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Abstract
Advanced reactors (AR) are expected to be deployed in the next decade

and anticipate needing new material qualifications for operating condi-
tions that differ from traditional Light Water Reactors (LWRs), namely
higher temperatures and different operating fluid environments. Two of
the main challenges related to the deployment of ARs are the qualifica-
tion and fabrication of the materials to be used under these new operat-
ing conditions. For these materials, some data on material properties and
environmental compatibility are available to support conceptual design,
but there are many gaps in the data to evaluate and qualify long-term

service suitability.

This paper highlights features of selected materials for potential AR ap-
plications and describes a planned approach for their development and
qualification. Using stakeholders input, EPRI is developing AR material
roadmaps by identifying key gaps in the qualification and fabrication
processes, prioritizing the main actions to take, and coordinating the
industry to produce the data needed. The roadmaps [14] include materi-
als development and validation, ASME Code Cases, and accelerated
qualification strategies to support fleetwide deployment of ARs in the
2030-2035 timeframe.

KEY TERMS

Advanced Reactor (AR) - designs that employ fuels, coolants, tech-
nologies, deployment models, and other attributes and capabilities
that extend beyond the current operating fleet (of large Light-Water
Reactor (LWRs).

American Society of Mechanical Engineers (ASME) - an organiza-
tion that enables collaboration, knowledge sharing and skills develop-
ment across all engineering disciplines, including through the develop-
ment of Code Cases.

Code Cases - revisions or editions to code to clarify existing require-

ments, provide new rules for materials or construction not covered by

the existing rules. They are reviewed and approved by ASME commit-
tees on a continual basis.

Refractory Materials — materials including elements with very high
melting points (like molybdenum or tungsten).

MAX-Phases — are ternary materials where M is an early transition
metal, A is an A-group element (like aluminum or silicon), and X is
carbon or nitrogen.

Background

Advanced Reactors Overview

Advanced Reactor designs typically offer attributes that depart from
those of existing LWRs in terms of fuel forms, coolants, or deploy-
ment model. This includes water-cooled small modular reactors
(SMRs), non-water-cooled reactors (such as high-temperature gas-
cooled reactors or molten salt reactors), and various microreactor
concepts. These technologies potentially offer substantial improve-
ments over current generation technology in terms of safety, eco-
nomics, performance, and long-term energy security. As efforts for
global deep decarbonization continue to gain momentum, there is
increased interest in ARs as a carbon-free, reliable, economical, and
inherently safe source for generation of electricity and heat. These
features derive from differences in temperature and environment,
which necessitate the qualification of alternative materials for higher

and sometimes harsher operating conditions.
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Material Qualification

Currently, the ASME Boiler and Pressure Vessel Code Section III
Division 5 for High Temperature Reactors (which will be referred to
as ASME Code) includes only six materials with maximum allowed
temperatures greater than 427°C, where many ARs are intended to
operate. These include Type 304SS and Type 316SS up to 815°C,
Alloy 800H up to 750°C, 2% Cr-1Mo and 9Cr-1MoV up to
650°C, and Alloy 617 up to 954°C. While these may provide a
starting point, additional materials beyond these six will likely need

to be qualified for the variety of decarbonization missions ARs are

designed to fulfill.

ASME Code qualification for a new material, or an existing material
under new operating conditions or environments, requires char-
acterization of many phenomena that occur in the material, such
as creep-fatigue, relaxation strength, tensile reduction factors for

aging, cyclic stresses at high temperatures, and weldments. These

Code
Qualification

Limited number of

data allow estimation of the expected life of the material, which can
determine the expected service life of the AR design and therefore
its economic viability. Conducting testing to evaluate, analyze, and
qualify materials under these new conditions is time-consuming and
requires a significant amount of resources. The last metal added to
the ASME Code was Alloy 617, which required 12 years and a $15

million investment from the U.S. Department of Energy [1].

In addition to code qualification, environmental effects such as ir-
radiation and corrosion on structural failure modes are analyzed. For
this step, the owner/operator or the AR developer has the responsi-
bility to demonstrate that the environmental effects are accounted

for in their specific reactor design.

Lastly, the supply chain must be sufficiently developed to under-
stand the fabrication methods and how the fabrication affects the
material and the component performance. These three fundamental

steps to deploy new materials are summarized in Figure 1.

ASME Code Qualified alloys

for high temperature service
Can take a DECADE to fully
gualify a new alloy!!!

Just because the material is Code Qualified ]

doesn’t mean it is approved for Nuclear Service

Environmental
Effects

Supply Chain

Figure 1 — Materials challenges for advanced reactors.

Owner/Operator has responsibility to demonstrate to
regulator that effects on structural failure modes are
accounted for in their design

Irradiation Data Environmental Testing

Corrosion Data Thermal Performance

Critical data and understanding required for

informed fabrication and design of AR components
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Based on the AR designs currently being developed, new material
qualification work is needed for alloys, refractory materials, and
non-metallic materials under high temperature and novel coolant
conditions. In addition, data are still needed to ensure that the sup-

ply chain can produce material that is appropriately fabricated.

