gaps in data availability for performance
values and measurements, technical maturity for end use/development stage, deployment readiness
requirements, supply chain availability, and programmatic factors. Although significant variability in data
and knowledge gaps were recognized, 316 SS and 304 SS obtained the highest ranking, being the most
common SSs in the nuclear industry, and a variant of 316 SS with higher carbon content, 316H, became
the focus of the AMMT Program. To refine the approach and take advantage of the broad expertise at the
four participating national laboratories, recurrent meetings were organized to discuss, select, and rank a
broad range of relevant criteria for reactor materials selection. The current decision criteria matrix is
shown in Table 1 with six key categories and 34 individual alloy criteria. The initial matrix was presented
at several review meetings and at an industrial workshop at ORNL and was modified based on
participants’ feedback. This matrix is expected to evolve with time based on constant feedback from main
stakeholders. The definition and relevance of each individual criterion will be provided in the final
collaborative report, and information on each category of the decision criteria matrix is provided in this
report.

Table 1. Decision criteria matrix that will guide the selection of materials to be evaluated under the AMMT

Program
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 3 Recycling: —
powder availability: properties: 2 chemistry: 3 2
4
Manufacturing/ | Printability Defects: 3 Post- Processing Weldability: | Surface
components (LPBF): 5 treatment: 3 window: 4 3 roughness
or finish:
2
History and NE Other industry Data Code data Experience Scaling
applications experience: 4 | experience: 3 | availability: 4 | availability: 3 with non- up: 3
LPBF AM:
2
Mechanical Creep: 4 Fatigue: 4 Creep-fatigue: High- Room —
properties 4 temperature temperature:
tensile 2
strength: 3
Environmental Radiation Oxidation Stress Molten salt: 3 Liquid —
effects resistance: 4 | resistance: 2 corrosion metal: 3
cracking: 4
Physical Thermal Solidification- Other Nondestructive — —
properties properties: 2 relevant modeling- examination—
properties: 2 relevant relevant
properties: 2 properties: 2
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 4 microstructure
3 specificity: 3




2.1 MANUFACTURING/POWDER
2.1.1 Powder Availability

In comparison with commercially available wrought or cast alloys, only a few commercial powders are
readily available. When custom-made powders are needed, minimum quantities might be requested from
the powder manufacturer, and powder production will require several months. Similar concerns will
affect other AM feedstocks, such as wires. This long time will have an effect on potential customer
decisions, and many industrial partners expressed concerns related to the AM supply chain. Powder
procurement issues might also complicate research to be conducted under the AMMT Program.

2.1.2 Powder Quality

The quality of the feedstock that is used in the AM process is key to the quality of the final part. The size,
shape, surface morphology, composition, and amount of internal porosity are the main factors to be
considered. The flowability and apparent density, which play a critical role in the printing process, are
dependent on the quality of the powder, which is directly related to the production technique. The main
techniques employed are rotary atomization, plasma atomization, gas atomization, and the plasma rotating
electrode process (PREP). Each technique has its own benefits and shortcomings. Gas atomization and
rotary can lead to irregular shapes or gas entrapment, but plasma and PREP do not have these issues. The
gas entrapment leads to powder-induced porosity, which is very detrimental to the parts. This issue is
offset by the cost of the powders produced by plasma atomization and PREP. Currently, the most-
preferred way of powder production is PREP because it has been known to reduce powder-induced
porosity.

2.1.3 Powder Chemistry

Another very important factor to consider is the powder chemistry/composition. The final chemistry of
the parts is dependent on the initial powder composition. Impurities such as oxygen are, however, easily
picked up either during the atomization process or, depending on the powder composition, in storage. The
loss of metals to vaporization must also be accounted for (e.g., Mn). Although most of the work on LPBF
is done using prealloyed powders, literature has been reported on using mixtures (i.e., using elemental
powders and blending them). This process might lead to inhomogeneity in the final composition of the
parts. The effect of interstitial elements such as oxygen and nitrogen also needs to be considered,
especially when printing reactive materials such as titanium or aluminum-based alloys. Interstitial
elements can also influence the melting kinetics of powder. Another crucial factor to consider is the
optimization of powder chemistry specific to manufacturing techniques. Although conventional processes
have specifications for alloy chemistry, because of the different thermokinetics involved in the AM
processes, it might be ideal to tailor composition to the manufacturing process.

2.1.4 Powder Cost

Because AM is still in infancy in terms of widespread usage, the raw material needed to fabricate the
parts is still very expensive. Depending on the alloy composition, the process used to make the powder
(type of atomization), the source of the powders, and the overall cost of the powders, all can be very high.
Although some of the alloys such as 316L, Ti-64, and IN-718 can be inexpensive owing to them being the
most studied and produced alloys, any compositional variation leads to a tremendous increase in the cost.
The lead time associated with the powder manufacturing/delivery also increases the cost.



2.1.5 Powder Recycling

For powder bed fusion processes to be viable, recycling of the powders is an important factor in terms of
keeping the overall costs down. The recycling of powders could lead to other issues. The two main
concerns would be the change in the composition (because of the evaporation) and oxygen pickup. Alloys
containing elements with higher vapor pressure evaporate more easily, and this evaporation would change
the composition of the alloy when reused. Oxygen intake is a bigger issue for reactive materials (i.e., Ti
and Al alloys). Other factors influence both of these issues: the atmosphere in which the parts are built,
the temperature (elevated temperatures cause more oxygen ingress and also effect evaporation), the
process used to make the powders, and more. A way to counter some of these issues could be to use a mix
of virgin and recycled powder. All four criteria mentioned here involving powders are interconnected.

2.2 MANUFACTURING/COMPONENTS
2.2.1 Printability (Laser Powder Bed Fusion)

The high susceptibility to defects and microstructure inconsistencies during the LPBF process poses a
significant challenge to obtain optimal processing parameters for an alloy that was not previously
investigated. Thus, requirements exist for efficient printability frameworks to effectively determine the
processing parameter window of a given alloy considered as a potential feedstock for LPBF. An ideal
framework integrates experiments, physics-based simulation, uncertainty analysis, and fabrication and
characterization to determine the bounding region in the manufacturing space, resulting in near-full-
density, defect-free parts.

2.2.2 Defects

The defects in LPBF-fabricated products can affect the creep and creep-fatigue properties, and these
properties can be lower than those of wrought counterparts because of the critical role preexisting pores
have on determining the mechanical properties.

2.2.3 Post-Treatment

The postprocessing heat treatment can promote the homogenization of the microstructure to redistribute
residual stresses that are inherent in LPBF-fabricated components. The heat treatment can also improve
the ductility of the as-built component to make it comparable with that of fully annealed wrought
materials. The microstructural anisotropy is also reduced with post heat treatments.

2.2.4 Processing Window

The process window for highly efficient LPBF, ensuring the production of parts with low porosity, is a
critical criterion for fabrication. The processing window comprises laser powers, laser beam diameters,
and velocities of the moving laser beam. Beyond the suitable window for these parameters, the process
can produce detrimental results such as key-holing, balling-up, and lack of fusion in the material.

2.2.5 Weldability

To use the LPBF technique as a commercial production process, joining small parts to build large sizes is
essential. Because the LPBF can produce textured grains, the strength of the welds depends on the
welding direction. The extent of cracking is usually observed to be smaller in samples welded parallel to
the elongated grain orientation than in samples where the welding is performed perpendicular to it.



2.2.6  Surface Roughness/Finish

Fatigue cracks tend to initiate at the surface, making fatigue and creep-fatigue responses very sensitive to
surface roughness. A rough surface finish can detrimentally affect the mechanical performance of LPBF
components, particularly the fatigue and creep-fatigue properties. A substantial improvement in fatigue
performance can be achieved through the minimization of surface roughness via machining. A high-
frequency mechanical impact as postprocessing has been reported to improve uniaxial strength and high-
cycle fatigue performance.

2.3 HISTORY AND APPLICATIONS
2.3.1 Nuclear Energy Experience

Previous experience on AM components for nuclear applications is of great relevance to the AMMT
Program. This experience includes the fabrication of unique, complex components and the generation of a
materials database. Relevant experience also includes the development of methodologies to accelerate the
adoption of AM by the NE industry, such as the TCR digital manufacturing approach.

2.3.2 Other Industries Experience

Several industries have invested heavily in AM over the past few years. This investment is particularly
true for the aerospace and gas turbine sectors, and companies such as General Electric (GE) and Siemens
have developed activities dedicated to AM. Of particular interest is the fabrication of complex
components potentially relevant to the NE industry such as valves, heat exchangers, and more, as well as
approaches to rapidly design quality materials and components.

2.3.3 Data Availability

Another important criterion for the selection of materials to be integrated into the AMMT Program is
current data availability. For the present context, the database should be focused only on additively
manufactured alloys. Having a larger database of published data relevant to nuclear applications would
merit a higher ranking in the matrix compared with alloys that have no published literature. As such, an
alloy such as 316L, which has been extensively studied, would have a higher ranking in the matrix
compared with an alloy such as Grade 92.

2.3.4 Code Data Availability

Code data availability refers to the data specifically approved by the American Society of Mechanical
Engineers (ASME) for nuclear reactor applications. Currently, only six alloys are approved for structural
applications. These alloys would have a higher rating in the decision criteria matrix. For example, the
ranking for 316 SS would be higher than Alloy 625 even though they both have extensive AM literature;
316 SS is ASME code—qualified, whereas Alloy 625 is not. The other factor to consider is the available
literature on AM (which ties in with the data availability). Even though both 316 SS and 9Cr—1Mo are
both code-qualified and have code data availability in wrought form, the former would rank higher
because of the current work on developing an ASTM International’s standard for AM 316 SS.

2.3.5 Experience with Non-Laser Powder Bed Fusion Additive Manufacturing

Although the current work package focuses mainly on LPBF process, the usage of different
manufacturing techniques is also important in terms of understanding and ranking the material. Other



manufacturing techniques include directed energy deposition (DED), electron powder bed fusion, wire-
based DED methods, solid-state processing, and more.

2.3.6  Scaling Up

One of the ways to increase production rates in the LPBF process is to use multiple lasers to parallelize
the process. The production rates can also be increased by maximizing the build rates of each individual
laser. Increasing the layer thickness of the process can also increase the build rates for scaling up the
process.

2.4 MECHANICAL PROPERTIES
2.4.1 Creep

Long-term exposure at high temperatures under constant stress will result in the evolution and
degradation of the microstructure, leading eventually to component failures. Creep testing (ASTM E139
[9]) is a major element of material qualification requiring >500,000 h cumulative testing, with the
duration of some of the tests exceeding 30,000 h. Creep is a major property to consider when selecting
materials for NE structural applications because the component lifetime will be directly related to the
alloy creep performance. The development of accurate lifetime creep models to reduce the need for long-
term creep testing is key to the AMMT rapid qualification approach.

2.4.2 Fatigue

Vibrations and thermal gradients, particularly during start-up and shutdown, can induce cyclic loading on
components. Fatigue testing (ASTM E606 [10], ASTM E466 [11]) is used to understand the detrimental
effects of these load/strain cycles on components and to determine the risk of failure. When considering
fatigue life, the controlling variables are the temperature of the testing, load ranges, and load ratios, along
with the given total strain range and strain ratio (maximum strain/minimum strain) for testing performed
to E606 or, alternatively, if the load-controlled process is used (following ASTM E466 [11]).

2.4.3 Creep-Fatigue

Creep and fatigue damage processes can interact in a synergistic way that leads to failure significantly
earlier than would be expected when considering the individual damages from each of these processes.
Creep-fatigue testing (ASTM E2714 [12]) is used to determine the degree of this interaction. Cyclic tests
are performed with holds at the maximum strain and/or the minimum strain. The amount of damage from
the cyclic load and the amount of damage from creep during the strain holds are determined, and the two
values are typically plotted against each other in the form of a damage interaction diagram (sometimes
referred to as a D-diagram). This interaction cannot be determined solely by creep and fatigue testing
separately and is less-often considered. Optimization of material creep and fatigue properties often
requires opposite microstructure features (e.g., grain size), highlighting the need for creep-fatigue
experiments.

2.4.4 Room-Temperature Tensile Strength
Room-temperature tensile strength (TS), including yield strength (Y'S), ultimate TS, and total ductility,

are determined through tensile tests as described in ASTM E8/E8M. These properties are the basic
mechanical strength of the material.



2.4.5 High-Temperature Tensile Strength

High-temperature tensile properties, determined through tensile testing as outlined in ASTM E21 [14], are
used to determine tensile properties as outlined in the room-temperature tensile testing. These properties
change with increasing temperature.

2.5 ENVIRONMENTAL EFFECTS
2.5.1 Radiation Resistance

Material that will be near the core will see neutron damage. For structural materials, this damage often
causes displacements of atoms from their lattice locations. Radiation resistance refers to the material’s
ability to resist changes in properties under radiation. This ability can be a result of locations (e.g., grain
boundaries, precipitates) that act as sinks for radiation damage or compositions that have lower neutron
cross sections. Because of their specific and often refined microstructure, alloys fabricated by AM may
have radiation resistance differing from wrought counterparts.

2.5.2 Oxidation Resistance

Oxidation resistance is a key property for structural alloys because component lifetime can be directly
affected by the alloy oxidation rates and resulting metal loss. The alloy oxidation behavior is of particular
significance for high-temperature, gas-cooled reactors because impurities in flowing helium can result in
significant oxidation (and carburization). Although oxidation may not be the limiting factor for liquid
metal and molten salt reactors (MSRs), it may affect alloy selection. For example, the low chromium
concentration in molten salt—compatible, nickel-based alloys such as Hastelloy N will hinder the
formation of a protective Cr,O; scale during oxidation at high temperatures.

2.5.3 Stress Corrosion Cracking

The resistance to stress corrosion cracking (SCC) is a critical parameter for many structural nuclear
components. Corrosion rates might be affected by the applied stress and crack initiation, and propagation
can be affected by corrosion products, as well as microstructure evolution because of corrosion. SCC is a
major concern for current light-water reactors but might also be critical for any reactor exposed
simultaneously to stress and a corrosive environment.

2.5.4 Molten Salt Compatibility

For MSR concepts, material compatibility is a major limiting factor and will drastically affect the reactor
operating temperature. Both fluoride and chloride salts are currently being considered, and control of the
salt impurities will reduce corrosion rates. Formation of a stable, protective, chromium-rich scale is not
possible in molten salt environments, and the best-performing alloys have low chromium concentrations
to avoid rapid chromium depletion at the alloy surface. Although capsule tests can provide information on
alloy compatibility, flowing loops are required to capture the dissolution and reprecipitation taking place
at high and low temperatures, respectively.

2.5.5 Liquid Metal Compatibility

Liquid metal compatibility is critical to sodium-cooled or lead-cooled concept reactors. As for molten salt
testing, capsule tests can help with material selection, but flowing systems are required to assess the effect
of material dissolution in the hot zone and reprecipitation in the cold zone.



2.6 PHYSICAL PROPERTIES
2.6.1 Thermal Properties

Thermal properties are the key factors of an alloy that determine how it behaves under different
temperatures, such as close to its melting point. It also determines thermal conductivity and the
coefficient of thermal expansion. These properties can affect the dimensional stability, printability, and
performance of 3D printed materials. Thermal properties can be measured using differential scanning
calorimetry, thermogravimetric analysis, laser flash analysis.

2.6.2 Solidification-Relevant Properties

The powder melting and solidification in the LPBF process is an important key aspect because it controls
the size, shape, and distribution of the grains, the growth morphology, the elemental segregation, and
precipitation. Because of localized, rapid heating and cooling during the LPBF process, the solidification
is linked with multiphysics (such as fluid flow and diffusion of heat and mass) and multiscale (lengths,
times, and temperature ranges) challenges.

2.6.3 Other Modeling-Relevant Properties

The aim of this category was to capture any relevant properties that are needed for the modeling of AM
processes and resulting microstructures. Properties such as viscosity or surface tension of the molten
metal at different temperatures might, for example, be needed for the simulations of solidification
microstructure during LPBF. In addition to experimental data, simulation validation based on these data is
of great interest.

2.6.4 Nondestructive Examination—Relevant Properties

Nondestructive analysis is of particular significance for the AMMT Program because nondestructive
examination (NDE) data are needed for the validation of in situ data at the center of the AMMT digital
manufacturing approach. The relevant properties are specific to the NDE technique under consideration.
For example, the AMMT Program relies heavily on computerized tomography (CT) scans, and the alloy
density is the main property affecting the CT scan resolution.

2.7 MICROSTRUCTURE
2.7.1 Material Homogeneity

Material homogeneity is an important factor for structural components to ensure that minimum required
properties are met. Qualification of wrought or cast materials will require testing of several (at least three)
batches to ensure that the measured properties are not drastically affected by the fabrication process.
LPBF processing typically results in inhomogeneous, as-printed materials, with defects inhomogeneously
distributed and chemical segregations occurring because of rapid cooling. The latter is directly related to
the powder chemistry and processing conditions, and an AMMT work package is currently evaluating the
effect of material heterogeneity on material properties. Notably, the AMMT digital manufacturing
approach aims to predict defects distribution, which might allow for the qualification of inhomogeneous
LPBF materials.



2.7.2  Microstructure Stability

In service, microstructure evolution is a major concern for structure components because it will affect the
component properties and is directly linked to component failures. This failure link is especially true for
LPBF alloys because the rapid cooling during printing results in far-from-equilibrium microstructure. The
disappearance of specific microstructural features such as the as printed cellular structure and coarsening
of fine strengthening precipitates is expected at high temperatures. Stabilization of the microstructure via
specific heat treatments might be considered for some applications.

2.7.3 Laser Powder Bed Fusion Microstructure Specificity

Most alloys that have been considered for the fabrication of AM components are well-known wrought or
cast alloys. Only six of these alloys are currently code-qualified for NE structural applications, which
make them potential candidate alloys for the AMMT Program. Because of the very specific
microstructure of LPBF alloys, the availability of code data might not accelerate the qualification of the
LPBF version of the alloy. One potential solution is to carry out a heat treatment that will result in a
microstructure similar to the microstructure of wrought alloy. For example, high-temperature
recrystallization treatments can significantly reduce the microstructure anisotropy with respect to the
build direction (BD). Alternatively, considering only the six code-qualified alloys drastically limits the
range of potential alloys and applications to be evaluated under the AMMT Program.

