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U.S. Approach
The U.S. approach to materials development and qualification 
for advanced reactor technologies involves a coordinated 
effort between the U.S. Nuclear Regulatory Commission, 
industry, DOE National Laboratories, and academia.  
High-throughput tools are being developed to enable rapid, 
and innovative materials design and testing to support 
accelerated materials qualifications.  
Adopting physics-based modeling and data-analytics to 
materials design and analysis will improve the predictive tools to 
understand both as-fabricated behaviors, and advanced 
reactor conditions.



Distinguished Panel Speakers:
Mr. Wayne Moe, Idaho National Laboratory
Mr. Wayne Moe is an environmental engineer with over 30 
years of diverse industrial and nuclear facility compliance 
experience that includes involvement in both fossil and nuclear 
plant operations.  He possesses multiple graduate degrees in 
Environmental Engineering, Waste Management, and 
Ecological Science from Idaho State University, the University of 
Idaho, and the University of North Dakota, respectively.  He has 
also worked as a state-level air emissions researcher and 
environmental regulator.  More recently he developed siting 
reactor criteria for the Next Generation Nuclear Plant (NGNP) 
project and participated in the national regulatory framework 
development team for advanced nuclear design criteria and 
the risk-informed, performance-based licensing modernization 
project. 

Presentation: Advanced Reactor Technologies 
- Regulatory Technology Development Plan



Distinguished Panel Speakers:
Mr. Andrew Yeshnik, U.S. Nuclear Regulatory 
Commission
Andrew Yeshnik is currently a materials engineer in the 
Advanced Reactor Technical Branch. Mr. Yeshnik is currently 
working on several projects within the Division of Advanced 
Reactors and Non-Power Production and Utilization Facilities 
associated with materials, chemical compatibility, and the 
regulatory framework for advanced reactors. He has previously 
reviewed materials engineering topics for the NuScale SMR and 
the APR1400 designs. Before joining the NRC, Andrew worked 
as a project engineer at Areva-Transnuclear and oversaw the 
construction of Dry Storage Containers for the isolation of spent 
nuclear fuel. Andrew received a B.S. degree in Material 
Sciences and Engineering from Virginia Polytechnic Institute 
and State University.

Presentation: NRC International Workshop on 
Advanced Nonlight-Water Reactor – Materials 
and Component Integrity



Distinguished Panel Speakers:
Dr. Andrea Jokisaari, Idaho National Laboratory
Dr. Andrea Jokisaari is a Computational Scientist in the 
Computational Mechanics and Materials Department of Idaho 
National Laboratory and is the Deputy Technical Director of the 
Nuclear Materials Discovery and Qualification initiative 
(NMDQi).  Prior to joining INL in January 2018, she completed a 
two-year postdoc with a joint appointment between 
Northwestern University and Argonne National Laboratory and 
received her doctorate from the University of Michigan.  Her 
research interests focus on applying theory and computation 
to understand the fundamental thermodynamic and kinetic 
driving forces influencing microstructural evolution at the 
mesoscale, particularly in extreme environments.  Dr. Jokisaari 
focuses on collaborating closely with experimental scientists 
and on developing models that cross length scales, including 
up to engineering-scale reduced order models. 

Presentation: Nuclear Materials Discovery and 
Qualification initiative (NMDQi)



Distinguished Panel Speakers:
Dr. Todd Allen, University of Michigan
Dr. Todd Allen is Professor at the University of Michigan and a
Senior Fellow at Third Way, a DC base Think Tank, supporting
their Clean Energy Portfolio. He was the Deputy Director for
Science and Technology at the Idaho National Laboratory
from January 2013 through January 2016. Prior to INL he was a
Professor in the Engineering Physics Department at the
University of Wisconsin, a position held from September 2003
through December 2012 and again from January 2016-
December 2018. From March 2008-December 2012, he was
concurrently the Scientific Director of the Advanced Test
Reactor National Scientific User Facility at INL. Prior to joining
the University of Wisconsin, he was a Nuclear Engineer at
Argonne National Laboratory-West in Idaho Falls. He has a
Doctoral Degree is in Nuclear Engineering from the University of
Michigan (1997).

Presentation: Developments in Nuclear 
Materials
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Advanced Reactors - R&D and Licensing

Technology Development
• Perform necessary R&D to bring new 

reactor technology to market readiness
• Address information and data relative 

to design, cost and safety
• Establish R&D plans that enable 

design, testing, and demonstrations 
• R&D results must address applicable 

safety criteria & licensing requirements

Regulatory Framework
• Regulatory structure must be compatible 

with the new reactor technology
• Applications must present key data (with 

margin) that prove safety approach
• Ensure tools & information are available 

to support independent safety review 
• Licensing looks to high quality R&D to 

demonstrate requirements are satisfied

Advanced 
Reactor 

Technology 
Development

Advanced 
Reactor 

Regulatory 
Framework
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Key R&D Linkages with Licensing Critical Path 
RTDP = Regulatory Technology Development Plan

