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INTRODUCTION

A molten salt reactor (MSR) is a variety of nuclear fission reactors where the nuclear fuel is
mixed with very hot, molten fluoride or chloride salt. It is different from traditional nuclear
reactors, such as the CANDU Heavy Water Reactors or Light Water Reactors, where the fuel
is in solid form. The first molten salt reactor design was developed in Oak Ridge National
Laboratory, Tennessee (ORNL) as part of the U.S. nuclear bomber program, but it only
operated for ten days in November 1954 (Rosenthal, 2010). However, this would soon inspire
the landmark Molten Salt Reactor Experiment (MSRE), which inspired dozens of reactor
designs in the 21st century. The first substantial test molten salt reactor in the world was the
MSRE operated from 1964 to 1969 at the ORNL (Rosenthal, 2010). The ORNLMSRE operated
on two "systems" or loops, one for the fuel system and reactor and the other for a heat
exchanger to exchange heat from the fuel to the cooling salt (Figure 1). The heat flows for the
MSRE are also included in Figure 1. The composition of the fuel salt used in the MSRE was
LiF-BeF2-ZrF4-UF4. The coolant has the same composition except without uranium dissolved
(a LiF-BeF2 compound). Two main experiments were performed: first, scientists used a
graphite-moderated U-235/Thorium fuel cycle with uranium and thorium being in the same
salt or separated by a graphite barrier, respectively; then, experiments using U-233 began in
1968 (Rosenthal et al., 1970).

One of the challenges with molten salt reactors involves the metallurgical materials used to
manufacture the various reactor components, which would have to work in highly corrosive
environments at elevated temperatures. The material used for reactor components such as
piping and containment in the MSRE was Hastelloy-N (the trademark name for INOR-8),
invented by Henry Inouye, WilliamManly, and Thomas Roche from ORNL in the early 1960s
(Pike, 2014). Hastelloy-N is a weldable nickel-based metal alloy with high molybdenum
content (Figure 2) (Forsberg, 2006; Rosenthal et al., 1967). This alloy was developed explicitly
for use as a salt-facing structural material for the MSRE reactor vessel, piping, and pumps for
all coolant loops and heat exchangers (Figure 1). The high nickel and molybdenum but low
chromium content made Hastelloy-N highly compatible with fluoride salt environments
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Figure 1 Schematic of the MSRE and Flow of Heat (Luzzi et al., 2012; Rosenthal, 2010)

Database Search terms
Office of Scientific and Technical
Information (OSTI), US Department of
Energy

MSRE AND Hastelloy-N, MSRE AND
Metallurgy, MSRE AND problems,
MSRE and “Operational problems”,
ORNL AND MSRE, INOR-8

HathiTrust MSRE AND Hastelloy-N, MSRE AND
Metallurgy, MSRE AND research,
Hastelloy-N , INOR-8, MSRE AND
Corrosion

Nuclear Safety, Government of Canada Hastelloy-N, Moltex Energy, Terrestrial
Energy, “Molten Salt Reactors”

International Atomic Energy Agency
Advanced Reactors Information System
(IAEA ARIS)

IMSR, SSR-W, MSR, MSRE, Terrestrial
Energy, Moltex Energy, Hastelloy-N

ORNL, Oak Ridge National Research
Laboratory

MSRE AND Hastelloy-N, MSRE AND
Metallurgy, MSRE AND research,
Hastelloy-N, MSRE AND Corrosion

Figure 2 Sample of Hastelloy-N (Yoshioka, 2013) Table 1 Databases and Search Terms Consulted

(Koger, 1972). It was superior in corrosion properties to the Incoloy
(a high nickel alloy for high-temperature use) used in salt-
containing systems for the earlier Aircraft Reactor Program (Lyon
et al., 1969). However, the use of Hastelloy-N came with many
technical challenges pertaining to nuclear material selection
problems and mechanical deficiencies of Hastelloy-N as a
construction material for molten salt reactors. This is relevant to
Canadian reactors intended to be built in the upcoming years, as
citizens residing near planned reactors have limited access to
information regarding the material selection of these nuclear
reactors, despite substantial portions of taxpayer money funding
these reactors and the potential environmental and safety issues
with nuclear power.