3. EVALUATION OF NICKEL-BASED ALLOYS

Nickel-based alloys are of interest to a wide range of advanced reactor designs because of their good
high-temperature strength and general corrosion resistance. Several extensive reviews of nickel-based
alloys in use or considered for nuclear applications have already been published [15—18]. There are
concerns, however, that need to be evaluated with respect to the nickel-based alloys’ printability. LPBF is
essentially a laser-based welding process, and most nickel-based alloys are highly susceptible to cracking
during welding, including solidification cracking, hot tearing, grain boundary liquation cracking, and
strain age cracking. The key reasons are the nickel-based alloy’s wide solidification ranges and high
concentrations of segregating and precipitating elements [19, 20]. LPBF parameters such as scan speed,
laser power, and scan path must, therefore, be carefully selected to minimize porosity and cracking
defects [21,22]. The previous PNNL materials scorecards report focused on four nickel-based alloys well-
known to the nuclear community: 800H, 718, 617, and Alloy N. This report is evaluating a broader range
of nickel-based alloys. Three categories of nickel-based alloys were identified in this report as potentially
of interest to advanced reactor designs:

¢ Alloys with low amounts of cobalt
¢ Alloys with high-temperature strength
e Alloys with good compatibility with molten salts

All nickel-based alloys tend to have good high-temperature mechanical properties; however, some, such
as Alloys 230, 233, 740H, 282, and 617, are particularly optimized for their high-temperature strength.
This strength often comes with the inclusion of alloying elements to create strengthening phases, typically
y' or carbides. Some of those alloying elements, such as cobalt, are not desirable in applications where
they will experience neutron irradiation, so a separate class with low cobalt concentrations was
considered. These alloys, such as Alloys 718, 625, and 800H, tend not to have as good of a high-
temperature strength but are more suitable for applications that will receive irradiation. Notably, nickel in
general has concerns with irradiation and helium generation, so there will always be some restrictions on
the irradiation application of these alloys. Finally, molten salt, particularly of interest to the molten salt—
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cooled reactor designs but also of interest for thermal transport or storage in some other reactor designs,
can cause significant corrosion in materials. Nickel-based alloys, particularly Hastelloy N and Alloy 244,
tend to resist molten salt corrosion because of low chromium concentrations and are likely to see
applications in this environment.

Within the nickel-based alloy family, some alloys are more easily printable than others. A given alloy’s
printability generally depends on its solidification range, ¥’ fraction, phase fraction of topographically
close-packed phases, and impurity concentrations [20, 23, 24]. Figure 1 [20] shows the strain age
cracking propensity plotted against the y' volume fraction, with several of the alloys of interest shown in
the figure. The two factors appear to be linearly related. The alloys of interest for this report are all in the
low—strain age cracking area because of a relatively low y’ volume fraction. The main alloys of interest
will be discussed individually in the following sections, and their nominal compositions are shown in
Table 2
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Figure 1. Relationship between Yy’ fraction and strain—age crack merit index [20].
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Table 2. Nominal compositions of alloys of interest (wt %)

Alloy | 718 | 625 | 800H | 282 |740H | 617 | 230 233 Gslif)" Haslt\?“"y 244
Cr 9 | 2 | 2 20 | 245 | 22 0 19 29 g g
Co < | <1 | — 10 | 20 | 13 5 19 33 — —
Mo | 1< 9 | — | 85 | o1 9 2 75 — 25 | 25
Ti | 09 | <4 | 04 | 21 | 135 | <06 | <01 0.5 0.25 — —
Al | 05 | <4 | 04 | 15 | 135 | 1 <03 33 03 <05 | <05
Fe | Bal | <5 | <395| <15 | — | <3 — <15 — <2 <2
Mn | <035 | <5 | — | <03 | — | <I 0.5 0.4 — 08 | <038
Si_ | <035 | <5 | — | <015 | 015 | <1 0.4 <02 — — —
C | <0.08 | 0.05 | 0075 | 006 | 003 | 0.1 0.1 0.1 005 | <003 | <0.03
B — | — | — | 0005 | — |<0.006] <0015 | 0004 | — — —
Ta — 1 — — — — — 0.5 — — —
Nb | 3 | — | — | 15 | — — — 0.75 — —
w B e S R — <03 3 6 6
P | <0015 | <015| — | — | — | — — — — — —
S <0015 — | — | — | — | <015 | — — — — —
Cu | <03 | — | — | — | — | <05 | — — — — —
Y e S R — [ <0025 | — — —

Zr/La — — — — — — 0.02La | 0.03 Zr — — —
Re — — — — — — — — 1.5 — —
Y203 — — — — — — — — yes — —
Ni 52.5 Bal. 32.5 Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal.

Bal.: balanced
3.1 LOW-COBALT NICKEL-BASED ALLOYS

Low-cobalt nickel-based alloys can be considered for components closer to the core outlet, experiencing
significant neutron fluxes. The three key alloys to be evaluated in this category are Alloys 718, 625, and
800H.

3.1.1 Alloy 718
3.1.1.1 Manufacturing, Applications, and History

Superalloy 718 is one of the most-used nickel-based superalloys with many applications for aircraft and
land-based gas turbine engines [25]. The exceptional strength of the alloy at temperatures up to
approximately 700°C is due to the presence of strengthening nano size Y’ and y” precipitates. While
developing the nickel-based 625 alloy, special metals researchers observed a drastic improvement of the
YS of nickel-based alloys because of the addition of niobium and molybdenum, which led to the
discovery of Alloy 718 [26]. Alloy 718 is currently used in boiling water reactor, pressurized water
reactor, advanced reactor designs such as the gas-cooled fast reactor (GFR) and the very high-temperature
reactor (VHTR) are looking into the potential use of Alloy 718 components for high-temperature
applications [8,15]. As the workhorse alloy for the gas turbines and aerospace industries, companies such
as Siemens Energy and GE have acquired extensive experience in fabricating 718 components by AM. As
an indication of Siemens’s involvement in the AM production of 718, Siemens and Senvol recently
advertised a partnership to commercialize databases for three AM-produced alloys: nickel-based 718,
nickel-based 625, and titanium-based Ti-64 [27]. A broad range of component demonstration projects
involving AM 718 have been reported by GE, from a partnership with Shell to produce an oxygen
hydrogen micromixer [28] to the large-scale fabrication of an advanced additive integrated turbine centre
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frame 718 casing [29]. On the nuclear side, Inconel 718 was a candidate alloy under the TCR program for
several structural elements below the reactor core [30].

Such an interest in AM 718 components has led to the development of a reliable supply chain, with 718
powder being commercially available from many powder manufacturers, including Praxair, Carpenter,
Oerlikon, Powder Alloy Corporation (PAC), and more. It is worth noting that, on the Praxair powder
website, only two powders have dedicated powder datasheets: nickel-based 718 and nickel-based 625
[31]. Carpenter Additive highlights only three nickel-based alloys on its website: Alloy 718, Alloy 625,
and Hastelloy X [32]. Requirements for the 718 powder manufacturing, thermal processing,
microstructure, properties, and more, are covered by the ASTM F3055-14a, Standard Specification for
Additive Manufacturing Nickel Alloy (UNS N0O7718) with Powder Bed Fusion.

3.1.1.2 Microstructure, Mechanical Properties, and Environmental Effects

In addition to the substantial experience from industry, extensive literature has been published on AM
718. In their review article on AM nickel-based alloys in 2021, Sanchez et al. estimated that 192 studies
out of 290 were focused on Alloy 718 (68%) [33]. As previously mentioned, hot cracking is often
considered the main challenge for the printing of nickel-based superalloys and is directly related to the y’
volume fraction and, thus, the aluminum and titanium concentration [20, 34]. With its very low aluminum
and titanium contents, Alloy 718 is considered a printable superalloy, with the only potential defect being
porosity, which can be minimized, and a density superior to 99.9% in the as-printed conditions is
achievable [35]. Tensile data generated at room and high temperatures on as-printed LPBF 718 showed
variations of properties based on the specimen orientation, with higher strength but lower ductility
perpendicular to the BD. Columnar grains along the BD with a cellular structure or fine dendrites have
been reported for the as-printed material, explaining the observed anisotropic tensile behavior for the as-
printed LPBF 718. Additionally, the presence of laves and  phases in the as-printed conditions have a
deleterious effect on the alloy’s tensile properties [36—38]. Many authors have, therefore, studied the
effect of heat treatments and/or hot isostatic pressing (HIP) on the alloy microstructure and performance
[37-43]. As expected, the microstructure and, in particular, the volume fraction of the & phase is strongly
affected by the solution annealing temperature [43], but Taller and Austin [40] showed that tensile
properties at 20°C—600°C are superior or similar to the properties of wrought 718 and can be achieved
after the following HT2 heat treatment: homogenization at 1,174°C for 2 h and 1,204°C for 6 h, solution
anneal at 1,093°C for 1 h, and aging at 718°C and 621°C, both for 8 h. These excellent tensile properties
were due to a recrystallized grain structure, high fraction of y" precipitates, and a low fraction of
intragranular o phase. In addition to tensile data, research teams studied the effect of the microstructure,
surface finish, and heat treatment on the LPBF 718 fatigue performance [44, 45]. Komarasamy et al. [44]
reported a number of cycles to failure similar to wrought 718, both in the as-printed and annealed
conditions, and they concluded that the high-volume fraction of 6 phase at grain boundaries did not
significantly affect the alloy’s fatigue behavior. Kevinsanny et al. performed fatigue testing on HIP and
annealed LPBF 718 specimens, with or without surface polishing, and concluded that the rough surface of
the AM specimen did not decrease the alloy fatigue performance owing to the presence of large equiaxed
grains [45].

Moreover, Sanchez et al. performed creep testing at 650°C and 600 MPa on 718 material fabricated by
LPBF using one or several lasers [46]. Specimens were then machined at 0°, 45°, and 90° with respect to
the BD. All the specimens were heat-treated according to the AMS 5662 standard (i.e., 980°C, 1 h, gas
quench; 720°C, 8 h, furnace cooling; to 620°C, 8 h, gas quench). They observed longer lifetimes for the
specimens machined along the BD, with the multilaser strategy resulting in lifetimes similar to the
lifetimes measured for wrought 718. All the specimens exhibited, however, a very low ductility at
rupture, again with superior results along the BD, with a deformation at a rupture of approximately 7%
but still significantly lower than the 29% average strain measured for the wrought 718 creep specimens. It
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is, however, worth noting that a deformation of approximately 30% for wrought 718 is quite high and
might not be representative of a fully heat-treated wrought 718 [47]. Brinkman et al. analyzed creep data
from several 718 heats and showed that the ductility decreases with the increase of the creep lifetime [48].

Kuo et al. [49] studied the effect of BD and heat treatment on the creep properties of direct metal laser
sintering and observed better performance along the BD. However, in all cases, very low creep lifetime
and elongation at rupture were observed for the AM material in comparison with wrought 718 (strain at
rupture of 7%). They concluded that the inferior AM creep properties were due to d precipitates in the
interdendritic region and the presence of a cellular structure with high dislocation density. The amount of
0 phase decreased with increasing the solution anneal temperature, with nearly complete disappearance of
the & phase at 7> 1,120°C, but increasing the temperature also resulted in grain growth and carbide
formation at grain boundaries [50]. HIP improved the creep lifetime but did not enhance creep ductility at
rupture, with all the AM specimens exhibiting less than 2% deformation at rupture. Wu et al. [51]
conducted similar creep experiments at 650°C and 650 MPa after different heat treatments, and they drew
the same conclusions (i.e., lower lifetime and ductility for the LPBF 718 compared with wrought 718).
They attributed the lower creep lifetime in the as-printed condition to the presence of deleterious o and
Laves phases at grain boundaries, leading to grain boundary cavitation and cracking. Because of the
elongated grain structure along the BD, this degradation mechanism also explains the lower lifetimes
measured perpendicular to the BD.

Finally, it was reported in the PNNL materials scorecards report that no irradiation study has been
published on the LPBF Alloy 718 [8], but Taller et al. recently submitted an AMMT milestone report on
the evolution of LPBF 718 after irradiation at ORNL’s High Flux Isotope Reactor (HFIR) [30]. The heat-
treated LPBF 718 showed negligible differences to the Y'S and ultimate TS at both 300°C and 600°C with
an irradiation of 2 dpa.

3.1.1.3 Alloy 718 Scorecard

In the PNNL materials scorecards report, Alloy 718 received a score of 4 for programmatic factors
because of the use of the alloy in current reactors and the potential use in GFR and VHTR advanced
reactors; a score of 3 was attributed to the alloy for supply chain availability. The 718 score cards based
on the selection matrix criteria is presented in Table 3. Alloy 718 scored well in the powder and
component manufacturing categories because high-quality 718 powder is routinely produced by several
powder manufacturers, and complex components have already been produced for a broad range of
applications. Knowledge of the LPBF 718 extends beyond the NE industry, with tremendous experience
from the aerospace and gas turbines industries. This report focused on LPBF 718, but notably, Alloy 718
has been produced using a broad range of AM techniques, including electron-beam melting (EBM) [52];
DED [53]; wire-based, large-scale AM [54]; and binder jetting [55]. Code data availability is the limiting
factor in the history and applications category, but overall, Alloy 718 scores were high. Mechanical
properties data are already available—in particular, tensile data both at room and high temperatures—but
published data on creep, fatigue, and creep-fatigue are limited. A significant amount of data have likely
been generated by industry, but these results are not publicly available. Partnerships with key industrial
partners such as Siemens or GE could give the AMMT Program access to these data. This current work
described in detail in this report also shows that the AMMT Program could rapidly generate relevant data
to further improve the LPBF 718 scorecard. The microstructure of the LPBF alloy has been extensively
characterized in the as-printed conditions and after various heat treatments, but the long-term stability,
with and without stress, needs to be studied further. This lack of availability is also the case for
information related to environmental effects. Corrosion and/or stress corrosion data for the LPBF 718
alloy are currently missing, but the AMMT Program is in a good position to generate such data and
compare the results with wrought 718. This task was accomplished in FY 2022 and FY 2023 on the
irradiation side, with the generation of unique data at HFIR at 300°C and 600°C.
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Finally, the physical properties required for microstructure prediction during printing (e.g., thermal
properties, phase diagrams) are already available and have been used by several teams to correlate
processing parameters with microstructure. The aerospace industry is also heavily invested in digital
manufacturing, and Alloy 718 has been integrated in approach similar to (but not as advanced as) the
AMMT approach using the Peregrine software.

Table 3. Scorecard for Alloy 718

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 3 Recycling: —
powder availability: properties: 4 chemistry: 4 3
5
Manufacturing/ | Printability Defects: 4 Post- Processing | Weldability: Surface
components (LPBF): 4 treatment: 3 window: 5 4 roughness
or finish: 3
History and NE Other industry Data Code data Experience Scaling
applications experience: 1 | experience: 4 | availability: 4 | availability: 0 | with non- up: 3
LPBF AM:
4
Mechanical Creep: 4 Fatigue: 3 Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile 5
strength: 4
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: 3 resistance: 3 corrosion ND metal: ND
cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 3 relevant modeling- properties:
properties: 4 relevant ND
properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 4 microstructure
3 specificity: 3
ND: not determined

3.1.2 Inconel 625
3.1.2.1 Manufacturing, Applications, and History

Alloy 625 is a solution-strengthened alloy designed for high-temperature structural applications in
corrosive environments, such as turbine components, chemical plant components, and nuclear power
reactor core components [56]. Alloy 625 was found to be highly printable with a wide processing window
by Wong et al. [57]. Similar to 718, 625 powder is widely available from many suppliers and often
highlighted as a key powder product [31, 32].

3.1.2.2 Microstructure, Mechanical Properties, and Environmental Effects

Many studies of LPBF 625 focused on the microstructure and room-temperature tensile properties.
Marchese et al. [58] reported the as-built room-temperature Y'S and ultimate TS in the transverse direction
as 783 MPa and 1,041 MPa, respectively. Tian et al. [59] and Yadriotsev et al. [60] report similar values
in the transverse direction. Yadriotsev et al. reported that the YS and TS in the BD is 800 MPa because of
the anisotropic as-built microstructure, and the TS is similar to the transverse direction at 1,030 MPa.
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Most authors did not report tensile properties in the BD. These values are stronger than the rolled and
annealed wrought values reported in [19], which are approximately 530 MPa and 930 MPa, respectively.

Limited data exist for high-temperature properties of LPBF 625. Lee et al. [61] reported the high-
temperature tensile properties at several temperatures and compared them with wrought values. They
found that the as-built YS and TS of LPBF IN625 at 700°C were 520 and 743 MPa, respectively. The
fully recrystallized microstructure had YS and TS values of 280 and 615 MPa, respectively, at 700°C.
Both of these conditions were stronger than the wrought 625 material at 700°C, which had a YS and TS
of 210 and 612 MPa, respectively. Kim et al. [62] reported tensile and fatigue data of HIP LPBF 625 at
650°C. They found that the YS and TS values were 246 and 637 MPa, respectively. The YS was similar
to the wrought value, but the wrought TS was higher at 721 MPa. Despite undergoing HIP, the LPBF
material still had worse fatigue performance than the wrought component in the high cycle fatigue region.

Son et al. [63] studied the creep behavior of LPBF IN625 at 650°C and 800°C. They found that the creep
strength of LPBF 625 was the same or better (in the case of HIP parts) than wrought IN625 at a given
strain rate. However, the creep ductility of LPBF parts was significantly inferior to wrought IN625.