R
T
D
P
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Regulatory Technology Development Plan 
• Systematically maps key R&D activities to 

regulatory needs and licensing challenges
• Informs R&D planners by:

– Identifying technology-specific R&D necessary to support 
an evolving regulatory environment

– Noting precedents and outside opportunities (e.g., NGNP) 
for leverage into technology development planning

– Being a “living tool” that communicates R&D priorities 
relative to performance of future safety assessments

– Considers the impact of key R&D activities on the critical 
licensing path 

• RTDP (R1) addressed mHTGR, SFR and MSR 
– Matched DOE R&D initiatives with technology-specific 

applicant plans for licensing
– Recommended DOE R&D priorities based on associated 

licensing implications

• A new (DOE) microreactor RTDP will be written in FY21

PLN-4910
INL/EXT-14-32837 (Rev 1)
September 6, 2017
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Typical Technology Development Elements in 
Licensing
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Addressing Licensing Needs
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Typical R&D of Major Regulatory Interest
• Fuel Qualification

– Reliability and consequences under normal conditions and accident events
• Mechanistic Source Terms

– Radionuclide release/transport model from fuel to environment
– Source terms are a core feature of licensing safety reviews

• Analytical Codes and Methods
– Verified and validated predictive tools for core dynamics and MST analysis

• Core Heat Removal
– Assure safety basis conditions/SSCs are preserved under all design 

conditions
• Materials Analysis

– Compatibility, reliability, mechanisms of degradation in SSCs that are 
important to safety

• Instrumentation and Control
– Automation, staff reduction, applications in new service environments 

• Probabilistic Risk Assessment
– Realistic safety insights supported by metrics and failure histories  

7



Licensing Priority
• “High” licensing priorities designate the highest level of licensing 

concern relative to reactor technology R&D

• “Medium” denotes R&D topics significant to plant safety but little risk to 
current licensing schedules. A “Medium” priority topic could become a 
“High” concern if delayed to impact critical licensing path

• “Low” priority research may be necessary for deployments, but the 
activity exerts little influence in safety decisions. “Low” priority R&D 
items are not expected to challenge the licensing critical path

• “None” suggests no identified licensing concern for the topic

8
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NRC International Workshop on Advanced 
Nonlight-Water Reactor – Materials and 

Component Integrity
Andrew Yeshnik

Advanced Reactor Technical Branch
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission

October 2020



Workshop Background

2

• On December 9–11, 2019, the U.S. Nuclear Regulatory Commission (NRC) met with 
representatives from the international nuclear community to discuss the state of knowledge, 
operating experience, and research activities related to high-temperature metallic and 
nonmetallic materials, coolant chemistry, reactor component integrity, and applicable codes 
and standards. 

• In addition, members of the public participated by teleconference. Engineers and scientists 
from the United States, United Kingdom, Japan, Canada, China, Malaysia, Italy, Turkey, and 
the Netherlands attended the workshop. Organizations represented at the workshop included 
regulators, national research organizations, national laboratories, vendors, and universities.

 NRC Report: RIL 2020-09
 https://adamswebsearch2.nrc.gov/webSearch2/main.jsp?AccessionNumber=ML20245E186

https://adamswebsearch2.nrc.gov/webSearch2/main.jsp?AccessionNumber=ML20245E186


Vendor Designs

3

• Key Takeaways:
– A variety of nuclear technologies are being developed to fulfill the unique energy 

strategies being pursued by each vendor.
– Both ASME B&PV Code-qualified and non-Code-qualified materials are being 

proposed.

• Challenges:
– Regulatory and technical approaches need to focus on ensuring that safety goals 

are met. Each combination of reactor design and material poses unique issues.
– At present, ANLWRs provide much less commercial operating experience than 

conventional LWRs.



Technical and Research Activities
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• Key Takeaways:
– Significant technical and regulatory efforts are underway internationally.
– The need for technical and regulatory flexibility is recognized.
– Leveraging international ideas, knowledge, and capabilities is a foundational 

strategy that can benefit all countries and organizations.
– Prioritizing research is important for efficiently using both resources and time.

• Challenges:
– It is unclear how much collaboration and information sharing will be possible, 

given the proprietary nature of designs.
– Some research gaps (e.g., irradiation performance) are complex, costly, and 

lengthy to address.



Materials Qualification (1 of 2)

5

• Key Takeaways:
– Qualification success stories exist.
– Understanding both thermal effects and galvanic corrosion effects is 

important to develop effective mitigation strategies for commercial 
use.

– Understanding irradiation effects is necessary to ensure reactor core 
safety over the intended plant lifetime.