Overview on Advanced Reactors Technologies

Advanced Reactor designs can be grouped in many ways. In a series
of material gap analysis reports produced by the Adanced Nuclear
Technology program at EPRI, reactors were divided into high
temperature gas-cooled reactors, sodium fast reactors, molten salt
reactors, and lead fast reactors. These reports identify candidate
materials for each of these reactor types, review the available data to
support material implementations into designs, and plan for coor-
dinated materials development and validation programs. The main
design features of these types of ARs that dictate materials needs are
described below.

Sodium Fast Reactors

Sodium fast reactors (SFRs) use liquid sodium as their coolant. The
planned operating temperatures of SFRs are on the order of 450-
550 °C which is considerably lower than the coolant’s boiling point,
creating a favorable envelope of safety for these designs [3]. The ex-
tensive historical experience operating SFRs has allowed significant
progress in the technology of handling liquid sodium, and degrada-

tion of materials in contact with sodium.

According to the EPRI Material Gap Analysis for SFRs 3], aus-
tenitic Type 316SS is currently considered as a material for internal
piping for short-term systems exposed to liquid sodium, while
ferritic-martensitic (FM) steels are preferred candidate materials
for long-term applications. While Type 316SS is approved by the
ASME Code, FM steels besides T91 are not approved for these ap-

plications.

Lead Fast Reactors

Molten lead allows reactors to operate at higher temperatures and

thermal efliciencies than LWRs, while operating at near atmospheric

pressure due to a boiling point even higher than liquid sodium.
Lead fast reactors (LFR) can use pure lead, but also may be cooled
by a lead-bismuth eutectic fluid (LBE), due to the lower melting
point of LBE. The maximum temperature reached is expected to be
550°C for the lower temperature LBE-cooled LER and 800°C for
higher temperature pure lead-cooled LFRs [4].

According to the EPRI Gap Analysis for LFRs [4], materials of inter-
est are austenitic, ferritic, and FM steels; refractory materials such as
molybdenum; and non-metallic materials, such as silicon carbide and
MAX Phases. While some austenitic and ferritic steels are currently
approved by the ASME Code, most of the FM steels being consid-
ered for ARs, as well as refractory, and non-metallic materials, are not

approved by the ASME Code for these structural applications.

High-Temperature Gas-Cooled Reactors

Contemporary high-temperature gas-cooled reactor (HTGR) de-
signs use helium as the working fluid and feature an outlet tempera-
ture between 750°C and 1000°C. The very high-temperature reactor
design (VHTR) and gas fast reactor design (GFR) are two subsets
of HTGRYs, though the industry has begun to refer to all of these
helium-cooled designs collectively as HTGRs.

HTGR designers have selected nuclear grade graphite as one of the
materials for reactor cores (commonly as the structure in which fuel
particles are embedded), moderator, reflector, and structural com-

ponents. It has favorable properties relating to neutron moderation,
low neutron absorption, and stability at high temperature to name

a few [2]. Graphite quality can be highly process dependent, so the
way to qualify graphite for nuclear may be less straightforward than

for the metallics mentioned already.
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Figure 2 — Potential HTGR structural material estimated temperatures in a
10-50 dpa operating window (Adapted from [12]).
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Molten Salt Reactors

Molten salt reactors (MSR) use molten salts as the primary work-
ing fluid. These salts can be exclusively used as coolant, but also can
dissolve fissile material and function as a homogeneous fuel fluid.
The very high boiling points of the molten salts permit higher tem-
peratures and thermal efficiency at near-atmospheric pressures when
compared to water. MSR designs differ in the chemical composition
of fuel, salt, temperature of operation, identity of the fissile isotope,
and the sophistication of online reprocessing. Additional informa-
tion on MSR designs can be found in the EPRI Quick Insight on
Molten Salt Reactors [11].

For components in contact with fluoride or chloride salts, Type
316H SS and Hastelloy N (and its variants) are being considered
[5], while graphite is being considered as a moderator. Note that
Hastelly N is not currently approved by the ASME Code for these

applications.

AR Materials and Challenges

Advanced reactor technology developers seek new applications for
materials that are not currently approved in code for the conditions
considered. The development and qualification of these materials

is important for the development of ARs, but would also benefit
multiple advanced power generation technologies besides ARs, such
as supercritical steam or CO, power cycles, molten salt heat transfer,

and thermal energy storage.

Austenitic Alloys

Due to the existing ASME Code-qualified austenitic stainless

steels (e.g., Types 304SS and 316SS) for 60-year lifetime compo-
nents, these materials are considered as structural materials for the
demonstration phase of the some of the reactor concepts previously
discussed. However, they present some challenges for long-term
applications. For example, the oxide layer that protects the material
in liquid lead dissolves at temperatures higher than 400 °C unless
the amount of oxygen is tightly controlled. In liquid sodium, loss
of nickel can occur. In both environments, creep and creep-fatigue
at very high temperatures are not fully assessed and need additional
investigation to allow inclusion for very high temperatures applica-

tions in the ASME Code [8].