A few authors investigated the oxidation resistance of LPBF 625. Ramenette et al. [64] found that as-built
LPBF 625 had significantly worse oxidation resistance than wrought IN625 at 1,050°C because of the
inherent segregation of molybdenum and niobium to boundaries during the LPBF synthesis. At 900°C,
the oxidation resistance of LPBF 625 was only slightly worse than that of wrought IN625. Lewis et al.
[65] found that heat treating LPBF 625 at 1,177°C to recrystallize it produced an oxidation resistance at
950°C that was almost as good as that of the wrought material.

Andurkar et al. and Keya et al. [66, 67] studied the irradiation response of wrought and LPBF 625
samples under fast neutron irradiation. They found that LPBF 625 exhibited less irradiation-induced
hardening than wrought IN625. Andurkar et al. also found that the as-built BD samples underwent less
irradiation-induced hardening than other orientations. Cieslik et al. [68] studied the irradiation response of
LPBF and wrought IN625 under ion irradiation. Contrary to the results of Andurkar et al., they found that
the LPBF material had a higher hardness change than the wrought material after ion irradiation.

3.1.2.3 Alloy 625 Scorecard

The score cards for alloy 625 is given in Table 4. A great similarity with the score card of 718 is evident
because both of these alloys are critical to the aerospace industry. Both powders are commercially
available from many powder manufacturers, and a broad range of components are routinely fabricated.
The mechanical properties are overall better for 718, but notably, 625 could be considered for
temperatures above 700°C, the temperature at which the mechanical properties of 718 will start to
drastically decrease.
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Table 4. Scorecard for Alloy 625

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 3 Recycling: —
powder availability: properties: 4 chemistry: 4 ND
5
Manufacturing/ | Printability Defects: 4 Post- Processing | Weldability: Surface
components (LPBF): 4 treatment: 3 window: 5 4 roughness
or finish: 3
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 3 | availability: 3 | availability: 0 | with non- up: 2
LPBF AM:
4
Mechanical Creep: 3 Fatigue: 2 Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile 4
strength: 3
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: resistance: 3 corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 3 relevant modeling- properties:
properties: 4 relevant ND
properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 4 microstructure
3 specificity:
ND
ND: not determined

3.1.3 Alloy 800H

Alloy 800H (Fe—[30-35]Ni—[19-23]Cr—[0.05-0.1]C) was discussed extensively in the PNNL materials
scorecards report. A high programmatic factors score was given to the alloy because of its potential use in
nuclear reactor designs such as MSRs and VHTR. It was, however, noted that very little is known of the
alloy fabricated by AM, with only two papers by Yang et al. investigating the sensitization and stress
corrosion cracking performance of LPBF 800H in the as-printed and annealed conditions [69, 70]. The
report mentioned that 800H powder can be ordered from Carpenter Powder Products, but the company
was contacted and has stopped producing the alloy. A powder quantity of approximately >500 1b would
need to be ordered for Carpenter to consider producing the alloy. A detailed evaluation of the LPBF 800H
will be provided in the next report, but the alloy readiness score will be low because of a lack of
information on AM 800H and limited powder availability. The alloy 800H scorecard is given in the
Appendix A, but the overall scores are considerably lower because of the lack of powder availability and
published data.

3.2 HIGH-TEMPERATURE, HIGH-STRENGTH ALLOYS

These high-temperature alloys offer much more high-temperature capability compared with austenitic
steels but cannot be considered for applications in the vicinity of the reactor core due to their high cobalt
content. Although 617 is an obvious candidate alloy as the only nickel-based alloy code-qualified, other
alloys of interest will be discussed—in particular, Haynes 282—because of their superior high-
temperature performance.
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Because most alloys studied do not have sufficient high-temperature mechanical property data for
samples manufactured by LPBF, a comparison can be made using the published wrought properties.

Figure 2 shows the wrought stress—rupture data taken from the manufacturer brochures [56, 71-75] for
several of the alloys studied. H233 does not have sufficient data to add to the figure. The figure shows
that the precipitation-strengthened alloys IN740H, H282, and H244 have higher creep-rupture strengths
than the 625 and 617 solution-strengthened alloys in the temperature range of 650°C-760°C. At 760°C,
the y" precipitation in H244 apparently coarsens and/or dissolves, reducing its strength to the same level
as IN625. At temperatures above 927°C, the vy’ precipitation in IN740H and H282 dissolves, reducing
their strength levels to that of the solution-strengthened alloys. GRX-810 appears to have a higher creep-

rupture strength than IN617 at high temperatures because of its oxide dispersion—strengthened (ODS)
component.

A larger data set was used to generate the Larson—Miller plot displayed in Figure 3, comparing the creep
performance of 718, 617, 282, 230, 244, and Hastelloy N alloys [71-72, 76-79]. Again, a significant
improvement in creep performance is observed for Alloy 282 when compared with Alloy 617 for Larson—
Miller parameter (LMP) values less than approximately 27,000, corresponding to temperatures lower than
approximately 850°C. Alloy 230, another solution-strengthened alloy, exhibits similar properties as 617.
Notably, Alloy 282 exhibits a similar behavior as Alloy 718 at high stresses and low temperatures, but at
temperatures >700°C, y' precipitates in Alloy 282 are more stable than the y” in Alloy 718.
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Figure 2. Creep stress—rupture data for alloys of interest. Data taken from [56, 71-75].
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Figure 3. Comparison of the creep properties of Alloys 617, 282, 230, Hastelloy N, and 244 using an
LMP plot.

Figure 4 shows a comparison of high-temperature YS data from both wrought alloys and the LPBF data
that are available [56, 71-74, 80—82]. Again, the precipitation-strengthened alloys have higher strengths
than the solution-strengthened alloys over most of the temperature range. At the highest temperatures, the
YSs of all alloys are very similar. As stated previously, the high-temperature YS values of the alloys
made by LPBF are very similar to or, in some cases, better than those of the wrought alloys.

Figure 5 [83] shows a comparison of the maximum allowable stress per the ASME Boiler and Pressure
Vessel Code as a function of temperature for various wrought nickel-based alloys. The allowable stress

follows the trends shown in Figure 2, Figure 3, andFigure 4, as expected.
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3.2.1 Alloy 282
3.2.1.1 Manufacturing, Applications, and History

Haynes 282 (Ni-20Cr—10Co—-8.5Mo—2.1Ti—1.5Al) is a y'-strengthened superalloy developed by Haynes
International for high-temperature structural applications, especially for the aerospace and land-based gas
turbines industries [84]. The 282 alloy was identified as a potential candidate for advanced ultra-
supercritical components such as steam turbine disk (wrought) or turbine valve body (cast), which led to
an extensive study of the alloy creep, fatigue, and creep fatigue performance [85-87]. The ASME Boiler
and Pressure Vessel Code Case 3024 was approved in 2021 for Alloy 282 [88]. Because of potential
applications in steam and supercritical CO, systems, the high-temperature corrosion performance of Alloy
282 has been evaluated in various environments at 700°C—800°C [83, 89—94]. Small mass changes have
been observed at 750°C for up to 10,000 h of exposure with limited internal oxidation penetration, and
oxidation in steam or supercritical CO; is not considered as a critical factor for the alloy up to 750°C.

Haynes 282 powder is a commercial product proposed by several key powder manufacturers, including
Praxair, Oerlikon, Hogonas, and PAC, and key AM machine manufacturers such as Renishaw and EOS
can provide recommended printing parameters for the alloy. A few research projects are exploring the use
of LPBF 282 for the fabrication of high-temperature supercritical CO; heat exchangers [95, 96], but
limited information has been shared by industry on current applications.

3.2.1.2 Microstructure, Mechanical Properties, and Environmental Effects

A key goal when developing alloy 282 was to balance the alloy strength and fabricability by carefully
controlling the titanium and aluminum contents to achieve a y' volume fraction of approximately 20%
[84]. As shown in Figure 1, this relatively low volume fraction of strengthening y' for a superalloy is also
limiting or suppressing hot cracking during AM printing, which explains the growing interest for the alloy
from the LPBF community and gas turbine industry. Crack-free, high-density LPBF 282 has been
fabricated, and the as-printed microstructure consisted of textured grains elongated along the BD, also
with the presence of a cellular structure [81, 97-98]. Slightly lower YS and ultimate TS and higher
ductility have been reported for the as-printed LPBF 282 in comparison with wrought 282, with higher
strength but lower ductility perpendicular to the BD [97]. After conducting a full heat treatment with a
solution annealing at 1,150°C for 1 h and the standard double-aging treatment—2 h at 1,010°C followed
by 8 h at 788°C—the situation was reversed, with higher YS and ultimate TS for the annealed LPBF 282
compared with wrought 282 but lower ductility. Shaikh et al. also measured tensile properties at 800°C
and reported similar strength for the annealed LPBF 282 and wrought 282 but higher ductility for the
wrought alloy [97]. Notably, the standard solution annealing at 1,150°C for 1 h did not result in alloy
recrystallization, as already mentioned by Christofidou et al. [99]. To achieve recrystallization, Boswell et
al. annealed the LPBF 282 alloy for 1 h at 1,250°C, followed by a one-step aging treatment at 788°C for §
h [98].

To date, no fatigue data have been published on LPBF 282, and only a few short-term creep tests have
been performed on annealed LPBF 282. Boswell et al. performed 10 creep tests at 750°C and 410 MPa,
and the approximately 80 h lifetime was consistent with wrought 282 data [98]. Shaikh et al. carried out
creep testing at 927°C and 89 MPa, and the lifetime was superior to the lifetime for wrought 282 along
the BD but inferior perpendicular to the BD [81]. Boswell et al. annealed the material at 1,250°C and
achieved recrystallization while elongated grains along the BD were still present after 1 h at 1,150°C for
the LPBF 282 material creep tested by Shaihk et al. [81]. The 30 nm Yy’ precipitates were observed by
Shaihk et al. [81], as expected from the standard single- or double-aging heat treatments for Alloy 282
[100], but Boswell et al. observed larger nonspheroidal y’ precipitates because of a slow cooling rate after
the solution annealing treatment. Finally, no data are currently available on the alloy performance under
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irradiation, but one study looked at the oxidation behavior of LPBF and EBM 282. Romedenne et al.
discovered that recrystallized LPBF 282 had slightly worse oxidation resistance at 800°C and 950°C
compared with as-cast 282 because of its fine grain structure, resulting in faster diffusion of titanium at
the surface and incorporation of titanium into the protective chromium-rich scale [101].

3.2.1.3 Alloy 282 Scorecard

Alloy 282 powder is a commercial product routinely produced by key manufacturers. The alloy is
considered for AM applications such as supercritical CO» heat exchangers [95-96]. Because of its
relatively low y’ content at approximately 20%, the alloy is relatively easy to print, and hot cracking is not
considered a major challenge (see Figure 1). An alloy density of >99.5% [81, 97-98] has been achieved
by several teams. As will be described later in this report, this current work has shown that a relatively
large processing window exists for the alloy. For these reasons, Alloy 282 received high scores in the
powder and component manufacturing categories but not as high as Alloys 718 or 625. The PNNL
materials scorecards report did not evaluate Alloy 282 because the alloy is not currently considered for
nuclear applications. The alloy is, however, well-known by the aerospace, gas turbines, supercritical CO»,
and concentrated solar power communities, with growing interest in LPBF 282. In addition to LPBF,
several studies have investigated the microstructure, tensile properties, creep properties, and crack
propagation of Alloy 282 fabricated by EBM [102-104], and Alloy 282 wire is available for large-scale
AM studies. Therefore, average to low scores were given to the alloy in the history and applications
category. Mechanical properties data are already available, mainly for tensile properties at room and high
temperatures, and the limited creep studies indicate that LPBF 282 should perform better at high
temperatures than Alloy 617 (and likely LPBF 617). With the appropriate heat treatment, recrystallized
microstructure with a high density of nano-strengthening y’ precipitates can be achieved, similar to the
wrought 282 microstructure. Alloy 282 scored, therefore, very well to well in the mechanical properties
and microstructure categories. Limited information did not allow for scoring most of the criteria in the
environmental effects and physical properties categories.

Table 5. Scorecard for Alloy 282

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 3 Recycling: —
powder availability: properties: 4 chemistry: 3 ND
4
Manufacturing/ | Printability Defects: 4 Post- Processing | Weldability: Surface
components (LPBF): 4 treatment: 3 window: 3 3 roughness
or finish: 3
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 2 | availability: 3 | availability: 0 | with non- up: ND
LPBF AM:
3
Mechanical Creep: 5 Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile 5
strength: 5
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: resistance: 3 corrosion ND metal: ND
ND cracking: ND
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Table 5. Scorecard for Alloy 282 (continued)

Category Criteria and corresponding ranking
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 3 relevant modeling- properties: 3
properties: relevant
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 3 microstructure
3 specificity: 4
ND: not determined

322 Alloy 617

Alloy 617 (Ni-[20-24]Cr—{10-15]Co—[8-10]Mo0—[0.65-1.15]Ti-[0.8—1.5]Al-[0.05-0.15]C) was
discussed in detail in the PNNL materials scorecards report [8]. The attractiveness of Alloy 617 comes
mainly from the alloy code qualification in 2019 for the construction of nuclear components in ASME
Boiler and Pressure Vessel Code Section IIlI. As a solution-strengthened alloy with temperatures of use
up to 950°C, Alloy 617 is considered for VHTR designs. The alloy’s high strength is also of interest for
MSRs, but the high chromium content limits the alloy’s compatibility with chloride and fluoride salts.
The drawbacks of Alloy 617 are the lack of powder availability and the limited number of studies
published to date on AM 617. Although 617 powder is not currently a commercial product, ordering 617
powder from Praxair is occasionally possible based on other customers’ requests, and 90 1b of Alloy 617
will be acquired in October 2023 to assess the alloy printability. To the authors’ knowledge, only two
papers have been published on the fabrication and characterization of Alloy 617 by AM, and in both
cases, the alloy was fabricated by wire-based AM [105-106]. The 617 scorecard is given in Appendix A,
as well as the scorecards for the alloys discussed in the next sections. Most of the criteria could not be
evaluated because of a lack of available information.

3.23 Alloy 230

Haynes 230 (Ni-22Cr—14W-2Mo—0.02La) is a solution-strengthened alloy developed by Haynes
International with a high tungsten content and is known for its good oxidation resistance in various
environments. Creep data from the Haynes database were added to the LMP plot in Error! Reference
source not found., showing creep strength similar to the creep strength of Alloy 617. The alloy is mainly
used in the aerospace and power industries because of its microstructure stability and corrosion resistance
at high temperatures. Alloy 230 powder is a commercial product produced by several powder
manufacturers such as PAC, Hoganas, and Oerlikon. Only a few recent studies have been published on
AM 230 [107-109], but the chemistry of the powder was modified to facilitate printing. Alloy 230
powder has been received from PAC, and printing of the powder was initiated in September 2023. It will
provide the opportunity to directly compare the microstructure, tensile, and creep properties of LPBF 230
and LPBF 617, in addition to the current work on LPBF 282.

3.24 Alloy 233

Haynes 233 (H233) is an aluminum-containing solution and carbide-strengthened alloy designed for
extreme high-temperature oxidation resistance [110]. It can be precipitation-strengthened at intermediate
temperatures. Because it has a significant cobalt addition, it should not be used for in-core applications.
No data on H233 parts produced by LPBF are available in the published literature. H233 powder can be
made by licensed suppliers but is not generally available off the shelf.
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3.2.5  Alloy 740(H)

Inconel 740 (Ni-24.5Cr-20Co—1.35A1-1.35Ti—1.5Nb) is a nickel-based, y'-strengthened superalloy
produced by Special Metals. The alloy is often compared with Alloy 282 with similar creep strength and
is considered for similar applications [85, 89-94]. Alloy 740(H) powder is not currently a commercial
product, and it was decided to focus attention and resources on Alloy 282 in FY 2023. Notably, a
researcher from Special Metals attended the AMMT industrial workshop, highlighting a growing interest
in AM technology from the company.

3.2.6 GRX-810

GRX810 is an ODS, high-cobalt, medium-entropy, nickel-based alloy invented by NASA [75] as a
printed nickel alloy for very high-temperature service at temperatures >810°C. As shown in Figure 2,
initial data show superior creep strength at 1,093°C compared with other nickel-based alloys. Because it
contains cobalt, it cannot be used for in-core applications. GRX-810 powder is not yet available from any
commercial suppliers. It requires a specialized acoustic mixing step to incorporate Y.Oj3 dispersoids into
the metal powder [75].

3.3 LOW-CHROMIUM, MOLTEN SALT-COMPATIBLE, NICKEL-BASED ALLOYS
3.3.1 Hastelloy N

Hastelloy N (Ni-7Cr—16Mo) was developed by ORNL for use in ORNL’s MSR. The alloy, with its low
chromium content, continues to be a reference in terms of molten salt compatibility [111]. The alloy was
extensively discussed in the PNNL materials scorecards report [8]. Although the alloy scored well in the
programmatic factors category owing to its importance for MSRs, the overall rating of the alloy was low
because Hastelloy N powder is not a commercial product, and very limited work has been conducted on
Hastelloy N fabricated by AM. However, very recently, Pillai et al. demonstrated fabrication by DED of a
graded structure from the chemistry of Hastelloy N for molten salt compatibility to the chemistry of Alloy
282 for high creep strength [112]. Discussions with Praxair were initiated by both ORNL and INL to
obtain a custom-made batch of Hastelloy N, and printing will likely take place in FY 2024.

3.3.2  Alloy 244

Alloy 244 (Ni-8Cr—22.5Mo—6W) was developed by Haynes as a high-temperature, low—thermal
expansion coefficient alloy. The low chromium content makes the alloy attractive to molten salt
applications, and the creep data shown in Figure 2 and Figure 3 highlight the alloy’s excellent creep
strength, with lifetimes two orders of magnitude longer compared with Hastelloy N when tested under
similar conditions. One drawback is the high concentration of refractory elements, leading to a higher
cost. As for Hastelloy N, the alloy is not commercially available, and no work has been conducted on AM
244. The fabrication for the first time by LPBF of the alloy is of interest for MSRs, and Alloy 244 powder
will likely be purchased from Hoganas in FY 2024. The goal is to assess the printability of the alloy,
optimize the microstructure, and generate tensile data. LPBF 244 should offer much-higher temperature
capability in comparison with LPBF Hastelloy N.