Materials Qualification (2 of 2)
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• Challenges:
– The ASME B&PV Code approves very few metallic materials for use in HTRs.
– Gaps in knowledge about high-temperature, long-time performance are 

challenging to fill with experimental data alone.
– Nonlinear and time-dependent material performance complicates model 

validation.
– Design framework needs improvement to account for and address uncertainties in 

material performance due to operating in high temperatures.
– Strategies for vendors, materials suppliers, and regulators to work effectively with 

codes and standards organizations to expedite material qualification and 
implementation.



Graphite
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• Challenges:
– There is limited available operating experience with graphite in MSRs.
– Due to highly vendor-specific and proprietary manufacturing methods, it may not 

be possible to standardize graphite through the conventional approaches used for 
metallic materials.

– Understanding irradiation effects on graphite, particularly dimensional changes, 
and chemical behavior of graphite in a molten salt environment are key gaps.

– Fundamental corrosion and irradiation mechanisms are not entirely understood.

• Key Takeaways:
– Advanced materials qualification methods, such as physics-based modeling and 

data analytics, may provide an approach to accelerate the typical 10-year (or 
more) cycle for qualification of structural materials for nuclear reactors.



Inspection and Monitoring
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• Key Takeaways:
– Current uncertainties in material and component performance can be 

substantially reduced through effective inspection, monitoring, and surveillance 
programs.

– Vendors need to integrate these concepts directly into the reactor designs (e.g., 
online monitoring).

• Challenges:
– The conventional notion of using a refueling outage to conduct inspections is likely 

not possible.
– Long-term operation under harsh conditions will be required, making NDE 

reliability paramount.



Molten Salt Chemistry
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• Key Takeaways:
– Electrochemical methods show promise for chemistry control and monitoring.
– Salt composition is constantly changing during operation.

• Challenges:
– Careful experimental design and control are needed to ensure that the targeted 

behavior is measured.
– Obtaining reliable data on thermophysical properties is necessary to inform 

models.
– Continued development of experimental techniques is needed to both understand 

and control molten salt chemistry.



Environmental Effects on Metallic Materials

10

• Key Takeaways:
– The research framework used to address environmental effects in LWRs remains 

applicable for addressing structural material performance in ANLWRs.
– While unique environmental effects exist for each reactor type, the understanding 

of LWR performance provides a good basis for understanding effects, especially in 
LMRs and HTGRs.

• Challenges:
– The biggest knowledge gaps relate to higher temperatures and MSR 

environments.
– Uncertainty in performance requirements and environments for reactor 

applications makes it challenging to prioritize research needs.



Nuclear Materials Discovery 
and Qualification Initiative 
(NMDQi)
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Background
• Time horizons for nuclear materials development and qualification must be shortened 

dramatically to realize future nuclear energy concepts
Congress has mandated demonstrations 

of advanced reactor technology by 2030
• New nuclear material innovations are needed

− In-reactor applications for reactor life 
extension/long-term operation

− Advanced reactor technologies
− Increased need for materials qualification 

and assessment programs
• Advanced materials, such as HEAs or 

MPEAs, can provide material performance 
previously unavailable to reactor designers

Can we qualify new materials designed for use in advanced reactors in a 
single development cycle?



• Traditionally, new material design begins by iterating during the 
fabrication of a material to generate a structure that gives 
certain properties and performance - leading to qualification 

• Efforts are underway to reverse-solve material design to 
identify the links between performance and properties to 
determine the structure required = materials-structure-based 
qualification of new, designed materials

• Materials Genome Initiative (MGI) (https://www.mgi.gov)
− “discover, manufacture, and deploy advanced materials 

twice as fast, at a fraction of the cost” 
− MGI does not include nuclear materials or irradiation 

effects
− MGI Focus for capability development: tightly integrating 

computation, experiment, and data management to 
accelerate materials discovery and design 

• For harsh nuclear environments, especially for advanced 
reactor designs, this is a uniquely challenging endeavor 

Begin with Materials Design

https://www.mgi.gov/


Path Forward for Nuclear Materials Design

Physics-based modeling 
and rapid testing & 

characterization links 
microstructures and 
service conditions to 

properties

Machine 
learning can 

harness data in 
new ways to 

improve 
predictions

Property/performance 
predictions in service

First exemplars:
Harness existing data with 

new approach

For nuclear energy applications, the environmental and irradiation conditions must be correlated to 
materials’ evolution and degradation in service



Future Outcomes

• Establishing rapid qualification capability that is 
microstructure based and grounded in science

• New fuel system and structural materials classes 
that are high strength and designed for nuclear 
reactors

• Establishing combinatorial approach combining 
physics-based modeling and experimental 
frameworks to shorten the nuclear materials 
development and research cycle

• High throughput irradiation and characterization 
capabilities - refitting new capabilities into 
existing facilities and obtaining multimodal data 
from individual samples
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R&D PROGRAM ELEMENTS

Capability

Innovation

Development

Deployment



OR…ENGINEER AROUND IT

The Replaceable IMSR® Core-unit.

https://www.terrestrialenergy.com/technology/how-it-works/

“The distinct IMSR® innovation is an elegant 
solution to this problem — integrating the 
primary reactor components, including the 
graphite moderator, into a sealed and 
replaceable reactor core. The IMSR® Core-unit, 
which has an operating lifetime of seven years, 
is simple and safe to replace. It supports high 
capacity factors of IMSR® power plants and 
hence high capital efficiency. It also ensures 
that the materials’ lifetime requirements of 
other reactor core components are met, a 
challenge often cited as an impediment to 
immediate commercialization of MSRs.”



