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AMMT Vision, Mission, and Goals

Vision

Expansion of reliable and
economical nuclear energy
enabled by advanced materials
and manufacturing
technologies.

Accelerate the development,
qualification, and deployment
of advanced materials and
manufacturing in support of
U.S. leadership in a broad
range of nuclear energy
applications.

Develop advanced materials &
manufacturing technologies.
Evaluate materials performance
In nuclear environments.
Establish and demonstrate a
rapid qualification framework.
Accelerate commercialization
through technology
demonstration.

This talk focuses on the accelerated qualification aspect of the program.
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Introduction

= “Qualification” refers to the process of systematically testing and evaluating materials to ensure their performance

reliability under reactor operating conditions, such as high temperatures, radiation exposure, and corrosive
environments.

= Qualifying an alloy for its use in nuclear applications involves complying with Codes, standards and regulations due
to the critical safety requirements of nuclear components.

ASME Codes and NRC Regulations

= ASME Codes

— ASME Boiler and Pressure Vessel Code (BPVC) provides rules used forthe design, fabrication, and inspection of boilers and
pressure vessels, including structural components used in nuclear reactors.

— BPVC, Section Il provides rules for constructions of nuclear facility components.
" NRC Regulations
— NRC performsregulatory reviews and approvals of new designs for nuclear power plants.
— NRC'sregulations fornuclear power plants are codified in Title 10 of the Code of Federal Regulations (10 CFR). Regulations
in 10 CFR Part 50 and 10 CFR Part 52 include requirements for material qualification and performance monitoring.

Accelerating the material qualification process of new materials for nuclear use is crucial for timely innovation
in the nuclear industry.
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Our Challenge: Qualification of High Temperature
Materials

Code qualifying a new material for high temperature nuclear structural design is a lengthy process.

= ASME Section lll, Rules for Construction of Nuclear Facility Components -
Division 5, High Temperature Reactors

— Governs the construction of structural components for use in high temperature ek
reactors including GCR, SFR, LFR, MSR. 316 5SS
— Specifies the mechanical properties and allowable stressesto be used for design of 2,25Cr<tMo
components in high temperature reactors. 9Cr-1Mo
. L Alloy 800H
" NRC endorses the use of ASME Section lll, Division 5.
_ _ Alloy 617
= Only six materials have been approved for elevated-temperature nuclear
construction in Section Il Division 5. ?E?Ic'::;"c.!:'fl
= Approval of a new material under the Code involves rigorous testing, Y\ W foME Bolfer and
documentation, and approval processes.

High Temperature Reactors

— Specification, productform, size/thickness, hear treatment, metallurgical structure
— Data are generated from at least 3 different “heats” of the material.

— Exhaustive mechanical propertytests (tension, creep, fatigue, creep-fatigue, etc.)
— Fortime-dependent properties (e.g. creep), allowed time extrapolation factor 3-5.
— Considerlong-term properties stability, e.g. structural stability due to thermal aging
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Our Challenge: Qualification for Environmental Effects

= ASME Code rules do not provide methods to evaluate deterioration from
corrosion, mass transfer phenomena, radiation effects.

" NRC has issued “Material Compatibility for non-Light Water Reactor Draft
Interim Staff Guidance” as part of its evaluation of a non-LWR application to
review applicable design requirements including environmental compatibility,
qualification and monitoring programs for safety-significant structures,
systems, and components (SSCs).

Irradiation Effects

" The cost and time required for neutron irradiation and post-irradiation
examinations only allow for exploration of a limited set of metallurgical and
irradiation conditions. Extrapolation of data beyond testing conditions and
prediction of long-term performance is a challenge.

Corrosion Effects

" Comprehensively evaluate the corrosion performance of materials in various
reactor coolant environments (e.g. molten salt, sodium, lead, helium) is a
challenge.

EaMMT

UNITER STATES NUCLEAR REGULATY
Protecting People and the Envirosoment

DANU-ISG-2023-01
Material Compatibility for non-Light Water Reactors

Draft Interim Staff Guidance

February 2023
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Our Challenge: Qualification of AM Materials

Need a paradigm shift to qualify materials and components made by advanced manufacturing technologies for

use in nuclear systems.

Qualification of materials made by advanced manufacturing (AM)
processes (e.g. laser powder bed fusion, directed energy deposition)
for nuclear applications presents a new challenge.

Materials made by conventional manufacturing (e.g., casting, forging,
rolling, etc.) rely on a well-defined thermal and mechanical processing
condition that defines the material properties.

Materials and components are formed simultaneously vs. sequentially
in conventional manufacturing; AM qualification involves parts,
materials, equipment, operators, processes.

Additive manufacturing is a highly-localized process, creating spatial
variations in response to differences in geometry and processing
conditions. A large test matrix is required to determine the bounds of
mechanical properties.

— Defectvariations
— Microstructure and property variations
— Compositional variations (e.g. functionally graded materials)

EaMMT
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Rapid Qualification Framework

A science-based engineering approach: combining scientific understanding with fundamental database development.