4. ONGOING CHARACTERIZATION OF NICKEL-BASED ALLOYS

41 ALLOY 718

As mentioned previously, limited creep studies have been published on LPBF 718, all reporting lower
lifetime and lower ductility compared with wrought 718. The use of LPBF materials previously fabricated
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under the TCR program was a great opportunity to initiate creep testing on material with a well-known
pedigree [30, 40]. Because the material exhibited excellent tensile properties after the HT2 heat treatment
described previously, it was decided to assess the material creep properties in the as-printed and after
exposure to HT2. A Concept X-Line 2000R machine at the Manufacturing Demonstration Facility (MDF)
was used to fabricate a large block, and the powder chemistry provided by the supplier was Ni—18.22Fe—
19Cr-5.15Nb-0.93Ti—-0.5A1-0.04S1-0.04C—-0.0012N—-0.0160 in weight percent. The large block was
sectioned into four identical pieces with nominal dimensions of 59 x 18 X 15 mm, and one was heat-
treated according to HT?2.

Prior to creep testing, microstructural evaluation was performed at the grain level and lower length scales.
Standard metallographic grinding using successively finer grits of SiC paper and polishing using diamond
solutions with successively decreasing particle sizes of 6 pm, 3 um, and 0.25 pm were performed until a
mirror-like surface was achieved with approximately 0.02 um silica particles. Surface characterization
was performed on a Tescan MIRA3 GHM scanning electron microscope using 20 keV electrons. Electron
backscatter diffraction (EBSD) Kikuchi band patterns were collected on an Oxford Instruments Symmetry
EBSD detector with AZtec software using a step size of 1 um. At each point, the AZtec software indexes
the Kikuchi band structure and determines the Euler angles of the lattice. The open source MTEX toolbox
[113] was used to generate orientation maps and inverse pole figures and to determine grain sizes from
the Euler angles exported from AZtec for grains consisting of more than five pixels. The equivalent grain
diameter was calculated by taking the area of the 2D grain determined by the orientation map, A, and
assuming a circular area through Equation 1, and the degree of sphericity was calculated from this
diameter, the grain boundary area, and the length of the grain perimeter, P, through Equation 2. The
sphericity, P, ranges from 0.5 being a perfect circle to 0 being a straight line.

A
deq = 2\/;, and (D

YW=—r—. (2)

Microstructure characterization occurred at regions nearest to the gauge region of the SS3-type dog bone
specimens and consisted of backscattered scanning electron microscopy (BSE-SEM) with electron
backscatter diffraction (EBSD) to quantify grain size and morphology. An example of the length scales of
this investigation are shown in Figure 6 for the as-printed LPBF 718. Even with the minimal contrast
from typical BSE-SEM imaging, a columnar grain structure is visible, oriented along the BD. This texture
became apparent in the EBSD grain orientation maps, shown in Figure 7 with the corresponding
sphericity. Many grains in the as-printed LPBF Alloy 718 displayed a [001] orientation or near there and
elongated preferentially in the BD. This characteristic is evident in the sphericity, where larger grains
display a lower degree of sphericity. Within the grains, the color intensities corresponding to grain
orientation are not uniform, suggesting a degree of residual stress internal to the grains causing minor
variations in crystal structure. The observations in the as-printed LPBF Alloy 718 are in stark contrast to
the HT2 condition in which the grains are much larger with uniform orientations within each grain.
Transmission electron microscopy (TEM) revealed the presence of a high density of y" in HT2 [40]. TEM
of as-printed Alloy 718 is ongoing to determine the nanoscale microstructure and assess heterogeneities
such as a dislocation cell structure that may influence the creep behavior.
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Figure 6. Overview of the microstructure characterization across length scales for as-printed superalloy 718
near the gauge region of a creep dog bone.
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Figure 7. EBSD orientation maps for as-printed LPBF Alloy 718 with regions corresponding to those
identified in Figure 6, with corresponding measures of grain sphericity and a representative EBSD grain
orientation map for HT2.
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For creep testing, SS3-type dog bone specimens with a gage length of 7.62 mm and a gage section of

1 x 2 mm were machined along and perpendicular to the BD from an as-printed approximately 9 x 29 x15
mm LPBF 718 rectangular block, as shown in Figure 8. Specimens were also machined along the BD
from the block annealed according to HT2, and all the specimens were polished using 600 grit sandpaper
before creep testing. Testing was then conducted on dead-load frames equipped with a radiation furnace
using custom-made high-temperature grips for shoulder loading. Rods clamped to the top and bottom
grips were connected to two linear variable differential transformers to generate semiquantitative creep
curves. Two thermocouples were attached to the specimens, and the temperature was controlled within
+2°C of the target temperature. Creep testing was conducted at 600°C with an applied stress of 750 MPa
and at 650°C with an applied stress of 600 MPa or 650 MPa. Generated creep curves are shown in Figure
9, and the creep results are summarized in Table 6.

As reported in the literature, most of the specimens exhibited low ductility, with a 2%—-5% ductility at
rupture except for one HT2 specimen, which had a ductility of 9.5%. The creep lifetimes were slightly
superior for the HT2 specimens compared with the as-printed specimens, and the lifetime was marginally
higher along the BD in the as-printed condition. These results are compared in the Larson—Miller plot
presented in Figure 10 with creep data for wrought 718 from Haynes International and LPBF 718
literature data [39, 42—44]. The LMP was calculated according to the relation in Equation 3:

LMP =T x (C + log[t,]), 3)

with C = 20, temperature 7 measured in in kelvin, and time to rupture # measured in hours.

40

30

|

".I'jl'tu f ": i 'li,xi‘J‘.h I

10 20
No 10i¢ 131

‘V
|

- i ’/ W » . & y " 8
S s L b P
TN e U i il SR RN WML D o ) : .

Figure 8. (a) LPBF 718 block used to machine the as-printed specimens along and perpendicular to the BD,
(b) block used to machine the annealed specimens along the BD, and (c) example of one annealed specimen
before testing.
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The specimen lifetimes are overall consistent, with expected lifetimes for wrought 718 and superior to the
lifetimes reported in the literature for LPBF 718. The low deformations at rupture are also consistent with
reported results for LPBF 718 [46,49-51]. Significant data scattering is expected for the deformation at
rupture for wrought 718 [48], but ductility at rupture lower than approximately 2% for LPBF 718 might
be a concern for NE structural applications.

Table 6. Summary of the creep tests conducted on as-printed and annealed LPBF 718

Specimen Condition Orientation | Temp. (°C) | Stress (MPa) | Lifetime (h) LMP
9VSi As fabricated BD 650 650 385 20850
9VS6 As fabricated BD 600 750 724 19960
9HS3 As fabricated | Per. To BD 650 650 357 20819
9HS6 As fabricated | Per. To BD 600 750 524 19837
9281 HT2 BD 650 650 18 19622
9283 HT2 BD 650 650 463 20924
92S6 HT2 BD 600 750 991 20079
92584 HT2 BD 650 600 536 20982

Per.: perpendicular
10
9] LPBF 718 HT2 591 LPBF 718
600°C, 750MPa 650°C
8 7 AsP, Long., 650MPa
7 .
g 6 AsP, Long. g 3 HT2, 650MPa
£ 37 £
g 44 i AsP, Per., 650MPa
) )
34 2, 600MPa
2 -
1 mmm—
) ) ] 0 ) ) ) ) )
a) 0 200 400 600 800 1000 b) 0 100 200 300 400 500 600 700
Time (h) Time (h)

Figure 9. LPBF 718 creep curves for the as-printed and annealed specimens: (a) 600°C, 750 MPa; (b) 650°C,
600 MPa or 650 MPa. AsP. stands for As-printed, Per. indicates perpendicular to the BD, and Long. indicates along
the BD.

The ruptured specimens were then cross-sectioned and polished using standard metallographic techniques
as described previously. BSE-SEM micrographs are shown in Figure 11 for the specimen tested at 650°C
and 650 MPa in the as-printed condition and tested along the BD. Only a few cracks were observed, and
as shown in Figure 11b, these cracks were related to void formation at grain boundaries. As shown in
Figure 11b—6c, the initial cellular structure was still present after 385 h at 650°C, with elongated cells
approximately 1 um in size. Figure 11c also highlights locally the formation of a dendritic structure rather
than a cell structure with significant chemical segregation, as illustrated by the niobium energy-dispersive
x-ray spectroscopy (EDS) map in Figure 11d.
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Figure 10. Comparison in a Larson—Miller plot of the creep performance of the LPBF 718 alloy with wrought
718 according to the Haynes data sheet and LPBF 718 literature data [46, 49-51].
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a) BSE-SEM

Figure 11. BSE-SEM cross section micrographs of the as-printed specimen machined along the BD after
creep testing at 650°C and 650 MPa for 385 h.

As shown in Figure 12, similar microstructural features were observed for the as-printed specimens tested
at 650°C and 650 MPa perpendicular to the BD. Voids and cracks were again observed mainly at grain
boundaries with the clear presence of a cellular structure. The EDS elemental maps in Figure 13 revealed
the segregation of molybdenum and niobium at the cellular structure level. Although segregation of
titanium was not clearly observed, several authors have reported the formation of (Mo, Nb)-rich Laves
phases in the walls of the LPBF 718 cellular structure [44, 49—50]. Figure 13a revealed that similar
precipitates have formed at grain boundaries, with also the presence of chromium-rich precipitates.

As shown in Figure 14, the microstructure was very different for the HT2 specimen creep tested at 650°C
and 650 MPa for 463 h. As described in [30, 40] and shown in Figure 7, the HT2 heat treatment resulted
in the formation of equiaxed grains and the disappearance of the cell structure, consistent with Figure 14b
and Figure 14c. Cracking was again observed only at grain boundaries, with the presence of coarse
precipitates, identified in Figure 15 as (Nb,Ti)-rich carbides. The higher magnification micrograph in
Figure 14d highlights the presence of the nano size-strengthening Y’ and y” precipitates, but TEM is
needed for in-depth characterization of these precipitates.

The microstructure for the as-printed longitudinal specimen tested at 600°C and 750 MPa was very
similar to the microstructure at 650°C and is not reported here. On the contrary, the microstructure for the
heat-treated HT2 specimen tested at 600°C and 750 MPa was quite different compared with the
microstructure observed at 650°C, and BSE-SEM micrographs are shown in Figure 16. Cracking was, as
always, observed at grain boundaries, but needle-like precipitates, likely 6 phase, were observed all over
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the specimen. These & precipitates made it more difficult to image the nano y" and y" precipitates, but
Figure 16d clearly reveals the presence of these precipitates. EBSD and TEM will be conducted to clearly
identify and quantify all the precipitates in these creep-tested specimens. Although the characterization of
the postcreep microstructure is in progress, the strong agreement between the LPBF 718, with or without
HT2, and the wrought 718 on the Larson—Miller plot suggests the strong differences in initial grain
structure and the nanoscale dislocation cell structure are not the primary influence on creep performance;
precipitating phases may be the dominant microstructure feature.

Additionally, although the creep lifetimes presented here are superior to what has been reported in the
literature for LPBF 718, likely because of the specific HT2 heat treatment, including homogenization at
1,174°C and 1,204°C, further improvement in creep ductility might be needed for NE applications. In
collaboration with other high-temperature alloy programs, additional 718 material will be printed and
annealed to further improve understanding of the process—microstructure—creep properties relationship at
550°C-700° C.

Figure 12. BSE-SEM cross section micrographs of the as-printed specimen machined perpendicular to the
BD after creep testing at 650°C and 650 MPa for 357 h.
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Figure 13. (a) BSE-SEM micrograph of the as-printed specimen machined perpendicular to the BD after
creep testing at 650°C and 650 MPa for 357 h, (b)—(e) corresponding EDS elemental maps.

Figure 14. (a) BSE-SEM cross section micrographs of the annealed specimen machined along the BD after
creep testing at 650°C and 650 MPa for 463 h.




Figure 15. (a) BSE-SEM cross section micrograph of the annealed specimen machined along the BD after
creep testing at 650°C and 650 MPa, (b)—(e) corresponding EDS elemental maps.
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Figure 16. (a) BSE-SEM cross section micrographs of the annealed specimen after creep testing at 600°C and
750 MPa.

4.2 ALLOY 282
4.2.1 Laser Powder Bed Fusion 282 Printing

Alloy 282 was selected for additional evaluation because of the superior properties of the wrought alloy
compared with wrought 617, promising existing data for the LPBF 282 alloy, and powder availability. In
addition to generating relevant creep, fatigue, and creep-fatigue data for LPBF 282, the goal is to assess
the integration of a new alloy into the AMMT accelerated component qualification framework. An
amount of 200 1b of 282 powder was purchased from Praxair, and the powder was received approximately
4 weeks after the purchase order was submitted. The powder chemistry provided by Praxair was as
follows: Ni—19.37Cr-10.24C0—-8.33Mo0-2.11Ti—1.54A1-0.05C-0.03Si-0.010 in weight percent. A
Renishaw AM250 machine was used at the MDF to optimize the Alloy 282 printing parameters and
fabricate large rods and blocks for microstructure and mechanical properties characterization. The
Renishaw machine was first upgraded with new cameras to generate during printing in situ data that can
be integrated into the AMMT digital manufacturing approach using the Peregrine software [114, 115]. A
central composite design centered on Renishaw’s recommended laser parameters for Alloy 282 was used
to optimize the processing parameters. Although the laser power and layer thickness were kept constant at
200 W and 60 um, respectively, three key factors were evaluated: the hatch distance, point spacing, and
exposure time, resulting in the fabrication of 18 samples. A standard Zeiss geometry was used to be
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consistent with current AMMT work on 316H and to facilitate in situ data analysis using the Peregrine
software and ex situ CT scan measurements.

Table 7 summarizes the printing parameters for the 18 samples and Figure 17 shows the printing
configuration and the resulting Zeiss build.

Characterization of the fabricated samples included visual inspection and mass and skeletal (pycnometer)
density measurements. The volumetric energy density (VED) input was also calculated according to the
following relationship in Equation 4:

VED = Pxt
S pXxhxl’

(4)

where P is the laser power in Watts, 7 is the exposure time in microseconds, p is the point spacing in
micrometers, / is the layer thickness in micrometers, and / is the hatch spacing in micrometers.

Variations of the specimen mass and skeletal density as a function of the calculated VED are given in
Figure 18a and Figure 18b, respectively. The sample mass increased rapidly with increasing VED to
reach a plateau at approximately 45 J/mm?. Visual inspection revealed a high level of porosity at low
VED and swelling at high VED. A similar trend was observed for density measurements at VED greater
than approximately 42 J/mm’, but significant results’ variability was observed at lower VED. A high
fraction of open porosities not included into the skeletal density measurement is likely the reason for the
data scattering. Based on these results, parameters corresponding to sample 13 (i.e, hatch spacing of

86 um, point spacing of 70 um, and exposure time of 80 us) were considered to be optimum for the
processing of Alloy 282 and were selected for the fabrication of larger builds. Notably, the selected hatch
spacing is not the recommended one by Renishaw—86 pum vs. 100 um—but Renshaw is likely also
considering the build rates, which are faster with a 100 pm hatch spacing and could reduce production
cost. The two large builds that were then fabricated, one for ORNL and one for INL, are displayed in
Figure 19. Each of the rods and rectangular blocks were engraved to ensure the data that will be generated
can be integrated into the digital manufacturing approach. The build configurations were based on the
standard tensile/creep specimens at ORNL and the standard tensile/creep and fatigue specimens at INL.
As shown in Figure 20, the INL smooth button head fatigue specimen is 6 in. long, requiring, therefore,
rods 6 in. long and 0.75 in. in diameter or plates 6 in. long and 0.75 in. thick. A summary of all the
samples and their corresponding intended use is given in Table 8. In addition to the mechanical testing
samples, one rod and four thin plates, 0.02 to 0.08 in. thick, will be used at ORNL for microstructure
characterization. Although ORNL was fabricating the 282 material, INL was conducting heat treatments
on LPBF 282 rods provided by EOS. Once the optimum microstructure has been achieved, samples will
be heat treated and machined. Analysis of the Zeiss build by CT scans was also initiated, and the higher
density of the nickel-based alloy did not seem to affect defect detection. Additional information will be
provided in the final report.
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Table 7. Summary of the LPBF 282 printing parameters for the central composite design

Sample Hatch (um) Point spacing (um) | Exposure time (us) Comments
14 90 65 60 Corner
4 110 65 60 Corner
16 90 75 60 Corner
15 110 75 60 Corner
11 90 65 100 Corner
8 110 65 100 Corner
3 90 75 100 Corner
10 110 75 100 Corner
13 86 70 80 Axial
17 114 70 80 Axial
12 100 63 80 Axial
18 100 77 80 Axial
6 100 70 52 Axial
9 100 70 108 Axial
2 100 70 80 Replicates
7 100 70 80 Replicates
5 100 70 80 Replicates
1 100 70 80 Replicates

# of # of # of # of Axial # of
Factors Samples Corners Replicates
3 18 8 6 4

Layer Thickness = 60 Um
Power = 200W

Exposure Time

Point Spacing

a) b)

Figure 17. (a) Printing configuration based on the central composite design, and (b) resulting LPBF 282 Zeiss
build.
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Figure 18. Characterization of the LPBF 282 samples: (a) mass vs. VED and (b) skeletal density vs. VED.