What do these have 
in common?



A NEW FRAMEWORK FOR RAPID AND INNOVATIVE MATERIALS DESIGN
BUILD, TEST, DEPLOY
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The Canadian approach follows the Roadmap for SMR that outlines a 
collaborative approach to bring together industry, utilities, various 
levels of government and other stakeholders by leveraging expertise 
in areas such as materials engineering and design, offered by many 
research and development partners. This approach involves 
evaluating the characteristics and suitability of different SMR 
technologies and their alignment with Canadians’ requirements and 
priorities.

Talks in this portion of the webinar will outline Utility’s perspective 
on SMR Supplier/Manufacturer and Licensee Interface, leading to 
the discussion of nuclear material and chemistry research at the 
Canadian Nuclear Laboratories (CNL), followed by research 
activities undertaken at the Canadian universities under NSERC-
UNENE Industrial Research in Nuclear Materials and NSERC-Canada 
Research Chairs in Mechanics and Materials, and Nuclear Fuels and 
Materials.

Canadian Approach
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Dr. Aamir has a Masters degree in Nuclear Engineering and PhD in 
Computational Fluid Dynamics from the University of Manchester. 
He worked for AECL designing Advanced CANDU Reactors (ACR-700 
and ACR-1000) and later joined Ontario Power Generation in 2005 as 
a Design Engineer. In 2008, he became section manager for projects 
design and later for new build project. In 2013, he became Design 
Manager for Darlington and in 2016, Design Authority for Nuclear 
Waste Management Division of OPG. Since July 2019, Dr. Aamir has 
been working as Manager for SMR Design Integration at OPG.

Dr. M. A. (Aamir) Aamir, Manager SMR Design 
Integration, Ontario Power Generation
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Dr. Jeffrey Griffin is Vice-President of Science & Technology for Canadian 
Nuclear Laboratories (CNL). In this role he manages a diverse portfolio of 
science and technology spanning fundamental research in physics, biology and 
chemistry through nuclear energy generation, health effect, environmental 
impacts, nuclear medicine and high impact global security programs.
Prior to joining CNL, Dr. Griffin led field operations for the U.S. Department of 
Energy’s Office of Environmental Management (DOE-EM), providing strategic 
direction and policy leadership for environmental remediation at DOE-EM’s 16 
field sites, a $7.2 billion annual program. Dr. Griffin also served as Associate 
Laboratory Director at the Savannah River National Laboratory (SRNL), the 
U.S. DOE’s premier environmental cleanup laboratory, where he managed an 
$80M portfolio.
Among his career accomplishments, Dr. Griffin led the implementation of a 
risk reduction campaign to accelerate the closure of DOE-EM sites, resulting in 
multi-billion dollar cost savings; developed new business opportunities for the 
SRNL environmental management program to grow the program by 50%; and 
led U.S. national laboratory engagement with Tokyo Electric Power Company 
and other Japanese agencies in support of remediation efforts at the 
Fukushima Daiichi Power Station.
Dr. Griffin holds a Ph.D. in Nuclear Chemistry from Georgia Institute of 
Technology.

Dr. Jeffrey Griffin is Vice-President of Science & 
Technology for Canadian Nuclear Laboratories (CNL)
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Dr. Mark Daymond is a Professor at Queen’s University in Kingston, 
Canada, where he has worked since 2004 in the Dept. of 
Mechanical and Materials Engineering, with a cross-appointment to 
the Dept. of Physics. He holds an NSERC/UNENE Industrial 
Research Chair in Nuclear Materials, and a Tier 1 Canada Research 
Chair in Mechanics of Materials. He is the Director of the Reactor 
Materials Testing Laboratory at Queen’s (www.rmtl.ca) a recently 
commissioned accelerator facility focussed on irradiation and 
characterisation of materials for nuclear power applications. Prior 
to arriving at Queen’s he worked at the Rutherford Appleton 
Laboratory (UK) with postdoctoral research carried out at Los 
Alamos National Laboratory. His Doctoral Degree is in Materials 
Science (1996), and his Bachelor’s Degree is in Physics and 
Theoretical Physics (1992), both from the University of Cambridge, 
UK.

