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AMMT Vision, Mission, and Goals

Vision

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

CAMMT

ADVANCED MATERIALS AND
MANUFACTURING TECHNOLOGIES

Mission

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.

Goals

Develop advanced materials &
manufacturing technologies.
Evaluate materials performance
in nuclear environments.
Establish and demonstrate a
rapid qualification framework.
Accelerate commercialization
through technology
demonstration.
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Regulatory bodies governing materials for

nuclear reactors

« The NRC’s mission is to license and regulate the use of radioactive materials for public
health and safety, security, and environmental protection, and materials used in
facilities is an important part of that consideration

» Licensing: process through which the NRC grants permission to engage in regulated nuclear activities

» Regulatory acceptance: acceptance of a set of specific methodologies or approaches used to support safety
assessments or design evaluations within the regulatory framework

» Technical basis of regulatory issues for materials — a review of federal codes (10 CFR
Part 50, 52, 54)

* NRC has standards and relies on
external Standards Development m m
Organizations, especially ASME,

Relevant material properties Degradation mechanisms
ANS, and ASTM

R lat i . Irradiation hardening or
. egulatory requirements
 ASME regulates and standardizes , SO
materials used in reactors ST Irradiation creep
+ Section Ill, Division 5 covers high- o Radiation-induced
/XN segregation
temperature reactors , W
. functionali N\ Thermal- or irradiation-
« ASTM testing methods frequently b mas N e
referred to by ASME standards
. _No ASME standard deals with related Void swelling
irradiation effects elate
~~~~~~ Possibly related Phase transformation ...

Material properties, degradation mechanisms, and regulatory interaction

Nuclear
Regulatory
Commission

Department

of Energy

US energy policy * Independent
Nuclear energy- regulatory agency
related R&D * Responsible for
Promotion of safe operation of
nuclear nuclear facilities

technologies

Interaction between US Department of
Energy and US Nuclear Regulatory
Commission and historical relationship



lon Irradiation May Enable Materials Qualification
Efforts to Traverse over “The Valley of Death”

Small Businesses
<<

Academia <

Large Businesses

>
National Laboratories

Resources

Basic Applie Prototype and systems
research research Technology Development development
> < > < > < >
1 2 3 4 ) 6 7 8 9

Materials qualification efforts typically require a large investment in neutron irradiations to overcome the hurdle from applied
research to developed technology

lon irradiations as a quick, relatively cheap tool may reduce the overall cost if applied correctly
: U.S. DEPARTMENT OF Ofﬁce Of
AMMT ENERGY
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Roadmap for the Application of
y n o ~ lon Beam Technologies to Challenges

for the Advancement and Implementation

al cont.760673 of Nuclear Energy Technologies
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Additional challenges for AM materials for
advanced reactors

* Metal AM techniques have inherent process
variability

« Challenges for qualifying as-deployed AM
components

« Witness specimens for high-temperature, time dependent
performance will result in a prohibitively large and time-
consuming test matrix

* The case for ion irradiation testing of AM materials
* Increased process variability (microstructure and microchemical
variability) makes it prohibitive to use neutron irradiation as the
only source of qualification data

o5
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Objective of the white paper

» Establish the framework to recommend the path forward for
the accelerated qualification of structural materials in

INL/RPT-23-74577

nuclear environments using combined ion irradiation, Promoting the Regulatory
. o . Acceptance of Combined Ion
neutron irradiation and modeling and Neutron Irradiation for
. . . N’ Material Degradation in
« Develop a collaborative path forward for academia, industry, w Nuclear Reactors

and national laboratories developed with input from the
Office of Regulatory Research within the U.S. Nuclear
Regulatory Commission

» The white paper is intended for a broad audience and to
provide a technical, generalist-level overview on complex
interplay of topics

- Domain expertise is necessary to apply the approach correctly, because TR e orl iy
the detailed strategy must be specified for each property of interest O ——

C?n
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Where can ion irradiation help
accelerate qualification?

+ Decades of effort have led to sufficient understanding on the differences lon irradiations:
between ion and neutron irradiations, making it is possible to generate Mature