Develop Processing-Structure-Property-Performance based qualification framework

A P-S-P-P based qualification framework involves tailoring processing methods to achieve desired structural characteristics
to meet the property and performance requirements for specific applications.

Use integrated experimental, modeling and data-driven tools

Capitalize on the wealth of digital manufacturing data, integrated computational materials engineering (ICME) and machine
learning/artificial intelligence (ML/AI) tools, and accelerated, high-throughput testing and characterization techniques.

Integrate in situ process monitoring data into the qualification process

Monitor and analyze the printing process in real-time to ensure the quality and integrity of the fabricated part. Use in situ
process monitoring data to detect defects and as a QAtool to assess part quality.

Demonstrate new qualification framework through qualifying LPBF 316H SS

Laser powder bed fusion 316H stainless steel (LPBF 316H SS) serves as a test case for demonstration of a new
qualification framework.
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Advanced Experimental & Computational Tools

Accelerating the qualification of new alloys requires an integrated approach combining advanced experimental and computational methods.

Advanced neutron
irradiation platform

Accelerated

Auto?at?d I characterization of
m|cro|s uc gra environmental
analysis effects

quantification

Non-destructive,
3D advanced
characterization

Accelerated
creep and
creep-fatigue
testing

o3
g(.j High-throughput subsize specimen
i“AMMT testing & validation

Machine
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Computer
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Advanced
Computational
Tools

Microstructure
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Property
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Understanding Processing-Structure-Property Relationship
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High-throughput Automated X-ray CT NDE

Rapid printing parameter selection and optimization

Design of Experiment (DoE) Window of desired process parameters

Print the build plate (~100 parts per
plate)
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In sifu Process Monitoring for AM Qualification

= Use in situ process monitoring data to detect defects and as a QA tool to assess part quality.

Edge Swelling Soot Recoater Streaking

Use in-situ data as a QA tool to
assess general part quality

Use high-throughput XCT data Extract specimens to evaluate
to identify specimens of desired microstructure variation in high-

g (Filter 1) heterogeneity (Filter 2) density parts (Filter 3)
= Apply in situ sensors
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= |ntegrate in situ process monitoring data into the qualification process and work with
ASME to identify a qualification pathway.
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Processing-Structure-Property Modeling

Process modeling to predict AM microstructure
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Microstructure-Property Modeling

» Process model may be used to generate synthetic microstructures
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‘ Columnar grain structure develops significant anisotropy in the mechanical responses.

Predict long-term creep strength
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Thermal Creep Challenge Problem

Problem Definition

= Predict the creep behavior of an additively-manufactured 316H specimen
that has a range of microstructure within the specimen gauge resulted from

different processing conditions.

Goals

" Actively integrate multiple facets of the program such as materials
development, advanced manufacturing, characterization and testing,
computer modeling, and digital data to accelerate the qualification
process.

" Provide a testable example to evaluate key technical challenges,
assess the state-of-the art, and identify critical gaps that must be
addressed to meet the program goals.

Multiple
parameter
sets used
within gage
section

Potential Impact

= Successful completion of the challenge problem will yield a critical benchmark to gauge the ability of model
predictions. The developed methodology could be applied to various materials, mechanical property tests, and
environmental conditions.
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Accelerated Qualification for Environmental Effects

Irradiation Effects

®  Conduct neutron irradiation and PIE to

evaluate the materials performance.

® Use combined ion & neutron irradiation

and modeling data to cover a wide
parameter space to develop a
comprehensive understanding and
predict the material behavior beyond
testing conditions.

Corrosion Effects

= Evaluate corrosion performance in
reactor coolant environments.

= Understand and predict the effects
of defects and microstructural
heterogeneities on corrosion
behavior.

EaMMT
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Corrosion Behavior

Processing Microstructure

Feedstock, printing Porosity, residual stress, surface
parameters, post-processing roughness, anisotropy, chemical
conditions, etc. segregation, grain structure,
dislocation structure, etc.

General corrosion, SCC,
IASCC, corrosion fatigue,
intergranular corrosion, mass
transfer, etc.

Corrosion test method standardization
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Performance Evaluation under Neutron Irradiation

Neutron Irradiation and Post Irradiation Examination (PIE) of Laser Powder Bed Fusion 316 SS

HIFR Irradiation ATR Irradiation Post Irradiation Examination
Flux Trap “Rabbits” Experiments Irradiation Experiments Comparison of tensile strength and
«  Fastflux: 1.1x10%n/cm?/s *  Primarily thermal spectrum ductility data for LPBF and wrought 316L
e Thermal flux: 2.0x105 n/cm2/s « Pressurized water at ~50°C in various test and irradiation conditions.
 Small diameter: $9.1-11.3 mm *  Experimentpositions vary - ]
. 12.6dpalyear (steels) between5/8” to 3” diameter e _ s G
R Temperature: 60-1200°C . Fast flux: 8.1x10%3n/cm?/s
«  Hydraulic tube for irradiation *  Thermalflux: 2.5x10**n/em?/s
Tensile specimens Specimens
*+ SS-J2(16 x4 x0.5mm) + SS-Jtensiles
+ SS-J3(16x4 x0.75mm) + Bend bars