Dr. Mark Daymond, Professor at the Mechanical and Materials 
Engineering Department of the Queen’s University, Canada; 
NSERC-UNENE Industrial Research Chair in Nuclear Materials; 
Canada Research Chair in Mechanics of Materials
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Prof. Markus Piro is currently a Canada Research Chair in Nuclear 
Fuels and Materials at Ontario Tech University where he leads a 
multi-disciplinary team in support of academic and commercial 
projects. Previously, he was the Head of the Fuel Modelling and 
Fission Product Transport Section at the Canadian Nuclear 
Laboratories and a Post Doc at the Oak Ridge National Laboratory 
(ORNL). His primary research interests are in computational 
thermodynamics, nuclear fuel engineering, multi-scale multi-physics 
modelling & simulation of nuclear fuels and materials, and 
experimental & computational Fluid dynamics. He is the Editor of 
Advances in Nuclear Fuel Chemistry (Elsevier, 2020), the
first book dedicated to nuclear fuel chemistry. He has co-chaired the 
2018 Nuclear Materials conference and is a Guest Editor of the 
Journal of Nuclear Materials. Dr. Piro received BASc and MASc degrees 
in Mechanical & Materials Engineering from Queens University and a 
PhD in Nuclear Engineering at the Royal Military College of Canada in 
conjunction with ORNL. He has also consulted in both nuclear and 
aerospace sectors for industry and government in Canada and the US.

Dr. Markus H.A. Piro, Ontario Tech University; Canada 
Research Chair in Nuclear Fuel and Materials
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Dr. M. A. (Aamir) Aamir| Oct-2020

SMR Supplier/Manufacturer and 
Licensee Interface 



• Special Features of SMRs
• Greater use of modularization
• Construction and testing in factories 
• Replicable designs 
• Different operators/regulators in different countries

• The role of licensee:
• Resourced and capable of establishing oversight of the supply chain. 
• Influence over the design and procurement so as to ensure ensuring the 

design is safe, and that it can continue to be operated and maintained 
safely, and efficiently.

p2

Role of Licensee in SMRs



• SMR design fulfills safety requirements.
• Safety requirements (such as ability to inspect and maintain) are 

considered in the design stage and reflected during 
manufacturing/construction.

• Manufacturability demonstrates compliance with long term 
maintainability and operability of systems, structures and 
components (SSC).

• Involve suppliers during the design phase of components
• Ensure configuration management.
• Prevent latent issues.
• Address potential gaps in existing standards related to manufacturing and 

construction issues.
• Licensee witnesses key quality assurance activities during manufacturing 

or conducting receipt inspections at the site.
p3

Supplier/Manufacturer and Licensee 
Interface Requirements



• Ensure an appropriate nuclear safety culture amongst its suppliers 
and contractors.

• Intelligent customer capability, and a supporting management 
system:

• Prequalify suppliers
• Use safety classification to support the justification of appropriate quality 

requirements applied to SSC for SMR components

• Mitigate risks arising from a more diverse, new and potentially 
global supply chain, particularly risks from counterfeit, fraudulent 
and suspect items (CFSI).

p4

Licensee’s Supply Chain Management



• Reactor module interior may be inaccessible to the site Licensee to 
provide safeguards reassurance.

• Represents a significant nuclear island component manufactured 
and likely tested, or even commissioned, to some degree off-site.

• Testing activities may require an operating license in the factory’s 
jurisdiction.

• Different regulatory requirements and licensing processes may also apply, 
if factory is in a different country.

• Transportation regulations regarding transporting partially irradiated fuel 
would also need to be considered.

• Presents challenges for activities such as in-service inspections

p5

Factory-fueled SMRs
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Clean up the environment
Clean energy for today and 
tomorrow
Improve the health of 
Canadians

CNL Mission & Strategic Objectives

Strategic Priorities

Open Campus
Digitized Workplace
Site Master Plan
Communications
HR Transformation
Organizational Structure

Enabling Initiatives

Small Modular Reactors
Hydrogen
Radioisotope Program
Nuclear & Cyber Security
Reactor Sustainability
Advanced Fuels
Environmental Remediation

Research Programs

SMR deployment
Actinium Production
ANMRC
NPD
NSDF
Port Hope/HWP
Support for COG
Low Dose Radiation
..and more..

Projects
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9,100 acres with 200 acres of lab complex
17 nuclear facilities, 70 major buildings   
2,800 employees (500 PhDs & Masters)
1,500 engineering, scientific & technical staff

Chalk River Laboratories is the single largest science and 
technology laboratory in Canada.
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• Multidisciplinary approach to materials and chemistry
• Significant chemistry and materials infrastructure

• Hot cells and active labs
• Instrumented loops
• Component & materials testing
• Electrochemistry, corrosion and surface analysis (XPS, SAM, SIMS), analytical chemistry, 

microscopy (FIB, SEM, ATEM, atom probe tomography)
• Multiscale modelling techniques (density functional theory, molecular dynamics, phase field, 

machine learning, finite element modelling)