Table 8. Summary of the samples fabricated for characterization and mechanical testing at ORNL and INL

Build Geometry Dimension Number Testing Engraving
ORNL Cylindrical 0.5 in. diameter, 10 Tensile along T1to T10
4 in. long the BD
ORNL Cylindrical 0.5 in. diameter, 10 Creep along the Cl to C10
4 in. long BD
ORNL Cylindrical 0.5 in. diameter, 1 Microstructure MC
4 in. long characterization
ORNL Rectangular 0.5 x5 x4 1n. 1 Tensile HTI to HT7
perpendicular to
BD
ORNL Rectangular 0.5 x5 x4 in. 1 Creep HCI to HC7
perpendicular to
BD
ORNL Thin plates 0.5 x4 x(0.02, 3 To be 1to3
0.04, 0.06, or determined
0.08) in.
INL Cylindrical 0.5 in. diameter, 8 Tensile along TV1to TV8
6 in. long the BD
INL Cylindrical 0.5 in. diameter, 8 Creep along the CV1to CV8
6 in. long BD
INL Cylindrical 0.75 in. 8 Fatigue along FV1to FV8
diameter, 6 in. the BD
long
INL Rectangular 0.5%x 6 x4in. 1 Tensile V sign
perpendicular to
BD
INL Rectangular 0.5%x 6 x4in. 1 Creep V sign
perpendicular to
BD
INL Rectangular 0.75 %6 x 6 in. 1 Fatigue V sign

perpendicular to
BD
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Figure 20. Geometry of the standard specimens: (a) tensile and creep, ORNL; (b) tensile and creep, INL; and
(c) fatigue and creep-fatigue, INL.
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4.2.2 Digital Manufacturing for 282

As part of the digital manufacturing work package, a digital manufacturing effort is being developed
across the MDF, allowing digital record keeping, advanced data analytics, and centralized data storage
across a number of manufacturing technologies and material systems. To support the efforts of various
work packages in the current FY and beyond, several LPBF systems were instrumented with state-of-the-
art sensors and connected to this digital platform. On the Renishaw AM250, for example, three new
imaging modalities were installed and connected to an edge computing system at the machine. These
sensors include a 20 megapixel visible light camera, a 4.2 megapixel near-infrared (NIR)-sensitive
camera, and a long-wave infrared camera. Each of these data modalities can produce multiple images per
layer, some of which are used as input to the deep learning algorithm hosted inside of Peregrine, while
others are used for digital recordkeeping, process understanding, and data exploration. Data associated
with these builds (including build metadata, design files, operators notes, in situ data, and more) can then
be recorded as entries in the digital platform for historical tracking and analysis.

Builds performed with Alloy 282 were used as a test bed for these digital integrations, and representative
examples of the installed data modalities are exhibited in Figure 21. For example, the visible light camera,
which has a spatial resolution of approximately 55 um, captures two images per layer: a postmelt image
and a post-recoat image. In contrast, the NIR camera, which has an approximate spatial resolution of

125 pm, produces a video buffer that is dynamically analyzed at the end of a layer to produce a total of
three images. These temporally integrated data modalities are engineered to extract relevant dynamics
exhibited in the video buffer and include temporally integrated sum, max, and argmax images.
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Figure 21. Representative images from the visible light and NIR cameras installed on the Renishaw AM250:
(a) postmelt visible, (b) post-recoat visible, (c) temporally integrated sum from the NIR camera, and
(d) temporally integrated max from the NIR camera. These four data modalities are used as input for the neural
network, initial results for which are shown in Figure 22.

As part of these efforts, a new Peregrine workspace was instituted for the Renishaw AM250, allowing in
situ data collection, data registration, and recording of metadata and build notes from the machine
operators. Throughout the sensor installation process, numerous hardware and software changes were
made to improve the robustness and stability of data acquisition and reduce the influence of temporally
integrated imaging artifacts. However, a stable hardware and software solution is being converged upon,
which will allow for better comparisons between geometries and materials in the coming FY. As such, a
preliminary neural network (NN) has been trained in Peregrine for the Renishaw AM250’s workspace,
which makes use of four of the imaging modalities produced by the three installed cameras (see Figure
21) to produce a pixelwise segmentation map on a layer-by-layer basis. This preliminary network predicts
only four pixel classes, but as more data are added to the training database in the next FY, additional
process anomalies (e.g., recoater streaking, incomplete spreading) will also be classified to assess the
quality of the printed components.
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Figure 22. Preliminary NN results for the NN trained in the Renishaw AM250’s Peregrine workspace. The
network accepts the four data modalities shown in Figure 21 and produces a pixelwise segmentation map on a layer-
by-layer basis. For this workspace, four pixel classes were used: (1, gray) unmelted powder, (2, green) printed
material, (3, pink) soot or spatter particles, and (4, purple) dropped NIR data frames.

4.2.3 Laser Powder Bed Fusion 282 Heat Treatment
4.2.3.1 Motivation

As stated previously for IN625 and H282, the as-built properties of nickel-based alloys manufactured by
LPBF are anisotropic because of their anisotropic microstructures. This anisotropy manifests itself in
everything from room-temperature tensile properties to high-temperature creep properties and is
undesirable because it imparts a directional dependence of design stresses for components. One way to
reduce the anisotropy of mechanical properties is to heat treat the microstructure. Various authors [81,
98-99, 116] found that the standard wrought solution heat treatment at 1,100°C did not recrystallize the
anisotropic microstructure produced by LPBF. A study of the recrystallization kinetics of LPBF H282 is
therefore in progress to optimize the microstructure and minimize anisotropy. Once this study is
completed, high-temperature mechanical testing (creep and fatigue, primarily) will be performed to
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provide additional data on these properties for LPBF material because such a limited amount of data
currently exists such that it is difficult to determine the usability of these alloys produced by LPBF.

4.2.3.2 Materials

EOS Sweden supplied four bars of H282 manufactured by LPBF, with each bar measuring

72 x 13 x 13 mm’. The bars were sectioned in the build and transverse directions to characterize the as-
built microstructure. Pieces in both directions were then encapsulated in quartz tubes that were evacuated
and partially backfilled with argon gas to avoid oxidation during heat treatments. The quartz tubes were
heat-treated in a standard tube furnace under the following conditions: 1,250°C for 1 and 2 h, 1,210°C for
2 h, 1,180°C for 1 h, and 1,100°C for 1 h. All samples were furnace-cooled after the completion of the
heat treatment.

Samples for microstructural examination were mounted and prepared using standard SiC papers and
diamond polishing suspensions. Samples for EBSD analysis were finally polished with 0.01 um colloidal
silica. Samples for optical microscopy were electrolytically etched in 10% oxalic acid at 2.2 V. EBSD
was performed on an FEI Quanta field emission gun scanning electron microscope using a magnification
of 200x, working distance of 14—15 mm, and step size of 0.8-0.9 pm.

4.2.3.3 Results to Date

Figure 23 shows an optical micrograph of the as-built H282 samples. In the figure, the BD is toward the
top of the page. Overlapping melt pools are visible, as are elongated columnar grains and areas of cellular
microstructure. A small amount of round, gas-induced pores are also visible. Figure 24 shows the same
sample in the transverse direction. The grain size appears much smaller and the laser scanning tracks are
visible in this orientation. A small amount of gas porosity and one irregular-shaped pore are visible.
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Figure 23. Optical micrograph of as-built LPBF H282, with the BD going toward the top of the page in the
image. 200x magnification, oxalic acid etch.
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Figure 24. Optical micrograph of as-built LPBF H282, sectioned in the transverse direction.
200% magnification, oxalic acid etch.

In contrast to the as-built microstructure, Figure 25 shows an optical micrograph of the H282 sample aged
at 1,210°C for 2 h. In this case, the grains appear roughly equiaxed and much larger. Annealing twins are
also visible.
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Figure 25. Optical micrograph of LPBF H282 heat-treated at 1,210°C for 2 h, with the BD going toward the
top of the page in the image. 100x magnification, oxalic acid etch.

Figure 26 shows a scanning electron microscopy (SEM) image of the as-built microstructure using
backscattered electron (BSE) imaging. The elongated grains are visible here. Elemental microsegregation
of elements such as chromium is also evident as variations in the gray scale intensity of the image.
Cellular microstructure is evident in Figure 26. A higher magnification image of an area of cellular
microstructure is also displayed in Figure 27. To more accurately quantify the grain size, EBSD analysis
was performed on the various samples. Figure 28 shows an EBSD inverse pole figure (IPF) map of the as
built H282.
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Figure 26. BSE-SEM image of as-built LPBF H282, with the BD going toward the top of the page.
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Figure 27. Higher magnification BSE-SEM image of cellular microstructure.
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Figure 28. EBSD IPF map of as-built LPBF H282, with the BD going toward the right.
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Figure 29 shows the IPF corresponding to the EBSD map. The IPF shows that that the grains are textured
with the [001]-type planes parallel to the BD, as expected. However, some textural variation exists, and
not all grains conform exactly to that orientation relationship.
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Figure 29. Integrated IPF corresponding to the same scanned area as Figure 28.
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Figure 30 shows an IPF map of the sample that was heat-treated at 1,100°C for 1 h. Similar to the
observations of [81,99,116], the figure shows that the microstructure is still elongated in the BD and not

recrystallized.

Gray Scale Map Type:image Quality
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Figure 30. EBSD IPF map of LPBF H282 heat-treated at 1,100°C for 1 h, with the BD going toward the right.

Figure 31 shows an IPF map of LPBF H282 after heat treatment at 1,180°C for 1 h. In this case, the
majority of the grains are clearly recrystallized. Some small areas of elongated grains still exist, and some
hazy grains indicate varying intragranular orientations characteristic of remnant cellular structure.

Annealing twins are also visible in many grains.
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Figure 31. EBSD IPF map of LPBF H282 heat-treated at 1,180°C for 1 h, with the BD going toward the right.

Figure 32 shows an EBSD IPF map of the LPBF H282 sample heat-treated at 1,210°C for 2 h. The grain
size is much larger than that after the 1,180°C heat treatment, and much larger annealing twins are also
visible. A few hazy grains are still present, indicating remnants of the cellular structure.
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Figure 32. EBSD IPF map of LPBF H282 heat-treated at 1,210°C for 2 h, with the BD going toward the right.

Figure 33 shows an EBSD IPF map of the LPBF H282 sample heat-treated at 1,250°C for 2 h. The grain
size is large and similar to the size of the sample heat-treated at 1,210°C for 2 h. The area occupied by
annealing twins appears to be larger after the 1,250°C heat treatment. A few small hazy areas, indicating
remnant cellular microstructure, are present even after this heat treatment.
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Figure 33. EBSD IPF map of LPBF H282 heat-treated at 1,250°C for 2 h, with the BD going toward the right.
Figure 34 shows the average grain size calculated from the EBSD analysis. Grains are defined by 15° of

misorientation, and twin boundaries are excluded from the analysis. Each grain size is an average of four
scans, and the area-weighted average grain diameter is used.
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Figure 34. Average grain size calculated from EBSD scans of various heat treatments.

To obtain a good balance of creep and fatigue properties, a grain size of approximately 100 pm was
identified as desirable. The heat treatment that produced the closest recrystallized grain size to this value
is 1,180°C for 1 h, which produces an average grain size of 144 um, as shown in Figure 34. In an attempt
to produce a smaller recrystallized grain size, two additional heat treatments were performed at 1,180°C
for 0.5 h and 1,160°C for 1 h. EBSD IPF maps of the corresponding microstructures in the BD are shown
in Figure 35 and Figure 36, respectively. Both microstructures are partially recrystallized. Certain
recrystallized grains appeared to nucleate and grew quickly, and large parts of the microstructure
remained unrecrystallized. It was therefore decided that 1,180°C for 1 h should be used as the solution
heat treatment because it produced nearly complete recrystallization while achieving a slightly larger
grain size than what was targeted.
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Figure 35. EBSD IPF map of LPBF H282 heat-treated at 1,180°C for 0.5 h, with the BD going toward the
right.
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Figure 36. EBSD IPF map of LPBF H282 heat-treated at 1,160°C for 1 h, with BD going toward the right.

5. EVALUATION OF IRON-BASED ALLOYS

A total of six alloys— three austenitic stainless steels (A709, D9, and alumina- forming austenitic [AFA])
and three ferritic/martensitic steels (HT9, Grade 91, Grade 92). —were downselected by ANL and PNNL
for printing feasibility studies on 3D printed blocks and microstructural characterization whereas initial
single-track experiments were performed on one alloy class each (A709 for austenitic and Grade 91 for
ferritic/martensitic) to optimize the process parameters for full 3D printed blocks. The following section
gives a brief overview of the alloys considered.

5.1 AUSTENITIC STAINLESS STEELS
5.1.1 A709 (NF 709)

First developed by the British in 1950s, the 20Cr25Ni/Nb SS has been used as a fuel cladding material for
the British Advanced Gas-cooled Reactor (AGR) fleet since 1962 [117]. Approximately 90,000 fuel pins
were present in each AGR plant, and there were 14 plants constructed and operated. Although the creep
strength of 20Cr25Ni/Nb was relatively low, it was sufficient for its intended application. Based off this
information, in the 1980s, the Nippon Steel Corporation modified the base chemical composition by
adding boron, molybdenum, and titanium to 20Cr25Ni/Nb to strengthen the creep resistance for ultra-
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supercritical boilers. The resulting austenitic SS was trademarked NF' 709 [118]. The design criteria for
developing the composition of NF 709 were to have a stable austenite devoid of the ¢ and other
intermetallic phases under long-term, elevated-temperature service conditions and creep-strengthened by
a metal carbonitride M(CN) precipitated in a stable, fine dispersion. Through a DOE Office of Nuclear
Energy Advanced Reactor Technologies material downselection and intermediate term testing program,
Alloy 709, an advanced austenitic SS alloy, was recommended as a class A structural material for the
sodium-cooled fast reactor because of its overall superior structural strength advantage [119-120].
Although extensive work has been performed on A709 in the wrought form to have it code-qualified, no
literature is available on the AM aspect. The scorecard of A709 is given in Table 9.

Table 9. Scorecard for all A709

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 4 Recycling: —
powder availability: properties: 2 chemistry: 2 1
1
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND 2 roughness
or finish: 2
History and NE Other industry Data Code data Experience Scaling
applications experience: 4 | experience: 4 | availability: 4 | availability: 4 | with non- up: 2
LPBF AM:
2
Mechanical Creep: 4 Fatigue: 2 Creep-fatigue: High- Room —
properties 4 temperature | temperature:
tensile 2
strength: 4
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: 3 resistance: 3 corrosion ND metal: ND
cracking: N3
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 2 relevant modeling- properties:
properties: 2 relevant ND
properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 3 microstructure
2 specificity:
ND
ND: not determined

5.1.2 D9 (Titanium-Modified Stainless Steel)

The D9 alloy is a titanium-modified, 316 SS that has provided improved resistance to neutron irradiation—
induced void swelling as compared with the unmodified 316 SS [121-123]. The addition of titanium in
the matrix is crucial for binding a portion of the dissolved carbon in the form of tiny TiC precipitates. It is
believed that the TiC matrix interfaces serve as sinks for radiation-induced point defects and enhance the
swelling resistance [124]. The formation of chromium carbides is also reduced, thus improving the overall
corrosion resistance. Most of the work on the bulk form of D9 was done in the early 1990s. Recently,
there have been few publications on the effect of the addition of titanium to SSs via DED. The alloying
here was done in situ (i.e., titanium was added independently). The addition of titanium to 316 SS was
noted to refine the grains and increase the overall TSs [125-126]. Currently, there are no available data on
the LPBF of D9 alloy.
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5.1.3 Alumina-Forming Austenitic Stainless Steels

Although ferritic SSs possess excellent corrosion resistance, they fail to maintain the same mechanical
strength as austenitic SSs. Introducing hard nano-oxide particles into the ferrite matrix via powder
metallurgy routes improves the mechanical properties; such a class of ferritic steels is known as ODS
steels [127, 128]. Alternatively, introducing specific alloying elements can enhance the corrosion or
oxidation resistance of the austenitic SSs. ORNL successfully developed a new class of austenitic SSs
known as alumina-forming austenitic (AFA) SSs, or AFA alloys [129—131]. The AFA alloys exhibit
excellent high-temperature creep resistance up to 900°C and superior corrosion resistance in dry and
humid air environments. Although the creep resistance and corrosion resistance of the AFA alloys are
improved by the formation of various strengthening precipitates, including NbC and M3Cs carbides,
Laves phase, and ', the oxidation resistance is mainly enhanced by the formation of protective aluminum-
rich oxide scale. Despite being beneficial, aluminum and chromium additions are kept low as they
stabilize the ferritic phase; any precipitation of ferritic phase at operational temperatures might result in
poor creep resistance [129]. AFA alloys exhibit complex microstructures with different types of
precipitates within the grain interiors and along the grain boundaries. The AFA scorecard is displayed in
Table 10.

Table 10. Scorecard for AFA alloy

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 4 Recycling: —
powder availability: properties: 4 chemistry: 4 4
3
Manufacturing/ | Printability Defects: 4 Post- Processing | Weldability: Surface
components (LPBF): 4 treatment: 3 window: 3 3 roughness
or finish: 4
History and NE Other industry Data Code data Experience Scaling
applications experience: 1 | experience: 3 | availability: 3 | availability: 0 | with non- up: 3
LPBF AM:
2
Mechanical Creep: 4 Fatigue: 4 Creep-fatigue: High- Room —
properties 4 temperature | temperature:
tensile 3
strength: 2
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: 2 resistance: 4 corrosion ND metal: ND
cracking: 4
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 3 relevant modeling- properties:
properties: 4 relevant ND
properties: 2
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 3 microstructure
3 specificity: 2
ND: not determined

5.2  FERRITIC/MARTENSITIC STEELS
5.2.1 HT9

Sandvik HT9 was the first ferritic/martensitic steel considered in the US Fusion Materials Program when
the program decided to investigate these steels as structural materials for the first wall and blanket
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structures of fusion reactors [132]. The rich, irradiated materials database on HT9 has prompted
commercial startup companies such as TerraPower LLC to revitalize the manufacturing of HT9 [133].
The adequate in-core performance of HT9 has also been demonstrated by its successful applications as
fuel cladding and ducts in the Fast Flux Test Facility. The most critical issue that may limit the usage of
HT9 in future nuclear energy systems is its irradiation embrittlement at low temperatures. A significant
shift in ductile-to-brittle transition temperature (DBTT) above 120°C can be observed after neutron
irradiation below 400°C [134]. ORNL published a series of papers on the additively manufactured HT9,
but all the work they did was on the blown powder technique. The characterization showed that the as-
built structure essentially consisted of a martensitic matrix with d-ferrite present in the reheat zones
between each pass during the sample fabrication process [135—137]. The martensitic matrix consisted of
an ultrafine dispersion of carbides and carbonitrides. Currently, no literature is available on the LPBF of
HT9 alloy.