The reactors of discussion will be Terrestrial Energy's Integral
Molten Salt Reactor (IMSR) andMoltex Energy's SSR-Wasteburner
(SSR-W). The IMSR is slated for the Darlington, Ontario site
(News, 2020) and the SSR-W for the Point Lepreau, New
Brunswick site (O’Sullivan, 2021). Below, I summarized the results
of a systematic review of experimental studies and technical
reports from the construction of past and future molten salt
reactors. Significant publications from the ORNL in the 1960s to
present-day research regarding the IMSR and SSR-W were

consulted in a methodical scan of well-known databases. National
and international standards regarding metallic nuclear
construction materials will also be examined.

METHODS

Table 1 lists databases and search terms used to complete this
literature review. A significant quantity of the literature
surrounding nuclear reactors is considered either high-level
government security or proprietary information such that it is
publicly inaccessible. Notably, it was challenging to find detailed
designs or research and development information regarding the
Moltex SSR-W and Terrestrial Energy IMSR. For example, the
values pertaining to the efficacy of zirconium alloying experiments
as performed by Terrestrial Energy are not publicly available at the
time of manuscript submission.

DISCUSSION

Numerous studies throughout the last six decades have been
conducted regarding the properties of Hastelloy-N (Koger, 1972;
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MSRE IMSR
(Terrestrial Energy) SSR-W (Moltex)

Fuel inlet temperature °C 635 625-660 ?
Fuel outlet temperature °C 663 670-700 600

Radiation Dose
(neutrons/cm² ) 5.00E+19 5.60E+14 ?

Full Scale Plant Design Life
(Year) 30 60 60

Table 2 Expected Operating Condition in MSRE, IMSR and SSR-W (Leb-
lanc, 2013; O’Sullivan, 2021; Rosenthal, 2010)

McCoy, 1967; Scott, 2017; Wright & Sham, 2018) and the lack of
specific metrics for approval by Canadian regulatory agencies
(Commission, 2021b). Databases such as HathiTrust and Office of
Scientific and Technical Information, U.S. Department of Energy
has released significant information on the degradation of
Hastelloy-N in the MSRE. However, limited information is
available through federal agencies, published technical reports, or
the company's website regarding critical material selection
choices. The use of Hastelloy-N is not recommended until a
solution is developed that is corrosion and irradiation resistant
within the environment of the Molten Salt Reactors will be
presented.

Inherent Mechanical Problems of Hastelloy-N

With the advent of molten salt fuels and coolants, Hastelloy-N had
to be specifically designed to be robust in a highly radioactive and
corrosive environment. The initial metallurgical decision of nickel-
based alloying with a high level of molybdenum should have
made Hastelloy-N operationally adequate but ultimately resulted
in severe mechanical problems. An overview of the inherent
mechanical problems will be introduced, followed by a brief
explanation of the theories and mechanisms of corrosion
experienced by Hastelloy-N. The required properties of Hastelloy-
N are derived from the environment to which it is exposed. Inside
a molten salt reactor, the Hastelloy-N structural components
would be exposed to corrosive salts at high temperatures and high
radiation levels. Thus, the constituent metal must be capable of
withstanding irradiation, high temperatures, and corrosion while
being compatible with other confinement and neutron moderator
materials. The expected operating conditions as a range of limits
are listed in Table 2 below. The question mark indicated
information not currently available on searched databases.

In the MSRE, temperatures reached up to 663°C in the outlet. More
recent molten salt reactors, such as the Canadian designs that will
be addressed later, reach up to 700°C (IAEA, 2016). It is currently
unknown how similar the radiation exposures will be.
Furthermore, any alloy chosen for a molten-salt reactor would
have to be resistant to intergranular attack by tellurium and
helium embrittlement caused by bubbling (Pelayo & Edwards,
2016). As its name suggested, intergranular attack is a form of
corrosion occurring preferentially along grain boundaries in
particular alloys and environments, leading to macroscopic
deterioration. On the other hand, helium embrittlement is caused
by bubbles formed as a secondary product of fission technology
and severely reduces the ductility of a metal (Li et al., 2019).
Finally, the selected material would have to be weldable and
resistant to cracking after welding (Koger, 1972).