Bend bar specimens * Round compacttension

e Dimensions:14.8x 3 x4.5 mm
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Accelerate Qualification with Combined lon &
Neutron Irradiations and Modeling

Neutron Irradiation: conducted neutron irradiation at 300 and 600°C at 0.2, Com puter Modeling

2 and 10 dpa. Included as-printed, stress-relieved, solution annealed, and wrought
samples. Developed a preliminary understanding of microstructural evolution and Modeling of radiation-induced segregation (RlS) in AM 316 SS.
irradiation effects on tensile properties of AM 316L SS.
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Ex situ/in situ lon Irradiation: exsitu ion irradiation creates a sample
library of AM 316 SS to understand the effects of a large number of metallurgical and
irradiation parameters; in situ ion irradiation with TEM provides high-fidelity data for
modeling of irradiation-induced defect evolution in AM 316 SS.

Promoting the Regulatory
Acceptance of Combined Ion
and Neutron Irradiation for
Material Degradation in

w Nuclear Reactors
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Corrosion Performance Evaluation of AM Materials

= |dentified the research needs and strategies to characterize the corrosion behavior of AM materials in
nuclear environments.

= |nitiated corrosion studies of AM materials in molten salt and sodium environments.

Potentialimpact of AM processing on microstructure and corrosion behavior
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High-throughput Automated Microstructure Quantification

Goal

To provide quantitative microstructural data to establish the processing-

structure-property-performance relationships to accelerate material
development and qualification for nuclear applications.

Application of Al/ML

Al models identify and analyze microstructural features in microscopy
images, enhancing data accuracy and efficiency.

These models, trained on expert annotations, segment images to generate
guantitative microstructural data such as size and density.

Multi-scale Microstructure Quantification: CV enables rapid, consistent
microscopic analysis and provides quantitative microstructural data at various length

scales.
Opfical Microscopy
Segmented
s s, o - g
| BRI hed. o ¢ -? :
S e N g € -
i 0?..5 s ,. e ’, - .| Python-based
e, i - —,‘,‘ N . computer vision tools
ST i whie ¢ onl to anal i
) - yze porosity
. e '.'.‘, ] . 9, o P S . .
» 1 T L T < size, densityand

. _ % -] shapein LPBF 316 SS.

Irradiation Defect Dynamics: CV enables real-me analysis of nanometer-sized
defects generated during in situ ion irradiation with TEM.

Track individual voids and monitor void swelling during irradiation.
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M. Li, etal., J. Nucl. Mater. 559 (2022) 153469.

Annotation overlay of

S a CrCO-rich phase,
egmentation MnSiO;, and MoSi
of cell structure rich precipitates
in LPBF 316 e
o5 highlighted in yellow,
. red and blue,
respectively.

Transmission Electron Microscopy (TEM)

-

CV models to analyze TEM images
to measure dislocation cells,
dislocation lines and dislocation
loops.
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Multi-Dimensional Data Correlation (MDDC) Platform

Manufacturing

Process Parameters
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Characterization

Non-Destructive
Testing

Destructive Testing

Lifetime &
Performance

Twin n

Toolkit

Artificial Intelligence
Machine Learning

« Data Analytics

* Process Models

* Materials Models

» Performance Models

Digital Twins and MDDC Toolkit Accelerates Development

Characterization

Processing (. %

Performance

Digitally Aided
Qualification

Al Based Design

Demonstrations

3 years —_

dyears 10 years

Improve Performance, Reliability and Lifetime of Nuclear Components

“Advanced Materials and Manufacturing Technologies (AMMT) 2022 Roadnmap”
(https://www.energy.gov/sites/defaultffiles/2023-03/ne-amt-roadmap-03082 3. pdf)
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Accelerated Qualification: Staged Approach

Consider multiple qualification pathways and take a staged approach.

Incorporate in-situ

Statistical/Equivalence- Model-based

based Qualification

process data into AM

qualification Qualification

Demonstrate the performancein
computer models with the
Processing-Structure-Property-
Performance relationship and
verify it with minimal testing.

Require extensive testing and
empirical modeling to
demonstrate a new material or
processis equivalent to a
previously qualified one.

Use in-situ measurementdata
and understanding of the
Processing-Structure-Property-
Performance relationship.
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Summary

= Major challenges in the qualification of nuclear structural materials:
— Qualification of high temperature materials
— Qualification of materials for environmental effects (irradiation and corrosion)
— Qualification of AM materials

" Introduce a framework to ethe nable accelerated qualification of nuclear structural materials, focusing on
understanding the Processing-Structure-Property-Performance relationships.

" |Integrate novel research methodologies, e.g. advanced manufacturing, advanced characterization, high-
throughput testing, computational modeling, and ML/AI, to expedite the qualification process.

" Leverage the extensive dataset and knowledge to establish design allowables and performance boundaries for
materials subjected to irradiation, corrosion and high-temperature stresses.

= Establish and demonstrate the new qualification framework through qualifying LPBF 316H SS for applications in
high temperature reactors.

= Actively engage with ASME and NRC early to understand their requirements and expectations. Regularly update
them on progress and interim results to build trust and facilitate approval processes.
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