Nickel-Based Alloys

Nickel-based alloys such as Hastelloy N are currently considered

for MSRs due to their corrosion resistance in the salt mixtures most
developers intend to use. Modifications of Hastelloy N have been
developed worldwide (EM-721 in France, HN8OMTY in Russia,
GH3535 in China) to enhance corrosion resistance. Hastelloy N
was used in the Molten Salt Reactor Experiment at Oak Ridge Na-
tional Lab and is currently qualified for use in Section VIII, “Design
Rules for Unfired Vessels,” Division 1, up to 704°C and, Division 2,
up to 427°C [10]. This alloy is not currently qualified for construc-
tion of nuclear components in ASME Section 111, Division 5. The
qualification of this material for Division 5 would require consider-
ably more testing, including long-time aging and creep rupture of
base metal in the requested product forms and weldments, as well as

creep-fatigue characterization.

Ferritic/Martensitic Alloys

For many AR designs, FM alloys, such as T91, EM10, EM12, and
HT-9, are being considered for in-core and out-of-core applications
due to their higher thermal conductivity [9], reduced swelling, and
smaller radiation-induced ductile-brittle transition shifts compared
to austenitic stainless steels. While these FM materials look promis-
ing, demonstration is needed for their swelling behavior, welding
techniques, and other properties such as their coefficients of friction
in sodium. Additionally, FM alloys are not available in large sections
and sufficient volume to support fabrication of large plant compo-
nents. Large-scale production capability would be needed to allow
wide-spread usage of FM alloys for this scope. Currently, T91 is
included in the ASME Code, while the other FM alloys mentioned

are not [3].

Molybdenum and other Refractory Alloys

Molybdenum is a refractory metal that is commercially available,
although it is not typically used for fabrication of large components
because it is brittle and difficult to weld. Other refractory alloys with
niobium and tantalum as the base metal are also being considered
for AR applications, though molybdenum is still the most common
choice. Molybdenum is alloyed with other elements such as rhe-
nium for ease of welding, and titanium, zirconium, and carbon for
manufacturing. Its high corrosion resistance has led AR designers to

consider it as a cladding to protect materials in harsh environments.
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Some basic material properties are available for molybdenum, and
some of its alloys. Corrosion data at the temperatures of interest are
largely limited to short times and static conditions [4]; irradiation
performance data are also limited. Additionally, molybdenum and
its alloys typically lack specifications or codification (no refractory
metals or alloys are currently included in the ASME Code), requir-
ing the demonstration of high-temperature mechanical properties.
‘Therefore, substantial basic materials research and demonstration of
acceptable properties are required before moving towards the neces-

sary component-level and combined-effects testing.
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Figure 3 — Effective temperature range of various high-temperature alloys
(Adapted from [13]).

Graphite

Graphite material properties are very different from steels and
present many unique challenges, such as variability of properties de-
pending on the precursors and manufacturing process (e.g., graphite

strength can vary within a single billet of graphite).

While data on graphite properties are available from past operat-
ing reactors, previously characterized graphite grades are no longer
produced. Therefore, new campaigns to acquire data and tools

to predict the behavior of currently available graphite grades are
required to commercialize selected graphite grades for component

applications.

Although graphite is not Code-qualified, the ASME Code includes
rules for design, construction, examination, and testing of graphite
core components and graphite core assemblies. These rules specify
that the designer is responsible for obtaining the necessary graphite
design data [6]. Additionally, because graphite properties change
with operating time, the designer must predict stresses over the

lifetime of the graphite component.

EPRI’s gap analysis for the prospective materials for HTGRs [7]
provides a list of technology gaps for graphite identified for long
term operation, which includes: irradiation effects on material
properties, availability of graphite supply for long lifetime design,
consensus design codes, materials testing standards, development
of improved understanding and models for neutron irradiation-
induced displacement damage, and development of non-destructive

examination/inspection methods for use in and out of the core.

Conclusions

AR designs are substantially different than conventional LWRs. Ac-
cordingly, new development work is needed to qualify materials to
be added to the ASME Section 111 Division 5 and for applications
to specific conditions of ARs.

For new materials to be qualified and proposed for AR applications,
some properties may already be available to support conceptual
design, but there are likely many gaps in the data for evaluating
long-term service. Often, the main need is to develop ‘long-term’
data, for which the exact testing duration depends on component
design life and the extent of extrapolation that can be justified.
While test campaigns are currently underway worldwide for some of
the materials selected, a collective and organized effort is needed to
produce the data required to qualify and manufacture components
for ARs.

In this framework, EPRI has assessed the main gaps for several prob-
able materials, prioritized them, and identified a path forward [3, 4,
7, 10]. The gap analysis information is summarized in the roadmap
that discusses each material considered for AR applications. The
interactive roadmap [14] is available online to guide the effort for

the successful construction of ARs in the 2030-2035 timeframe.
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In accordance with the roadmap priorities, EPRI is working with

stakeholders to generate data needed for code qualification, environ-

mental tests, and supply chain preparation. EPRI is also working to

focus industry on defining accelerated qualification approaches with

faster approval time to enable material options for AR designs, such

as a staggered qualification approach with initial approval for shorter

design/operating lifetimes & component monitoring. Sharing the

data generated in non-proprietary databases would support the

industry as a whole to meet their AR timelines.
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