relevant irradiation microstructures with ions Additional Efforts Needed

Hardening

* Note: not all structures can be generated at the same time
» The material property of interest must be linked to the microstructure of interest

Embrittlement

* lon irradiations, in general, have smaller uncertainty in experimental
parameters, making modeling more precise

 The gap between microstructure and properties can be addressed with
careful measurements, modeling and simulation

« Approaches with “surveillance” materials/samples can provide sufficient IASCC |
coverage and is and historically acceptable by regulators

corrosion

How can a “surveillance” approach with ions capture the relevant
processes?

U.S. DEPARTMENT OF

Qah
EAMMT ENERGY

Creep /

relaxation

icrostructure:
- Loops
- SFTs
- Voids
- Precipitates
-RIS
- He/H

Office of
NUCLEAR ENERGY



Fundamental basis for comparison of ion-
and neutron-induced microstructures

 Fundamentals of radiation damage
» Primary radiation damage, damage rate, damage profile, 1 MeV electron o 1 MeV neutron
surface and size effect of specimens, and transmutation o

1 MeV proton 1 MeV heavy ion

— — @

« Radiation particle types

* Microstructure changes from irradiation
» Dislocation structure and stacking fault tetrahedra

» Radiation-induced chemistry and phase changes ©
. <
« Corrosion and IASCC ' ; ®  Energetic projectil
(for example neutron)
- Cavities and voids ,, @ @ o~
p Lattice atom
. . . N & A 3
Mechanical property changes from irradiation 2 | ' @.- @ Wi
« Radiation hardening » °® & ¥ S i
. . L (.---00-00 g.
* Localized deformation y R i H elium
b . > Transmuted atom
- Irradiation creep and stress relaxation © o y
} 7" 4 )
y. g’)

iy v ,
CAMMT e i
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Select the right tool for the job

lon irradiation Neutron irradiation

Rapid
Assessment
of Swelling

I

Yield Strength, MPa
£ g 8

Embrittlement

Uniform Elongation, %

Fracture
toughness

Phase
formation

* High level conceptualization of radiation testing for design achievement

+ Timelines to obtain data (accelerated vs prototypical)
U.S. DEPARTMENT OF Ofﬁce Of

£
g
D
{‘;’AMMT * lon irradiations can reduce, but do not eliminate, the need for neutron ENERGY | NUCLEAR ENERGY
irradiation tests.




Interpreting radiation damage with theory,
modeling, and software

* Physical basis of radiation-driven microstructure evolution - —
isplacement cascade efficiency

+ Production of defects vs thermodynamic recovery processes R el lelltetetetniniiiiiiibl i !
Cascade quench annihilation

» Details of radiation damage: transmutation, damage cascade extent and type of defects produced

1 I
1 I
1 1
1 I
1 1
* Nucleation and growth of extended features [ Quenched cascade defects :
: |
1 I
1 1
1 I

 Damage calculations
« Collision kinematics: PKA energy spectrum

Intracascade thermal recombination

__________________________________________

 NRT-dpa or related damage calculatons | SRRt

1
1
Isolated point Clustered point '
]

defects defects
/ I

| Mobile clusters | Immobile clusters

. 1
\\

« Atomistic modeling
+ BCA (SRIM), DFT, MD

* Modeling diffusive length and time scales
» Mansur invariance relationships

~,

| Evaporating defects |

» Mean field rate theory, cluster dynamics

\ . ! Migrating Defects
* Phase field, kinetic Monte Carlo ETeTNe

« Codes, standards, quality assurance, and recommendations
« ASTM standards (especially E521) discusses the math of dpa calculations

* NO testing standard exists for software, benchmarking or quality assurance for dpa or damage

profile (BCA) calculations
U.S. DEPARTMENT OF Ofﬁce Of

 Critical point of failure within the field exists with reliance on SRIM ENERGY | NUCLEAR ENERGY



State of the art for correlating ion and
neutron irradiation results

« Correlation factors based on testing parameterization for
equivalent irradiation damage 1

£
* NRT-dpa, neutron energy threshold and transmutation damage g
+ NRT-dpa limitations include variations in stable radiation-induced defect e
production g
« arc-dpa, rpa, crc-dpa proposed as improvements to NRT-dpa §1__
Z 1 1 o
« Correlation factors based on physical results of irradiatio LowDPA | 0 E 2 E,
tests I heatP Vsl ik _(."_:_: PKA Energy
[ Neutrons at 2750 ~1.1x10"'wem’ - 0- - A- -3 17
* Microstructure equivalence: dislocation loops, RIS, cavities, cluster -
formation .
» Hardness (nanohardness, Vickers hardness) :: w YT
_—: DI, 445°C, 4 He/d
. Creep s gxo” - 35 dpa
« Sources of uncertainty in irradiation experiments =l

« Materials impurities B ¥ & 4 W 5 B
Distance from GB (nm)
o

» Temperature, total fluence

Cavity Density/Bin (m
)

-
o
©

\ h 1
‘Z(;\/)AMM U.S. DEPARTMENT OF ’ \
‘o
I ENERGY .- ‘
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MANUFACTURING TECHNOLOGIES 0 5 10 15
Cavity Radius (nm)




Recommended path forward for regulatory acceptance

of combined ion and neutron results to accelerate
materials qualification

 Framework is based on the “materials tetrahedron”