Materials Research at CNL



-5-UNRESTRICTED / ILLIMITÉ

New Materials Research Facilities at CNL

New Advanced Nuclear Materials Research Centre 

• Autoclaves Facility (water, chemistry 
including supercritical capability)

• Decontamination loops
• Primary and secondary coolant FAC 

loops

New Chemistry Laboratories

• New shielded facilities 
• Advanced active laboratories
• Scheduled for operations in 2026
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Challenges of Advanced Reactors 
Compared to current fleet reactors, in-
core structural components in advanced 
reactors will undergo:
• Exposure to higher temperatures
• Higher neutron doses
• Extremely corrosive environments 
• Structural (underground installation)

At CNL materials R&D is performed for 
advanced reactor systems, including:
• SCWR
• HTGR
• MSR

S.J. Zinkle & J.T. Busby, Mater. Today 12 (2009)
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Materials Testing for SCWRs
• Well established R&D program
• Developed Canadian SCWR concept
• Pressure-tube type core configuration

• Gen IV International 
Forum round robin 
exercise on corrosion of 
materials at 
supercritical pressures 
and temperatures
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Materials Testing for HTGRs
• Ramping up facilities for testing
• Creep fatigue testing of candidate HTGR materials (upgrading 

facilities to 1000oC)
• High temperature creep of welded components
• Mechanical testing and corrosion under HTGR environment
• Effect of impurities in helium on corrosion degradation of 

candidate HTGR materials

Hydraulic rigs                                          

HT furnace                                         HT extensometer                                        Gas Tungsten Arc Welding/ TIG Welding

Creep facility

Helium furnace with load frame 
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• Graphite samples extracted from the National Research Universal (NRU). 
• Irradiated at low irradiation temperatures <230˚C.
• Neutron damage mechanisms at low temperatures have not been fully documented by 

microscopy or other characterization techniques such as Transmission Electron Microscopy or 
the Brunauer-Emmett-Teller method.

• Future studies to include:
• High temperature properties of graphite.
• Mechanical testing of oxidized specimens.

Graphite Studies

Graphite lattice and irradiation-induced 
dimensional changes in graphite. (a) Graphite lattice, 
(b) Dimensional changes below and above 300˚C
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• Currently designing a demonstration natural 
circulation loop (DNCL).

• Stainless steel loop.
• Non-radioactive and beryllium-free salts. 
• Single-use and single-purpose loop for 

performing corrosion tests.
• Initial operation with the LiCl-KCl binary eutectic.
• Permits the removal of salt samples during tests.
• Corrosion assessments made by the destructive 

examination of DNCL tubing upon completion of 
a test. 

Corrosion in Molten Salts

Main
Flow
Path

Feed Tank
Dump Tank

Salt
Sampling
System
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Off-Grid SMRs and Below-Grade SMR Buildings
Most SMRs are proposed for below-grade 
installation.  
R&D programs are addressing:
• Freeze-thaw effects on structural 

integrity of concrete
• Arctic/permafrost conditions –

Structural supports
• Monitoring concrete properties using 

embedded sensors
• Crack-monitoring using fiber optic 

sensors
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Summary
• CNL has a significant chemistry and materials testing infrastructure.
• Materials research is performed for the current reactor fleet and advanced reactors to support 

the federal government and industry. 
• Research on materials for advanced reactors focuses on the degradation of structural materials 

under environmental conditions specific to the reactor system.
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Thank You

www.cnl.ca
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Radiation damage by fast particle
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Effects of radiation

Material change
– Defects (V; SIA; clusters 

of 1D; 
dislocation loops)

– Cavities (voids; bubbles)
– Phase changes (crystalline/

amorphous; equilibrium; 
dissolution)

– Transmutation products
– Liquid radiolysis

Change in material 
behaviour Dynamic 

changes

Irradiation creep; 
irradiation growth

Structural changes
Swelling

Corrosion product

Strain 
localisation

Inc. strength

Dec. ductility

Dec. strength
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Need: 
• Understand microstructural changes

• Material:  alloying, processing, 
• Condition: temperature, flux, fluence, environment

• Relate aging to macroscopic performance
• Lifetime prediction

(new) materials for (new) reactors

Solution: 
• Carry out irradiation studies, and develop mechanistic 

understanding / models
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Neutrons: Slow (10-7 displacement per atom (dpa) /s), radioactive 
products, expensive, difficult to control/change experimental 
parameters

Ions: Fast (up to 10-2 dpa/s), no radioactivity (low with high energy 
H, He), cost effective, accurate control of experimental parameters.