5.2.2 Grade91

Grade 91 steel was developed as a second-generation creep-resistant alloy. ORNL modified the
composition by adding small amounts of vanadium and niobium to 9Cr—1Mo to form fine carbonitrides
[137]. Broadly used in fossil and nuclear power plants in components operating at temperatures up to
approximately 650°C, it is the current workhorse alloy and the only alloy being studied in the current
work package that is included in the ASME Boiler and Pressure Vessel Code, Section 111, Division 5
[138]. Having a chromium concentration of 9 wt % gives very good creep strength while having a
minimal increase in the DBTT. Significant work has been performed recently on the AM of Grade 91
steel. Blown powder, wire DED, and LPBF-based techniques have all been used to fabricate this alloy to
understand the microstructural evolution, mechanical behavior, corrosion, and, in some cases, even
irradiation behavior [139—142]. In the case of the LPBF sample, as-deposited additively manufactured
Grade 91 steel had a microstructure of lower bainitic regions surrounded by martensite. The as-deposited
additively manufactured material had excellent tensile properties, with greater strength than the wrought
material at room and elevated temperatures, showing excellent promise for nuclear applications.
Retention of strength at 300°C and 600°C for the as-deposited additively manufactured material was
attributed to transitional carbides in the lower bainitic regions [143—144]. The scorecard for the Grade 91
alloy is given in Table 11.

Table 11. Scorecard for Grade 91 alloy

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 4 Recycling: —
powder availability: properties: 3 chemistry: 4 2
2
Manufacturing/ | Printability Defects: 3 Post- Processing | Weldability: Surface
components (LPBF): 4 treatment: 3 window: 4 4 roughness
or finish: 3
History and NE Other industry Data Code data Experience Scaling
applications experience: 4 | experience: 3 | availability: 4 | availability: 4 | with non- up: 3
LPBF AM:
2
Mechanical Creep: 4 Fatigue: 3 Creep-fatigue: High- Room —
properties 4 temperature | temperature:
tensile 4
strength: 4
Environmental Radiation Oxidation Stress Molten salt: 3 Liquid —
effects resistance: 4 | resistance: 3 corrosion metal: 3
cracking: 4
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Table 11. Scorecard for Grade 91 alloy (continued)

Category Criteria and corresponding ranking
Physical Thermal Solidification- Other CT-relevant — —
properties properties: 3 relevant modeling- properties:
properties: 3 relevant ND
properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: stability: 4 microstructure
4 specificity: 3

ND: not determined

5.2.3 Grade 92

To improve the creep properties of second-generation Grade 91 alloy, Grade 92 steel was developed as a
third-generation creep-resistant ferritic/martensitic steel with the addition of tungsten and minute amounts
of boron. Although Grade 92 has been reported to have better creep properties relative to Grade 91, it has
not been code-qualified [138]. In practice, the microstructure is made up of a tempered martensitic lath
structure, which is stabilized by chromium-rich M23Cs carbide, an intralath MX-type of niobium and
vanadium carbonitrides, martensite phase transformation induced high dislocation density, and solid
solution strengthening from tungsten [145—147]. The presence of tungsten in the M»3C¢ precipitate
decreases the growth rate of the precipitate during creep exposure, which in turn increases the stability of
the martensitic lath structure of the steel on creep exposure. Currently, no research is available on the AM
of Grade 92 steel.

6. ONGOING CHARACTERIZATION OF IRON-BASED ALLOYS

6.1 EXPERIMENTAL DETAILS
6.1.1 Fabrication Technique

A Renishaw AM400 LPBF machine equipped with a reduced build volume was used to fabricate all the
samples. The machine is equipped with a ytterbium-fiber pulsed laser with a maximum power of 400 W
and a beam diameter of 70 pm. To optimize the process parameters, single-track experiments were
performed on two of the alloys: an austenitic SS (A709) and a ferritic/martensitic steel (Grade 91). In
total, 72 parameter sets were initially planned for these systems. Laser power, exposure time, and point
distance were varied. The parameters of A709 were based on the literature review and from Renishaw
(based on SS 316L). The recommended condition from Renishaw is highlighted with a star in Figure 37.
The parameters for Grade 91 were based on literature review, experimental evidence from Los Alamos
National Laboratory (LANL), and from Renishaw (based on 17-4 PH steel). The process parameters are
shown in Figure 37, and a fully processed single-track image is shown in Figure 38. Based on this study,
a total of 10 block samples with different processing conditions were built for each of the six alloys
depending on the alloy class (i.e., austenitic SSs vs. ferritic/martensitic steels). The process parameters are
in Table 12, Table 13, and Table 14. The powders were manufactured by the company Atlantic
Equipment Engineers using argon gas atomization in 15-20 kg batches. The compositions of the powders
are listed in Table 15 and Table 16. Each sample was printed to be a 10 x 10 X 10 mm cube.
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6.1.2 Characterization Technique

Once the samples were printed, they were sectioned along the BD to study the microstructure. Standard
metallography techniques were employed to polish the samples for optical and electron microscopes.
Samples were polished with 4,000 grit SiC abrasive paper, followed by a diamond suspension (3 um and
1 um) and by a 0.05 pm colloidal silica suspension final polish in a Buehler Vibromet. The samples for
single-track experiments were etched with a mixture of 30 mL H»O, 30 mL HCI, and 10 mL HNOs to
reveal the melt pool. Optical microscopy was done on a Keyence VHX-970F digital microscope. Three
micrographs were taken for each sample (60 samples overall) and were analyzed in ImageJ to calculate
the porosity. X-ray diffraction (XRD) scans were performed using a D8 Discover equipped with copper
Ko radiation, 1.6 W maximum power (40 mA and 40 V), as well as a custom-built sample stage. All the
scans were collected in a 10°-105° 26 range using a 0.005° step size and 0.05 seconds per step scanning
rate. JEOL 7500 SEM was used for electron microscopy, EBSD, and EDS. A JEOL Grand Arm scanning
transmission electron microscope (STEM) with a Schottky field emission gun operated at 300 keV was
used for further characterization of samples microstructure. Conventional bright-field (BF), high-
resolution, and high-angle annular dark-field (HAADF) TEM/STEM imaging with selected area electron
diffraction were used in this study. High-resolution elemental mapping was also acquired using EDS in
STEM mode. Fast Fourier transformation was also used in some instances as another characterization
tool. An area representative of lower, middle, and upper parts of samples in their BD was selected for
microhardness testing consisting of 64 indents using a test load of 300 gram force (gf) with a duration of
12 s. All microhardness testing was performed using a Micro Hardness Tester CM-802AT from Sun-Tec
Corporation.
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Figure 37. Volumetric energy densities used for single-track experiments for (a) A709 and (b) Grade 91.
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Figure 38. Single-track experiments on A709 alloy. In the highlighted image, the top layer shows single hatch
spacing, and the bottom has double hatch spacing.

Table 12. Process parameters for Fe—Cr—Al

:2:111[))5 Lase(r“[;)ower Pomt :Ill:;ance ];]l);[l):irl;')e Hatc?ui[:;iclng Ene(l:Ig/ifn cll;:;;sny Density (g/cm®)
3 275 80 60 100 82.5 6.99
9 315 80 60 100 94.5 7.15
12 315 160 60 100 178.5 7.16
Table 13. Optimized process parameters for austenitic SSs for the block build
Sample Laser power | Exposure time | Hatch space | Point distance | Layer thickness | Energy density
W) (1s) (um) (um) (nm) (J/mm?’)
1 195 70 110 50 50 49.63
2 195 110 110 80 50 48.75
3 195 80 110 60 50 47.27
4 195 90 110 70 50 45.58
5 195 100 110 80 50 4431
6 215 90 110 70 50 50.25
7 215 100 110 80 50 48.86
8 215 60 110 50 50 46.90
9 215 70 110 60 50 45.60
10 215 80 110 70 50 44.67
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Table 14. Optimized process parameters for ferritic/martensitic steels for the block build

Sample Laser power | Exposure time | Hatch space | Point distance | Layer thickness | Energy desnsity
W) (ns) (nm) (wm) (nm) (J/mm’)

1 221 101 110 55 50 73.78
2 185 101 110 45 50 75.49
3 270 80 110 50 50 78.54
4 200 100 110 45 50 80.80
5 305 75 110 50 50 83.18
6 165 105 110 55 50 57.27
7 220 62 110 45 50 55.11
8 180 110 110 60 50 60

9 200 95 110 55 50 62.80
10 225 95 110 60 50 64.77

The final compositions of the powder obtained from the company Atlantic Equipment Engineers are listed
in the following tables.

Table 15. Chemical composition of Austenitic SS alloys (wt %)

Alloy Fe Cr Ni Mn Mo C N Si Ti Nb Al
D9 Steel | Bal. 13.7 |14.9 1.9 2.2 0.04 n/a 0.6 0.26 n/a n/a
AFA Bal. 12.7 |19.2 0.03 2.18 0.02 n/a 0.4 n/a 0.78 23
A709 Bal. 20 254 0.91 1.51 0.06 0.16 0.44 0.04 0.26 n/a

Bal.: balanced

Table 16. Chemical composition of ferritic/martensitic alloys (wt %)

Alloy Fe Cr Mo Mn W \% Nb C Ni Si N
HT9 Bal. 12 1 n/a 0.5 0.25 n/a 0.2 n/a 0.21 n/a
Grade 91 Bal. 83 109 0.43 n/a 0.2 0.06 0.1 0.17 0.42 n/a
Grade 92 Bal. 87 105 0.45 1.9 0.2 0.07 0.09 n/a 0.14 n/a
Bal.: balanced

6.2 RESULTS

6.2.1 Single-Track Experiments

The idea behind performing single-track experiments was to optimize the process parameters while
waiting on the powders. In total, 72 different processing conditions were used for each of the alloy

systems (i.e., A709 for austenitic SSs and Grade 91 for ferritic/martensitic steels). Figure 39 shows the
cross section of A709 for one of the ideal conditions given by Renishaw.
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Ideal Condition from Renishaw

100um

Figure 39. Optical images of cross section showing melt pools in single-track experiments of A709 for
recommended processing conditions for 316L SS.

In comparison with the ideal condition for 316L SS provided by Renishaw, another example is shown in
Figure 40 where keyhole effects can clearly be observed. Based off these results, processing conditions
were narrowed down to 10 for each of the alloy systems.

Modified from Renishaw (bad)

Figure 40. Optical images of cross section showing melt pools in single-track experiments of A709 for
modified processing conditions. Red circles show the porosity in the samples.

6.2.2  Full Builds

The results from each alloy will be presented following the same structure. A small introduction about the
powders will be followed by optical imaging, showing porosity and other possible defects, and then by
scanning electron microscopy showing high magnification microstructures and electron backscattered
diffraction images.

6.2.2.1 Austenitic Stainless Steels

D9 (Titanium-Modified Stainless Steel)

Figure 41 shows the as received D9 powder with a higher magnification image shown in the inset. The
powder can be seen to be spherical, though a few planetary powders can be seen. This form of powder

typically has a high packing density because the small voids in the large particles are filled by the small
particles, and it also optimized the fluidity and stacking density, which is very suitable for AM [148].
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Figure 41. SEM image showing the spherical D9 powder.

Following the deposition, the samples were sectioned in half, and the microstructures were observed
along the BD. Although optical imaging was done for all 10 samples, for concision, Figure 42 shows a
few select conditions. A high number of cracks exist along the grain boundaries parallel to the BD. Most
of the cracking observed here is along the grain boundaries, with a very minimal amount noted in the
interiors. Notably, during the deposition of D9 and AFA (which will be discussed in next section), a
vacuum leak occurred in the Renishaw system, which possibly led to the defects observed in the current
microstructures. Researchers are currently investigating further to isolate the issue.

Optical

Figure 42. Optical images of four different processing conditions used for D9 alloy. Extensive cracking and
other defects can be observed in all the conditions.
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Although more work could not be performed owing to the sample conditions, further analysis was still
completed via SEM to look at the finer features of the samples. Figure 43 shows the BSE images of
sample 3. As expected, the microstructures look very similar to as-deposited SS 316L [149]. At this level
of magnification, no TiC was noticed. Figure 43d shows cell structures, which have also been noted in
previous works on AM 316L.

n"\ ‘ ‘ ” 5 : \ p 3

Figure 43. BSE-SEM image showing different features of sample condition 3 for D9 alloy. High-magnification
image in (d) shows cell structures noticed in other SS 316 alloys.

The EBSD IPF map (Figure 44) also shows the curved columnar grains. These grains are mostly well-
resolved, with a mean grain size of 10.0 = 10.0 pm within 2.1-74 pm grain size distribution. IPF shows
no significant texture (maximum of only ~3x random) in the overall sample area scanned, but slight
texture can be observed in isolated areas owing to the pockets of grains present in some areas of the
sample. The sample also does not have any significant strain according to the kernel average
misorientation (KAM) map.
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Figure 44. (a) Band contrast (BC), (b) BC + IPF + grain boundary (GB) maps, (c) pole figures (PFs), and
(d) KAM + BC map of a center area of the BD surface of D-9 sample #3.

The distribution of the microhardness of the BD surface of D-9 sample #3 is shown in Figure 45, and the
optical image of the sample shows the indent locations. As it is observed in the contour and 3D surface
maps, hardness values are greater in the center of the sample compared with the sides of the 27.4 mm?
area tested. A maximum hardness value of 224.7 HV (Vickers hardness) was obtained (indent #36 at

x=4.7 and y = 3.8 mm) as the highest hardness value, and the average value of the sample is
189.3 £ 16.8 HV.
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Figure 45. (a) Optical image and microhardness of D9 Sample#3: (b) contour and (c) 3D surface
presentations of hardness.
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Alumina-Forming Austenitic Alloys

Similar to the D9 steel, AFA powder was also very spherical. Higher magnification imaging on individual
powder particles, shown in Figure 46, reveals some artefacts on the powder. More work is currently
underway to investigate these particles.

Figure 46. SEM image showing the spherical AFA powders. High-magnification image showing artefacts.

As mentioned previously, significant cracking of the samples was also noted in AFA samples. A few
images are shown in Figure 47. The optical images clearly show the cracking along grain boundaries.

§ Build Direction

Figure 47. Optical images of four different processing conditions used for AFA alloy. Extensive cracking and
other defects can be observed in all the conditions.
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AFA sample #9 consisted of randomly distributed columnar grains. Because of some issues with the 3D
printer, AFA samples have some microcracks, as highlighted in Figure 48. At high resolution, some
randomly distributed dark-contrast precipitates on grains and bright-contrast precipitates along grain
boundaries can be observed. EDS analysis was not successful in identifying the elements of these
precipitates because they are too small (<1 pum).

b

200 pm P —

50 pm  e—

5 pm

Figure 48. SEM images near the center of the BD surface of AFA sample #9: (a, ¢, d) BSE-SEM images at a
few different resolutions and (b, d, f) their corresponding BSE images. A few microcracks are highlighted by
arrows in (d).

The IPF map (Figure 49) also shows the laths observed in the SEM images. A slight texture (maximum of
~7x random) can be observed, especially parallel to {100} planes, as depicted in pole figures (PFs). Some
strain, especially in the narrow grains, is also observed in the sample according to the KAM map. A mean
grain size of 16.7 = 17.8 pm with a minimum and maximum of 3.6 and 125.9 um, respectively, was
obtained using EBSD analysis of the sample.
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Figure 49. (a) Band contrast (BC) + grain boundary (GB), (b) BC + IPF + GB maps, (d) PFs, (d) KAM + BC
maps of a center area of the BD surface of AFA Sample #9.

Because of the small area of AFA sample #9, only an area of 15.3 mm” was used in microhardness
testing. The minimum and maximum hardness values of the area tested were 150.9 and 205.7 HV,
respectively, and the average value was 55.2 + 13.2 HV. The highest hardness values were observed close
to the center of the sample, and hardness was also high compared with the lower part of the BD surface of
the sample (Figure 50). Lower hardness values were observed mainly in the upper part of the sample in
the BD surface.
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Figure 50. (a) Optical image, (b) contour of microhardness, and (c) 3D surface of microhardness of AFA
sample #9.

A709 (NF 709)

Figure 51 shows the as-received A709 powder with a higher-magnification image shown in the inset. The
powder is shown to be spherical, though a few planetary powders exist. Some irregularly shaped particles
can also be observed in the high-magnification image, although their volume fraction seems to be very
low.

Figure 51. SEM image showing the spherical A709 powders.

Figure 52 shows the optical images of A709. The porosity values calculated using ImageJ are also
displayed in these images. For the calculation of porosity, in total, five optical images at 100x
magnification were taken, and the values obtained from ImageJ were averaged and shown here. As shown
in these results for sample 3, which used the recommended condition by Renishaw for 316L SS, almost
99.997% density was achieved. Further investigation is being carried out to verify these values via
Archimedes density measurements. Based on the optical images, sample 3 was chosen for further
microstructural analysis.
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Figure 52. Optical images of four different processing conditions used for A709 alloy. More than 99.5% density
was achieved in all conditions.

Figure 53 shows the BSE images of sample 3. Initial image analysis did not reveal the presence of any
secondary phases. Interestingly though, at higher-magnification, cell structures similar to the ones in D9
steel were also noted in A709 alloy. Some of these cells looked very elongated, as shown in Figure 53b,
and the other cells were more equiaxed.
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Figure 53. BSE-SEM image showing different features of sample A709 alloy. High-magnification images show
cell structures noticed in other SS 316 alloys.

Similar to the other austenitic SSs, face-centered cubic (fcc) grains are clearly noted in the EBSD data
shown in Figure 54. No obvious texture was noted in the sample. The melt pool direction is clearly shown
in the high-magnification EBSD images. No other phases were noted.