and can be used to develop new materials and
provide information for NRC safety cases

lon irradiations }

[ ] ] ] [ ] / \
* Roles of academia, industry, national laboratories Physics-based

: modeling and ML
« Academia supports complex research challenges and L )
fundamental questions on radiation damage ( , N A

. . Desired minimum

 Industry provides input for concerns to generate useful test neutron irradiations

\_ J

matrices and support a license application using this approach

« National labs perform large translational research and
engineering campaigns to qualify materials and provide a
springboard for industry; support update of standards, and serve

... as stewards for software

@ U.S. DEPARTMENT OF O 2
AMMT ENERGY | NUGLEAR ENERGY
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Bootstrapping approach



Licensing Approach with lons and
Neutrons (LAIN)

‘Before operation

e Demonstrate with LPBF 316H stainless
steel

lon irradiation Evaluation Physics-based models Minimum neutron irradiation Property evolution curve

0000
ocedo
0000

lons + models
Neutrons

« Temperature boundary up to 650 C 3335 g
°o— ‘,
* Dose boundary up to 10 dpa don 5
N o - J *
* Desired minimum neutron irradiation tests o— = .,,,»‘

* Demonstrate irradiation-induced hardening Time
relating microstructure and nanohardness /

Vickers hardness

y Conti nue to engage WIth N RC Ofﬁce Of / Surveillance program Model feedback Additional ion irradiation Updated property evolution cum

Regulatory Research with regular —
discussion and progress updates oe0o Z|Reivone - #
0000 c, — & ‘
 Partnering needed to initiate surveillance = * o i [> £
program and use of approach in NRC Qo— 5 P e
licensing application A’*‘;—/
During operation
Similar to 10 CFR 50 App. H The ability to re-evaluate the state of knowledge and incrementally improve the

ASTM ES531, E853, E2215 prediction using ion irradiations + modeling is the essence of the proposed approach.



Detailed decision pathway for developing a combined
ion and neutron test strategy to accelerate material
qualification

Construct and - Construct and

Select - Construct - Complete pre- ‘ Describe -

property of application qualification project and start neutron execute ion
interest envelope steps testing goals irradiations irradiation
- Swelling * Reactor _ » Codes and QA * Initial target * Assess
embrittle’ment, design, service standards, organization, dpa microstructure
stress relaxation. .. temperature, heat methods... and local
neutronics... treatment... properties

Update physics-
based prediction

Physics-based Perform PIE and » Use complete data Initiate surveillance

modeling and compare to set for initial safety program in licensed

basis reactor for more
prototypical results and

and ion
irradiations

ML ion/modeling
results

« Confidence higher dpa
 Interpret ion * Use results to intervals used * Update
p o o c

et modeling informed - Periodically test e

n%ﬁtfor? approach, decisions witness specimens license

irradiation gnOdSSidedOf modifications

round o
ion irradiations
J ) J

b3
ey
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What is still needed

- Bulk sub-sized specimen and micro-/nano- mechanical testing that can be related to
engineering properties via physics-based models

 In situ ion irradiation and neutron irradiation mechanical testing capabilities (creep, creep-
fatigue)

« Updated ASTM standard E521, “Standard Practice for Investigating the Effects of Neutron
Radiation Damage Using Charged-Particle Irradiation”

 Robust computer vision algorithms for automated microstructure feature identification

« Mechanistic models that enable microstructure and property evolution predictions at
different temperatures, damage particle types and damage rates

« Community consensus-driven acceptance of ion-irradiation techniques

 Integration of efforts from academia, national laboratories, and industry, with continued
engagement with US NRC Office of Regulatory Research

NUCLEAR ENERGY
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Conclusions

« The language for regulating materials within the NRC framework is very broad and there are
only a handful of high-level regulations

« There is no one-size-fits-all approach to demonstrate every possible radiation-induced
behavior with ion irradiation, necessitating at least a limited set of neutron irradiation

« Surveillance programs with intermittent evaluation and modification of operation based on
physical models are a strong strateqgy for adoption

« If this is first applied in an area with significant redundancy and less safety significance,
then its more likely to be implemented and used to gather operational experience

« AMMT is combining neutron irradiation, ion irradiation and modeling to progress a
comprehensive framework for rapid qualification.

Questions or comments? Interested in collaborating? Please contact andrea.jokisaari@inl.gov
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