• Ion irradiation without He – Simulation of fast neutron 
collisions

• Ion irradiation with He – Simulation of fast neutron collisions 
plus gas ‘transmutation’ products

• Not exactly the same radiation induced structural changes as with 
neutrons (or not all at the same time), but

• Develop mechanistic understanding
• Rapid screening / assessment of possible materials
• Guide subsequent neutron irradiations

Systematic study of effect of irradiation?
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Use of Heavy Ions
Ion Useful range in Zr
1MeV Zr 0.1 µm
10MeV Zr 2 µm
40MeV Zr 4 µm
40MeV Ag 4 µm

• May be useful for crack initiation studies and micromechanical 
tests  (depending on grain size)

• Note plateau of ‘useful’ depth, and higher damage peak 
• High damage rate achievable

RANGE

DPA
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Ranges of Protons in Zr

3.5 MeV                                     8.0 MeV

50µm                                                                       200µm

• Larger depth of damaged material
• Moderate damage rate achievable
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RMTL – Reactor Materials Testing Laboratory: 
4MV Tandetron

8
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Effects of radiation 
Change in materials Reproduce?

Defects (V; SIA; clusters of 1D; 
dislocation loops)

Cavities (voids; bubbles)

Phase changes (crystalline/
amorphous; equilibrium; 
dissolution)

May need second irradiating 
species, e.g. He
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Dynamic experiments:  load samples in beam  

10

Tensile, creep and 
fatigue capability 
under irradiation, 
with transient flux 
and temperature 
capability
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In situ corrosion studies

SS Raiman et al., J. Nuc. Mater., . v451, p40, (2014).  
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Effects of radiation (dynamic effects)
Solid

Defects (V; SIA)

Transmutation products

Liquid
Radiolysis

Irradiation creep; 
irradiation growth

Structural changes
Swelling

Corrosion product

May need second irradiating species, e.g. He

Could use gamma cell
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Prof. Mark Daymond:
• Industrial Research Chair in Nuclear Materials
• Irradiation damage, structure-property relationships

Assoc. Prof. Zhongwen Yao:
• Electron microscopy of radiation damage

Asst. Prof. Laurant Béland:
• Computational modelling of irradiation of materials

Asst. Prof. Suraj Persaud:
• Corrosion of nuclear materials

Asst. Prof. Levente Balogh, also a member of CPARC (Dept. of Physics)
• Neutron production, particle – matter interactions
• Materials characterisation

Nuclear materials @ Queen’s
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Conclusions
• Ion beam irradiation can be very beneficial in 

understanding irradiation induced material 
degradation

• Irradiations must be planned with limits to ‘exact’ 
duplication of neutron irradiation in mind.  
– Separate out different contributing factors
– Look for mechanistic understandings
– Explore parameter space
– Screen potential materials
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ChemiSTEM Tomography
3D view of grain boundaries

Nb distribution

Unirradiated Zr-2.5Nb

Nb+Fe distribution

100 nm 100 nm



Nuclear Materials Research Group • Department of Mechanical and Materials Engineering • Queen’s University, Kingston, Canada

Backup slides



• Supporting existing CANDU reactor fleet
• Lifetime predictions
• Aged material property prediction

• Supporting refurbishment of existing CANDU fleet
• New materials
• New processing methods

• Supporting next generation reactors
• Gen III+
• Gen IV
• Small Modular Reactor (SMRs)

• Supporting Safety & Detection
• Radiation detection for Health Monitoring
• Neutrons for particle physics calibration

RMTL Research Topics
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G. Was, Fundamentals of Radiation Materials Science

Cascade structure 
different
Damage rates can 
be very different
Balance between 
radiation, diffusion 
different 
‘Temperature 
shift’ ?
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P Wang & GS Was, J. Mater. Res., . v30(9), p1335, (2015).  

In situ corrosion studies: 
oxidation of Zr in high T water
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• TEM – 200 kV

• 10keV to 2 MeV heavy ions

• Dose Rate:10-3 dpa·s-1

ANL IVEM Tandem facility

IVEM –
Tandem at ANL

In situ ion irradiation
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SRIM (Stopping and Range of Ions in Matter) simulation (MONTE CARLO)

15 keV He+

1 MeV Kr+

[1] J.F. Ziegler, J.P. Biersack, M.D. Ziegler, SRIM text book

Choose proper beam energies
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In-situ observations

Prior to irr 2.5 dpa 5 dpa

50 nm 50 nm

2.5 dpa 5 dpa

0.01 dpa 0.06 dpa 0.68 dpa 2.7 dpa 5.4 dpa

Radiation induced defects in Inconel X-750, 
heavy ion single beam irradiation

Radiation induced M23C6 in 316 ODS steel, dual beam 
irradiation with helium

Radiation induce cavities in a Ti/Nb rich nitride, dual beam irradiation with helium
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How a Tandem Accelerator Works

24

ground                               up to +4MV                               ground

SF6

Stripper (Ar)

10kV p-

up to 4MeV p- up to 4MeV p+

ion source

steering
magnet

up to 8MeV p+

beam transport 
to experimental 
rigs
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Chemical mapping – effect of irradiation
Unirradiated

Redistribution of Fe in Zr-2.5Nb after ion irradiation Jason Wang PhD project

1 MeV Zr+ irradiated to 0.9 
dpa at 350C
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ChemiSTEM Tomography vs. 3D Atom Probe Tomography

• Sample preparation: 
electropolishing + FIB

• Maximum visible area: 
100nm

• Resolution: XY ~ 0.1-0.3nm, 
Z ~0.3-0.5nm

• Destructive

• Sample preparation: Any
• Maximum visible area: Micron scale
• Resolution on Osiris: ~ 1nm
• Non-destructive

100 nm
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Clusters frequently collapse into loops
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Gary S. Was, “Fundamentals of Radiation Materials Science”,
Springer Berlin Heidelberg New York, 2007.