Figure 54. EBSD IPF + Image Quality (IQ) map showing grain size and orientation of A709 alloys. No second
phase was detected.
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6.2.2.2 Ferritic/Martensitic Steels

Notably, as mentioned in the experimental section, the energy densities (i.e., process parameters) used for
ferritic/martensitic steels are higher when compared with austenitic steels. This information was based on
a literature review, which was further corroborated by single-track experimental evidence.

HTY9

Figure 55 shows the powder for HT9. Although most of the particles are spherical, considerably more
difference exists in morphology compared with the D9 powder.

- K> VN
10.00kV WD 4.8mm © x85.0 Ana.P.C.75.0 STD
FOV:1.51x1.13mm

Figure 55. SEM image showing the spherical HT9 powders.

The selected optical images are shown in Figure 56. The microstructures clearly show very little porosity
in all the conditions. This result proves that the knowledge from single-track experiments can potentially
be deployed into full-scale builds. No other significant features could be seen at this scale. As such,
electron microscopy was performed on sample 3.
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Figure 56. Optical images of four different processing conditions used for HT9 alloy. More than 99.5% density
was achieved in all conditions.

The SEM images of sample 3 in Figure 57 show very interesting features in the HT9 alloy. These images
show higher-magnification images of the same features. Clear evidence of the presence of martensite is
noted in this system. Interestingly, the presence of martensite was only observed next to the darker
flower-like features. Further investigation needs to be done to better understand this phenomenon.
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Figure 57. BSE-SEM image showing different features of sample condition 3 for HT9 alloy. High-
magnification image shows clear presence of martensitic laths present in body-centered cubic matrix.

Very high-magnification EBSD was done on sample 3 to capture the martensite features. Laths in the
bottom grain, shown in Figure 58’s different colors, are possibly martensitic laths, but more work needs
to be done to confirm this result. Notably, the matrix here is body-centered cubic (bcc), and the IPF map

indicates as such.

Band contrast

Figure 58. (a) Band contrast (BC), (b) BC + IPF + grain boundary (GB) maps, (c¢) PFs, and (d) KAM + BC
map of a center area of the BD surface of HT-9 sample #5.
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STEM imaging of HT-9 sample #5 (Figure 59) shows the presence of a considerable number of
dislocations. Some nanoparticles or precipitates are also along grain boundaries, and some are within
grains. These particles also interact with dislocations, as shown well in the high-resolution image in
Figure 59c. Elemental mapping shows that at least two types of particles/precipitates are present. One
type is rich with chromium, vanadium, and carbon, suggesting a mixed metal carbide. The second type
consists of mostly aluminum. Iron is absent in both of these precipitates.

G | )

Bha

Figure 59. BF STEM images of HT-9 sample #5 at (a—c) three different resolutions and elemental maps of
region shown in (c¢). Arrows, circles, and LD indicate (Cr, V) carbon-type phase particles, aluminum-rich particles,
and line dislocations, respectively.

STEM images and elemental maps of another area of the sample are shown in Figure 60. In the BF STEM
images, secondary precipitates and line dislocation interactions are clearly shown, and some dislocation
clusters are also present. A closer look into the precipitate shows the presence of a second nanoprecipitate
within it. Although chromium, molybdenum, vanadium, and carbon concentrations are high in the bulk
precipitate shown in Figure 60e, the nanoprecipitate within it is high in manganese, aluminum, and
oxygen concentrations. These elemental maps suggest the precipitates to be (Cr, Mo, V),C,- and (Mn,

ADO,~type phases.
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Figure 60. STEM and elemental maps of another area of HT-9 sample #5. (a) BF STEM at a lower resolution,

(b) BF STEM at a high resolution, and (c) BF and (d) HAADF STEM images of a particle/precipitate. (¢) STEM

image of a nanoparticle and its corresponding elemental maps. DC, MO, and MC denote dislocation cluster, metal
oxide, and metal carbide, respectively.

A considerably high microhardness (320-464 HV, Table 17) with an average value of 411.6 + 24.7 HV
was acquired for HT-9 sample #5. High microhardness can be observed near the sample edge of the four
sides, and mid- and lower hardness values are present in the middle of the sample (Figure 61).

Table 17. Dimension and hardness measurements for HT-9 sample 5

S e # Selected sample area dimensions Microhardness values (HV)
ample
P Length (mm) | Height (mm) | Area (mm?) | Min. | Max. | Average | Std. dev.
5 5.2 5.2 27.3 320.2 | 464.1 | 411.6 24.7
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Figure 61. (a) Optical image with indent locations, (b) microhardness contour map, and (c) the corresponding
3D surface of HT-9 sample #5. BD denotes the BD of the sample.

Grade 91

Figure 62 shows the Grade 91 powder. Similar to the D9 sample, more planetary particles appear to be in
this powder.

Figure 62. SEM image showing the spherical Grade 91 powders.
For the case of Grade 91, the optimized process parameters yielded almost fully dense microstructures, as

shown in the optical images in Figure 63. Sample 3, which is the optimized condition from LANL [143],
shows a volume fraction of porosity of only 0.055%.
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Figure 63. Optical images of four different processing conditions used for Grade 91 alloy. More than 99.5%
density was achieved in all conditions.

Similar to all other samples, five different optical images were taken for each condition, and porosity was
analyzed via ImagelJ; the average is represented here.

The SEM images obtained from sample 9 do not show clear evidence of martensite—at least, not at this
length scale (Figure 64). Similar observations were noted by Eftink et al. [144]. Higher magnification
images show very fine cell structures, different from the dislocation cells observed in the austenitic steels,
approximately 500 nm in size. Further investigation is necessary to fully understand the microstructure
evolution of this alloy in the as-fabricated condition. The presence of single-phase bcc is confirmed via

EBSD analysis, which is shown in Figure 65.
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Figure 64. BSE-SEM image showing different features of sample condition 9 for Grade 91 alloy. No martensite
was noted in this alloy, although very small cells were present throughout.

82



Grain boundaries
2-10°35% ¥
—>10°, 65%

w

Band contrast

Figure 65. High-magnification EBSD IPF + Image Quality (IQ) map of sample condition 9 for Grade 91 alloy
showing grain size and orientation. No secondary phase was detected.

Compared with HT9, Grade 91 (sample #9) reported lower average microhardness (281.4 +21.1 HV)
with a minimum of 237.3 HV and maximum of 334.6 HV (Table 18). In this sample, variation of
hardness is mostly random. However, high hardness values can be observed near the edges of the lower,

left, and right sides with respect to the BD of the sample (Figure 66).

Table 18. Dimensions and hardness measurements for Grade 91 sample 9

S e # Selected sample area dimensions Microhardness values (HV)
ample

P Length (mm) | Height (mm) | Area (mm?) | Min. | Max. | Average | Std. dev.
9 5.2 5.2 27.5 237.3 |334.6 |281.4 21.1
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Figure 66. (a) Optical image and microhardness data of Grade 91 sample #9 using a (b) contour and (c) 3D
surface maps. BD denotes the BD of the sample.

Grade 92

The last alloy discussed in the present work is Grade 92. Figure 67 shows the powder of Grade 92.
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Figure 67. SEM image showing the spherical Grade 92 powder.

For the case of Grade 92, the optimized process parameters yielded almost fully dense microstructures, as
shown in the optical images in Figure 68.
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Figure 68. Optical images of four different processing conditions used for Grade 92 alloy. More than 99.5%
density was achieved in all conditions.

The SEM images (Figure 69) obtained from sample 7 do not show the presence of any evidence of
martensite—at least, not at this length scale—similar to Grade 91. A clear overlap of melt pool
boundaries along the BD is shown in the images, and a change in grain contrast can be observed along the
interface. Again, similar to Grade 91, higher-magnification images show very fine cell structures
approximately 500 nm in size.
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Figure 69. BSE-SEM image showing different features of sample condition 7 for Grade 92 alloy. No martensite
was noted in this alloy, although very small cells were present throughout.

Oxide Dispersion—Strengthened Fe—Cr—Al

Optical micrographs of the three Fe—Cr—Al samples collected using a BX51 optical microscope are shown
in Figure 70. As observed in Figure 70a, there is considerable amount of porosity, and some crack
propagation started at the side edges of Sample #3. Microsized pore spaces also can be observed in

samples #9 and #12, but sample #12 had less. The pattern of the change in density of these samples also
matches well with the pattern of the level of defects; that is, samples with a higher level of defects have
lower density. As shown in Figure 71, columnar grains are mostly observed in the surface of the sample
along the AM BD of Fe—Cr—Al sample #12. No significant change in the grain microstructure is observed
in the sample with respect to the region (i.e., lower, center, and upper parts) scanned along the sample’s
BD. Some microsized pore spaces are also observed in these SEM micrographs. As observed in the
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optical microscopic images, sample #3 consists of larger pore spaces and microcracks, as depicted in
BSE-SEM images in Figure 71d and confirmed by the corresponding BSE-SEM image in Figure 71e.

2 mm ee— | - ————ry T2 M e—

Figure 70. Optical micrographs of the three Fe—Cr—Al samples. High-resolution images in (d), (e), and (f) are
from the areas 1, 2, and 3, respectively, in (a).

400 pm . 7 B 400 pm

Figure 71. BSE-SEM images of Fe—Cr—Al sample #12 at the (a) lower, (b) center, and (c) upper parts of the
BD surface. BD indicates the AM BD of the sample. (d) and (¢) BSE-SEM images of the center of sample #3.
(f) BSE-SEM image of the center of sample #9.
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The bece structure with a space group of Im-3m was successfully used in solving the crystal structure of
the sample area analyzed using EBSD. A maximum band contrast of 205 was achieved for the pattern
quality, as shown in Figure 72, with a considerably high structure solution. As was observed using BSE-
SEM imaging, the columnar grains show a texture (maximum of ~13x random) and is identified to be
parallel to the {100} plane, as observed by IPF and PF images. EBSD analysis also showed a mean grain
size of 27.1 £ 12.2 um, with minimum and maximum grain sizes of 17.8 and 153.8 pum, respectively.

Band contrast Grain boundaries
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Figure 72. EBSD data collected from the center of the BD surface of the Fe—-Cr—Al sample #12. (a) Band
contrast (BC) + grain boundary (GB) mayp, (b) BC + IPF + GB map, (c) PFs, and (d) KAM map.

The dark-contrast areas in the BF STEM image in Figure 73 shows secondary precipitate in Fe—Cr—Al
sample #12. These precipitates or particles are observed in bright contrast in the corresponding HAADF
STEM image, indicating the secondary precipitates to have high-Z, or high—atomic number, element(s).
These high-resolution images further verify the presence of secondary precipitates. This sample also
consists of dislocations (line and loop-type) and nanosized pore spaces, as highlighted in these figures.
Some of these line dislocations interact with nanoparticles or precipitates, suggesting possible
interference in the mechanical properties of the sample.
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Figure 73. STEM images of Fe—Cr—Al sample #12. (a) BF and (b) HAADF STEM images. (c) and (d) BF STEM
images at high resolution. Circles, triangles, and arrows highlight nanoparticles, pore spaces, and dislocations (LD:
line dislocations, DL: dislocation loop, NP: nanoparticle).

An area of 23.3 mm? of Fe-Cr—Al sample #12 was selected for microhardness testing consisting of 64
indents using a test load of 300 gf, as shown in Figure 74. The lowest hardness values are observed in the
upper part of the BD. Average hardness values are mostly observed in the lower-to-center region of the
BD surface.
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Figure 74. (a) Optical micrograph indicating indents used for microhardness testing of Fe—Cr—Al sample #12
and representations of microhardness using (b) contour and (c) 3D surface plots.

6.3 DISCUSSION
6.3.1 Single-Track Experiments

To optimize the process parameters for the 3D printing of the alloys, single-track experiments with 72
different processing conditions were done for each alloy class (i.e., austenitic SSs and ferritic/martensitic
SSs). The dimensions, morphology, overlap, and more of the melt pools created by the laser track are
used to understand whether the process conditions employed are successful good. A schematic showing
the melt pool overlap and effects of energy density is shown in Figure 75 [149]. For a normal condition,
adequate penetration and overlap to the previous layers and adjacent melt pools was noted. For conditions
that have lower energy density, smaller melt pools were formed, which may lead to a lack of fusion
between the adjacent melt pools and between the layers. If a higher energy density is used, especially with
higher powers and lower lasing speeds, these conditions could lead to penetration through many layers,
causing keyhole issues [149]. A disrupted melt pool occurs when there is spatter or other inclusions.

[ Low D |- nigh E JH{ Disruption |

Building Direction

Scanning 2
Direction Hatching
Direction

Figure 75. Schematic showing the melt pool overlap and effects of energy density (ED) [149].
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The sample with the ideal condition, shown in Figure 39, satisfies the criteria for a normal condition. The

modified condition, shown in Figure 40 which has an energy density approximately 50% higher than the

ideal condition, shows porosity. Based on these results, a set of parameters to be used for final prints was

narrowed down to 10 for each alloy class, with the energy density variation <6.5% for austenitic SSs. The
energy density variation was maintained for ferritic/martensitic steels.

6.3.2 Block Build: Austenitic Stainless Steels

The process parameters chosen for printing the three austenitic SSs (D9, AFA, and A709) were based off
the ideal conditions provided by Renishaw for SS 316L. Extensive cracking was noted in D9 and AFA
alloys on the initial prints. Considering the composition difference between SS 316 and D9 is just the
minute addition of titanium, it was surprising to see the microstructure of the as built condition. Further
inspection revealed that the cracking and other defects observed in the sample were not because of the
processing conditions but because of internal issues within the machine. In spite of the cracking, a
preliminary assessment was performed on the D9 sample. The SEM backscattered images, at this level of
magnification, did not reveal the presence of any titanium carbides. Further investigation is necessary and
is underway to look at the samples in TEM to look for these carbides. The SEM images show single-
phase microstructure with cell structures within the grains. This structure is very commonly reported
among SS 316 prints. EBSD analysis was done for phase identification and grain size analysis, and as
expected, it shows single-phase fcc with grains between 40 and 120 um. No obvious texture was noted in
the samples.

A709 alloy was printed once the machine issues were fixed, and as can be seen from the optical images,
almost full density was obtained in some processing conditions. Similar to D9 samples, in the BSE-SEM
images, no obvious secondary phases were revealed. Cell structures of different sizes and shapes were
noted across different grains, and this result is shown in Figure 53. EBSD analysis revealed the alloy to
have single-phase fcc with grains between 40 and 120 um in size.

6.3.3 Block Build: Ferritic/Martensitic Stainless Steels

The processing conditions for ferritic/martensitic steels were based off the work LANL performed on
Grade 91 steel in an EOS M290 machine and conditions provided by Renishaw company for 17-4 PH
steels. The energy densities used for printing ferritic/martensitic steels were much more varied compared
with the austenitic steels, ranging between 50 and 80 J/mm’. In spite of the variation in terms of energy
density, all processing conditions yielded almost fully dense parts for all the three alloys. Grade 91 and
Grade 92 in the as-deposited condition show single-phase bcc, with grains approximately 22—70 pm in
size. The presence of martensite was not noted in either of the alloys. This result is consistent with the
previous work published by El-Atwani et al. and Eftink et al. [143—144]. HT9, on the other hand, showed
the presence of martensite within the bcc matrix. It was more prominent along the reheat zones, where a
flowery feature is noted. More work needs to be done to understand the microstructure evolution of all
three alloy systems. Finite element or Comsol-based techniques could potentially be used to understand
the heat cycles to justify the microstructures formed in these alloys.

6.3.4 Block Build: Oxide Dispersion—Strengthened Fe—Cr-Al

All three Fe—Cr—Al-0.3Zr samples consisted of a single iron-based bcc phase according to powder XRD.
Micro-XRD point scans conducted on one sample also showed no secondary phases present in the whole
sample, and no significant change in the unit cell was observed. However, TEM/STEM studies showed
the presence of nano- to microsize particles/precipitates in Fe-Cr—Al sample (#12). These precipitates
were rich with yttrium, zirconium, oxygen, and carbon, suggesting the presence of metal oxide MO,- and
metal carbide MC,-type phase compositions, where M represents the cations. Optical micrographs
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showed that Fe—Cr—Al sample #3 contained a significant amount of microcracks, porosity, and some other
defects, but sample #12 contained minimum defects. This observation was comparable with the maximum
and minimum densities obtained for Fe—Cr—Al sample #12 and sample #3, respectively. At SEM imaging
resolution, zirconium-, oxygen-, and/or carbon-rich particles were also identified. SEM micrographs also
showed that the Fe—Cr—Al samples consist of columnar grains that elongate or distribute along the BD of
the samples; this result was further confirmed using EBSD analysis that showed a texture parallel to

{100} planes. EBSD analysis also showed a mean grain size of 27.1 + 12.2 ym (min = 17.8 pm and

max = 153.8 um) for sample #12. The sample was also free of a significant level of residual strain
according to the EBSD KAM map analysis. Sample #12 also had a considerably high microhardness
value (227.9 + 11.0 HV) tested over an area of 23.3 mm? using a 300 gf test load. It was also observed
that the hardness is greater at the lower part of the sample along the BD compared with the upper part of
it.

7. ADVANCED METHODOLOGIES TO ASSESS ALLOY PRINTABILITY

7.1 PRINTABILITY EVALUATION

A framework for evaluating printability is vital to obtain defect-free AM components with a reduced
number of experiments to optimize parameters such as laser power and scan speed so that cost and time
are saved. The key to creating this framework is to obtain printability maps indicating processing zones of
defect-free and defected regions as a function of laser power and scan speed (Figure 76a) [150]. Various
methods are used to obtain the printability of various alloys, such as normalized process maps with
equivalent energy density (Figure 76b) [151] and universal scaling laws for keyholing (Figure 76c and d)
[152, 153].

A 600 T
J
. § @Qoec® 0
Maximum pore size ,‘
@ Bareplate ;' é’
8001 “  Powder bed o
152 ym !
o a o d
Botndary 7 # =L Role of Powder
400 |- O Bareplate "/’
s O Powder bed | @®=00
- o ]
3 L} e e (? q
H 300 - p: /]
g /
Keyhole porosity| - o D’
~—— Maximum Hatch Spacing [um] di ’
= I = = ; T IR R EE T I R T ik é/E/l
s = e
a1 =14 g2y irglllip G (T T 0 7
S
(a) (b) SaPe e ’}'tl], Stable melting
a = aee o
18 . P ok _-E}‘-"B
16 & E.O
0 14 ! 1 1 i 1 L
212 200 300 400 500 600 700

aaaaaaaaaaaa Scan speed, V (mm/s)

Transition mode | Keyhole mode [ chaotic keyhole
- > © Ti64, spot size 95 ym
° Ti6, spot size 140 pm

ﬁ‘% %’5 © AIB061, spot size 88 ym

Mon stable keyhole © $8316, spot size 110 ym

475 500 525 550 575 600

Powderbed s
Substrate

Keyhole aspect ratio,

02468101214161820222426283032343638
Keyhole number, Ke

b Stable keyhole example:

In =20ps | |_ng« =d0ps 100umI| =60ps mumi. =80ps

Figure 76. (a) An example of a printability map [154], (b) normalized process maps with equivalent energy
density [155], and (c and d) maps related to keyholing defect [154, 156].
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Although machine learning (ML) has been widely used for AM problems for the classification of defects,
majority of the ML efforts [150-161] have focused on image-based learning and classifying the build
quality as defective or acceptable. The literature survey of these methods and findings has been

summarized in Table 19.

Table 19. List of ML efforts on AM defect identification summarizing the data set, ML models, and accuracy
obtained in the identification of defects

Ref. Data Isljlttlji‘zee and Target application AM process Material Nfl(;(eisls P;ref;l;?(izge
1,200 image data
of part slices, Defect condition pattern | Selective laser
[154] 160 x 160 pixels |recognition on scan tracks | melting Inconel 780 ! 99.4
each
AlSil0OMg,
Defect type recognition: bronze, Inconel
10,071 patches recoater hopping, recoater 625, Inconel
[155] |from 89 images of |streaking, debris, super- |LPBF 718,SS 316 L, |2 97
14 builds elevation, part damage, SS 17-4 PH,
incomplete spreading and Ti—6Al-4V
~14,200 image Sponge
[157] da ta, g % of porosity LPBF titanium 3 91.2
powder
Defect type recognition:
[156] |~6,000 image data |overheating, normal, LPBF 316 L 3 99.7
irregularity, balling
Critical
stripes
recognition
=875
Defect type recognition: Degradation
. Critical stripes, Selective laser owing to
[158] 1462 images degradation due to faulty |melting o 3 faulty bed
powder bed, overmelting, =79.2
Overmelting
=86.1
Recoating
defect =97
Defect type classification:
[159] 4,3 14 RGB color | Delamination, LPBF H13 steel 4 96.8
1mages Metal splatters,
Ok
1,454 images with
[160] | defect, 241 without | Geometrical anomalies FHSf?d ﬁlament — 3 &5
defect fabrication
.1 00,000 original Bended layers vs non Contour
[161] |images augmented bended craftin — 3 97.5
to 1 million images &
[162] gﬁ‘l‘ ﬁ‘e’;’e‘lguahty’ Lack of fusion flaws LPBF Ti-6AL4V |3 935
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Table 19. List of ML efforts on AM defect identification summarizing the data set, ML models, and accuracy
obtained in the identification of defects (continued)

Data set size and C . . Models | Performance
Ref. nature Target application AM process Material used metric (%)
162 images
converted into
[163] | 5,805 training and Unde”neilt’ overmelt, and 1y o welding  |ASTME7ST 4 95
1161 testing good melt Co—-Cr—Mo
samples
2,824 images for Melt pool. quglity
training, or . ncone
164] | training, 942 for | Characterization: LPBF Inconel 625 |5 95
festing anomalous, noisy, and
normal
[165] [9,426 images crac.ks, ditches, foreign S.elec‘glve laser Polyamide 12 |3 95.8
bodies sintering

7.2 CHEMICAL COMPOSITION-BASED ML MODEL TO PREDICT PRINTABILITY

With a goal of exploiting AM to improve the manufacturing of existing reactor materials, PNNL
developed a chemical composition—based ML model to predict the printability of any given alloy in LPBF
using experimental data from peer-reviewed literature. This NN model predicts the tendency of balling
defect formation for a given composition under a given set of processing conditions, as shown in Figure
77. The NN model developed in this work has an accuracy of 92%, although it can only predict balling.
The model takes material composition and laser parameters as inputs and calculates the probability of
balling at those conditions. A manuscript has been submitted recently with the described work.

Qtier ‘Railing

Alloy Al Fe Element i tver f‘""'l Process probabil ® R ® R P
Peet| @ i @ » @ @ @
AISiTOMg 089 0.001 003 005 130 50 x 1 @ ® ® @ ®
$8316 0 067 003 001 150 100  xx 0 A A A A 4
CoCr 0 001 040 003 170 90 xx 0 <
More single £ L] @ @ ® P &
principal 0 080 001 010 140 130  xx 1 - d 8 K ® Probabiltiy of balling
alloys . ® L
CoCrFeMaNi 0 020 025 020 220 170 xx 1 ® o ° ® @
VNBMoTaW 0 0 020 020 19 140  xx 0 ® @ ® ° ®
AlsCoCrFeNi 0.11 022 022 022 110 80 xx 0 . © ® @ ®
More HEAs 020 025 035 010 140 120 xx 1 ©

- @
Neural networ1< moael to predict
balling probability in alloys shows
92 % accuracy on 240 training
data and 26 testing data

Figure 77. A general overview of the data set and the descriptors used to predict balling defect formation.

The further improvement of such a model is currently underway with the inclusion of porosity prediction
in the ML model. Porosity data have been obtained from ANL, and more data are being added from
literature.

7.3 LIMITATIONS OF APPROACH
The development of these ML models face two primary challenges. First, notably, experimental data for

the occurrence of balling remain limited to approximately 15-20 different alloys. For this reason, it is
unclear how effective these models can be at predicting defect occurrence for novel compositions using
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only empirical data. Second, balling as a defect is simple to observe and is a binary phenomenon. To

predict the frequency of more complex defects (e.g., the size and frequency of pores within a deposit),
ML models require access to rich data sets of composition vs. process parameters and deposit quality.
Acquiring this volume of data is not feasible to achieve through experimentation, but it is possible by

using multiscale, physics-based models.

7.4 PROPOSED FUTURE WORK

The proposed work will demonstrate a methodology for the rapid prediction of alloy printability as a
function of composition. To achieve this goal, simulation methodologies will be integrated in the

following way, as illustrated schematically in Figure 78.
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Figure 78. A schematic of the workflow explaining the properties generation from Thermo-Calc + molecular
dynamics and informing the FLOW-3D software with the calculated properties to simulate the laser melting

process.

The work will harness the potential of two computational tools: Thermo-Calc [166] and FLOW-
3D (Version 2023R1; 2023; https://www.flow3d.com; Flow Science, Inc.) to study the effect of
composition change on the printability of an alloy using laser melting. Thermo-Calc is a thermodynamic
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calculation software package that can be used to predict phase equilibria, phase diagrams, and other
thermodynamic properties of materials. Figure 79 shows an example of this type of simulation result. In
this case, a FLOW3D-AM simulation is able to predict the formation of pores because of keyholing
during deposition.

Marangoni force

Figure 79. An example FLOW3D simulation performed by Huang et al., which reproduces the occurrence of
keyholing in an Al-Cu laser weld [167].

To study the effect of the composition change of an alloy on its printability using laser melting, Thermo-
Calc will be used to determine the thermodynamic properties of the alloy at different compositions and
temperatures. This software will provide necessary information about the phase stability and solidification
behavior of the alloy. With Thermo-Calc, phase diagrams, solidification paths, and other relevant
thermodynamic properties can be obtained. For other properties not obtainable from Thermo-Calc,
molecular dynamics simulations will be employed to calculate them. Once the thermodynamic data from
Thermo-Calc have been obtained, FLOW-3D will be used to simulate the laser melting process. FLOW-
3D allows researchers to model the fluid flow, heat transfer, and solidification phenomena that occur
during laser melting. By inputting the thermodynamic data obtained from Thermo-Calc into FLOW-3D, it
is possible to study how changes in alloy composition affect the heat transfer, melt pool dynamics, and
solidification behavior during the laser melting process.

All the obtained compositions will then be studied as elaborated on in Figure 78. This information will
allow researchers to make direct linkages between the macroscale process parameters simulated, the
selected composition, and the emergent solidified microstructures.

7.5 MICROSTRUCTURAL SIMULATION

Computational fluid dynamics software such as FLOW3D-AM are capable of evaluating the evolving
temperature and flow of molten material during deposition but typically do not efficiently account for the
evolution of the solidified microstructure, which, in additively manufactured systems, can potentially melt
and solidify multiple times. The associated evolution often has a great effect on fabricated material
properties. Therefore, microstructural simulations of defect evolution under AM conditions will be
studied using the Potts model. The Potts model, a g-state generalization of the Ising model, was first
demonstrated as a computer simulation in 1983 to study grain growth in two dimensions [157]. Typical
Potts model simulations are described as an evolving cellular grid of grain orientations. The total energy
of such a system £ is described by the generalized Equation 5:
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E=i Ui+%2yij [1-6,s] ). (5)

In this equation, each of the N cells, 7, has an interfacial energy with each of its j nearest neighbors, y;;,
and an internal energy U;, which can be a function of atomic structure, composition, temperature, and
other factors. For a given iteration of the Potts model algorithm, the probability of reorientation is
calculated for a given cell based on the change of energy associated with the reorientation.

Nominally, the Potts model can be used to simulate the progression of grain growth as a function of
various effects, such as grain boundary anisotropy and the effect of second phase pinning [168]. However,
the Potts model has increasingly been used as a practical tool for the simulation of grain structure
evolution during processes such as AM of metallic materials [169] and recrystallization response to
mechanical deformation [170]. For example, this approach has been adapted into the software SPPARKS,
which is capable of efficient parallel Potts model simulations in brute-force or hybrid kinetic Monte Carlo
implementations [171].

Recently, PNNL has developed and tested a modification to the Potts model capable of simulating grain
growth in systems containing an arbitrary number of phases. This approach resembles that of Graner and
Glazier, who used a similar modification to the Potts model to simulate the behavior of cells in living
tissues [171]. This method can be used to capture the evolution of pores within a deposited material by
treating each pore formed within the solidifying melt as a separate phase.

8. CONCLUSION

Collaboration between ANL, INL, ORNL, and PNNL on the prioritization of current reactor materials for
advanced manufacturing has led to the definition of a decision criteria matrix, allowing the systematic
evaluation of nuclear candidate materials based on their technological readiness levels and their relevance
to the nuclear industry and AMMT Program. ANL and PNNL focused on iron-based alloys, and INL and
ORNL evaluated nickel-based alloys.

This report evaluated three nickel-based alloy categories: low-cobalt, high-temperature, and molten salt—
compatible alloys. In-depth analysis of Alloy 718 highlighted the high potential of LPBF 718, with the
routine fabrication of complex components using commercial 718 powder, and mechanical properties
comparable with the properties of wrought 718. This study performed creep testing at 600°C—-650°C on
as-printed and annealed LPBF 718 specimens and obtained lifetimes similar to the lifetimes of wrought
718, with properties slightly greater in the annealed recrystallized conditions. The presence of stable,
nanosize y' and y” precipitates after the aging treatments explains the excellent strength of the alloy, and
reducing the volume fraction of deleterious Laves and 6 phases in the grain and at grain boundaries could
lead in creep ductility improvement. In-depth analysis of Alloy 625 was also conducted, and it was
concluded that both alloys could be of great interest to the AMMT Program because of the alloy
printability, significant experience from industry, and available data indicating that AM properties similar
to the properties of wrought alloys can be achieved as long as the appropriate heat treatment is carried
out. The y'strengthened Alloy 282 was also evaluated in depth because of its superior creep strength at
high temperature compared with Alloys 617 and 282 and their powder availability as a commercial
product. Although the alloy is not currently considered for nuclear applications, fabrication of complex
LPBF 282 components has been achieved owing to the great printability of the alloy when compared with
other y' superalloys. The alloy was produced at ORNL’s MDF using a Renishaw AM250 machine, and a
central composite design approach was employed to determine the optimum printing parameters.
Sufficient material has been produced to conduct tensile, creep, and fatigue testing at ORNL and INL.
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The Renishaw machine was equipped with new cameras, and the in situ data generated during printing
were integrated into the AMMT digital manufacturing framework using the Peregrine software.

An extensive study of LPBF 282 microstructure evolution during annealing at high temperatures was
performed by INL on material provided by EOS. Recrystallization of the as-printed structure was
achieved, which is desirable to reduce or remove the anisotropy in the mechanical properties. The
1,180°C, 1 h recrystallization heat treatment is considered the most promising because it resulted in a
near-fully recrystallized structure, and the grain size had not grown significantly. Higher-temperature heat
treatments resulted in overly large grains, which are a concern for the high-temperature fatigue properties.

There are a number of additional likely useful candidates for LPBF-printed nickel alloys; however,
currently, high-temperature property data are currently available in limited amounts for these LPBF
materials. Except for Alloys 718, 625, and 282, the other alloys considered in this report are not readily
available in powder form for use in LPBF manufacturing. Some of the alloys that are not readily available
in powder form, such as Hastelloy N and Haynes 244, are still of interest because of their specific
properties (i.e., superior molten salt corrosion resistance).

A total of six alloys—three austenitic SSs and three ferritic/martensitic steels—were downselected. Once
the alloys were selected based on the matrix, obtaining powders for 3D printing proved to be the biggest
bottleneck in terms of advancing the work. The powder availability will be of primary concern in the
future, although obtaining smaller quantities of powders for research will not be financially advisable to
industrial scale-up work.

Single-track experiments were performed on one alloy class each (A709 for austenitic and Grade 91 for
ferritic/martensitic) to optimize the process parameters for full 3D printed blocks. In total, 72 conditions
were used for each of the alloy classes. Characterizing via optical imaging helped narrow down the
process parameters for each class.

In total, 60 blocks were printed for the initial assessment. Ten different conditions were printed for each
of the six alloys to see if defect-free, high-density parts could be produced. Initial assessment using
optical imaging, SEM, and EBSD showed that four out of six alloys had good, consistent microstructures
with density >99%. The prints of the AFA and the D9 showed extensive cracking likely owing to the lack
of control of the chamber atmosphere because of a leaking issue. These alloys will be printed again using
the same parameters to isolate the issue and better understand the effect of process parameters on
microstructures. Martensite was observed in HT9 but was not observed in Grade 91 and Grade 92, which
needs to be further studied.

This exercise proves that the AM of the selected current iron-based reactor materials, either austenitic SS
or ferritic/martensitic steels, is very feasible, and more work needs to be done to understand the
microstructure evolution during the depositions and to further optimize the final microstructures. In
particular, large-scale samples of optimized conditions need to be built for mechanical, corrosion, and
irradiation testing, and postbuild treatment and thermal stability of the microstructures needs to be
studied.
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APPENDIX A. NICKEL-BASED ALLOY SCORECARDS

Table A-1. Scorecard for Alloy 800H

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
1 ND ND
Manufacturing/ | Printability Defects: 3 Post- Processing | Weldability: Surface
components (LPBF): 3 treatment: 3 window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 5 with non- up: ND
LPBF AM:
0
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity: 3
ND: not determined
Table A-2. Scorecard for Alloy 617
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
2 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 5 with non- up: ND
LPBF AM:
1
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND

A-1




Table A-2. Scorecard for Alloy 617 (continued)

Category Criteria and corresponding ranking
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND
ND: not determined
Table A-3. Scorecard for Alloy 230
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: 3 Recycling: —
powder availability: properties: chemistry: 3 ND
4 ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): 3 treatment: ND | window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 0 | with non- up: ND
LPBF AM:
ND
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND

ND: not determined
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Table A-4. Scorecard for Alloy 233

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
2 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 0 | with non- up: ND
LPBF AM:
ND
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND
ND: not determined
Table A-5. Scorecard for Alloy 740H
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
2 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND 4 roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 0 | with non- up: ND
LPBF AM:
ND
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND

A-3




Table A-5. Scorecard for Alloy 740H (continued)

Category Criteria and corresponding ranking
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND
ND: not determined
Table A-6. Scorecard for Alloy GRX-810
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
1 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND 4 roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 1 | availability: 0 | with non- up: ND
LPBF AM:
0
Mechanical Creep: 4 Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: 4
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND

ND: not determined
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Table A-7. Scorecard for Alloy Hastelloy N

Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
1 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 0 | with non- up: ND
LPBF AM:
1
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
Physical Thermal Solidification- Other CT-relevant — —
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF — — —
homogeneity: | stability: ND | microstructure
ND specificity:
ND
ND: not determined
Table A-8. Scorecard for Alloy 244
Category Criteria and corresponding ranking
Manufacturing/ Powder Powder Powder Cost: ND Recycling: —
powder availability: properties: chemistry: ND
1 ND ND
Manufacturing/ | Printability Defects: ND Post- Processing | Weldability: Surface
components (LPBF): ND treatment: ND | window: ND ND roughness
or finish:
ND
History and NE Other industry Data Code data Experience Scaling
applications experience: 0 | experience: 0 | availability: 0 | availability: 0 | with non- up: ND
LPBF AM:
0
Mechanical Creep: ND Fatigue: ND | Creep-fatigue: High- Room —
properties ND temperature | temperature:
tensile ND
strength: ND
Environmental Radiation Oxidation Stress Molten salt: Liquid —
effects resistance: | resistance: ND corrosion ND metal: ND
ND cracking: ND
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Table A-8. Scorecard for Alloy 244 (continued)

Category Criteria and corresponding ranking
Physical Thermal Solidification- Other CT-relevant
properties properties: relevant modeling- properties:
ND properties: relevant ND
ND properties:
ND
Microstructure Material Microstructure LPBF —
homogeneity: | stability: ND | microstructure
ND specificity:
ND

ND: not determined
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