Jostsons, A., Kelly, P. M. and Blake, R. G., 
Journal of Nuclear Materials, 66 (1977) 236-256.

Gary S. Was, “Fundamentals of Radiation Materials Science”,
Springer Berlin Heidelberg New York, 2007.

Materials properties and microstructure are strongly related
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Swelling of Stainless Steel

before

after
volume has increased
x2



Research in Advanced Nuclear Fuels 
and Materials at Ontario Tech 
M.H.A. Piro, B. Fitzpatrick, K. Lipkina, M. Poschmann, 
E. Geiger, P. Bajpai
Generation IV & Small Modular Reactors (G4SR; delivered online)
October 20, 2020

https://nuclear.ontariotechu.ca/piro/

https://nuclear.ontariotechu.ca/piro/


Acknowledgements

• Many thanks to Mohammad Baghbanan (OPG) and the organizing 
committee for the kind invitation to give this talk. 

• This research was undertaken, in part, thanks to funding from the 
Canada Research Chairs program (950-231328) of the Natural 
Sciences and Engineering Research Council of Canada. 

• Some of this work was funded by the US Department of Energy 
Nuclear Energy Advanced Modeling and Simulation program. 

2ontariotechu.ca



Mission Statement

• To perform basic and applied research to enable and objectively 
inform the nuclear industry to be successful in designing and 
operating nuclear generating stations in a safe, cost-effective, and 
environmentally responsible manner. 

• Research projects serves as vehicles to train students and help  
prepare them to enter the workforce. 
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Technology Readiness
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NASA/Airspace Systems (AS) - http://as.nasa.gov/aboutus/trl-introduction.html, 
Public Domain, https://commons.wikimedia.org/w/index.php?curid=65946549, 
Last visited Sept. 27, 2020.

https://commons.wikimedia.org/w/index.php?curid=65946549


Accident Tolerant Fuels – FeCrAl-ODS for BWRs

5ontariotechu.ca

K. Lipkina, et al, J. Nucl. Mater. 541 (2020) 152305.
Left figure modified (with permission) from B. Pint, et al, 
Metall. Mater. Trans. 2(3) (2015) 190-196.



Fluoride Salt Fabrication and Thermal Analyses
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LiF-CsF System FLiNaK

K. Lipkina, MASc Thesis, Ontario Tech, Oshawa, Canada (2020).

LiF CsF



Molten Salt Reactor Multi-physics
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Mole Fraction in Gas PhaseFission Product Evolution in MSRE

Disclaimer: these are preliminary results with Thermochimica/Origen-S and are intended to demonstrate capabilities. 

B. Fitzpatrick, M. Poschmann, M. Piro, to be published.



TRISO Fuel Research at Ontario Tech 

• We are just starting an experimental 
campaign on irradiated TRISO fuels 
in collaboration with ORNL and U. 
Texas San Antonio. 
– PIE
– Thermal analyses
– Modelling & simulation

8ontariotechu.ca

FP Transport Simulations in UCO TRISO Fuel with 
BISON + Thermochimica (capability development)

B.W.N. Fitzpatrick, M. Poschmann, T.M. Besmann, S. Simunovic, M.H.A. Piro, Oak Ridge National Laboratory, TM Report, in-review (2020).



UZr Fuel (SCFR)
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Zr
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M. Poschman, M.H.A. Piro, 
T.M. Besmann, S. Simunovic, 
Oak Ridge National 
Laboratory, TM Report, in-
review (2020).

BISON + 
Thermochimica
coupling to simulate 
U-Zr interdiffusion and 
phase evolution in UZr
fuel. These are 
preliminary results 
and should be viewed 
as capability 
demonstration.



Partnerships are Key
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Summary

• The Nuclear Fuels and Materials Group at Ontario Tech is 
conducting research in many nuclear fuel designs with a focus on 
performance and safety. 
– CANDU, PWR, BWR, ATF, fluoride salts, TRISO, UZr, and U-Mo fuels.

• A key component to all of our activities is partnerships. 
– Thank you to all of our partners. 
– We are happy to help facilitate knowledge and technology transfer to 

industry, particularly in enabling advanced reactor deployment in Canada.

11ontariotechu.ca



Thank you!
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https://nuclear.ontariotechu.ca/piro/
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