Prior to the early 1970s, Hastelloy-N was viewed as the most

promising container material for molten fluorides exposed to
800°C radioactive environments (Koger, 1972). The performance of
Hastelloy-N was judged to be adequate during the operation of
the MSRE until routine inspection in the later years of operation
was conducted (Koger, 1972; Wright & Sham, 2018). The promise
of Hastelloy-N as a suitable material proved illusory as two
primary deficiencies became apparent:

1. Embrittlement at elevated temperatures above ~700°C
resulting in decreased strength (McCoy, 1967)

2. The presence of intergranular surface cracking (Koger,
1972).

The deficiency of embrittlement as caused by thermal neutrons is
directly informed by the type of reactor designed and will thus not
be given further consideration (McCoy, 1967). However, the exact
mechanism of intergranular corrosion will be further explored
owing to the information presently available on databases.

Hastelloy-N and Surface Cracking

Subsequent studies on samples from the reactor showed that
Hastelloy-N also suffered from surface cracking due to tellurium
(Laboratory, 1973). Tellurium is a product of the fission reactions
that produce energy in nuclear reactors and tends to concentrate
on the grain boundaries of metals.

ORNL researchers have argued that if the MSRE had operated for
30 years, the estimated lifetime determined at ORNL in the 1960s
(Lyon et al., 1969), the depth of cracking observed due to tellurium
would not be acceptable (Mccoy & Mcnabb B, 1972). To provide
some commentary on chemistry principles, if the fuel compounds
are more stable than the structural materials, the salts and the
metal corrosion rate should be low (this phenomenon will be
further discussed shortly). However, the relative ranking of the
metals indicates that molybdenum and nickel are least likely to
form fluorides while chromium is most likely. Thus, a good
container material for these salts would be a nickel or
molybdenum base alloy with minimum quantities of chromium
and iron (Lyon et al., 1969; Mccoy & Mcnabb, 1972).

One solution proposed in 1973 involved adding titanium to cure
the cracking by strengthening the radiation immunity of
Hastelloy-N (Laboratory, 1973). However, subsequent studies
found that titanium did not mitigate tellurium embrittlement
(Wright & Sham T L, 2018). It is unknown if there are alternative
materials that could ameliorate the surface-cracking problem in
molten salt reactors, but such research is worth conducting.

Mechanism of Corrosion

The chemical composition of Hastelloy-N plays a significant part
in the mechanism by which corrosion occurs. Hastelloy-N is Ni-
based, containing a weight composition of roughly 76% Ni - 16%
Mo - 7% Cr - 1% Fe and a small number of other elements (Busby
et al., 2019). The Gibbs free energy of formation is used to measure
the stability of a chemical compound. A compound tends to be
stable if the free energy is negative, and the stability is greater the
more negative the Gibbs free energy. Table 3 shows the relative
stabilities of several fluorides of interest per mol of fluorine at 527
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Fluoride -ΔGf kJ/mol Fluorine (~ 527°C) -ΔGf kJ/mol Fluorine (~ 727°C)

CrF2 334.1 320.7

MoF2 310.7 302.7

NiF2 266.7 251.6

FeF2 297.3 284.3

UF4 415.7 399.8

Figure 3 Photomicrograph of a Cross-Section of Outlet Pipe Showing In-
ner Surface and Crack. Etchant: Aqua regia (Mccoy & Mcnabb, 1972)

Table 3 Standard Free Energies of Formation of Flourides in a Molten Salt System at 527°C and 727°C (Mccoy &
Mcnabb, 1972)

Figure 4 Calculated Chromium Profiles at 650°C in INOR-8 Assuming
Zero Surface Concentration of Chromium (Mccoy & Mcnabb, 1972)

and 727° C, including the potential fuel salt constituents and the
structural metals under consideration (DeVan et al., 1995). The
pressure at which the standard conditions were measured was not
given in the original source.

The corrosion rate of chromium increases in a logarithmic fashion
depending on time and distance from the surface (Mccoy &
Mcnabb, 1972) as depicted in Figure 3. Corrosion proceeds by the
selective oxidation of chromium at the hotter loop surfaces and the
reduction and deposition of chromium at the cooler loop surfaces
(DeVan et al., 1995). This is illustrated by equation [1]:

M²⁺F₂ + Cr→ Cr²⁺F₂ + M [1]

where M: Fe, Ni, Mo, Mn, … (DeVan et al., 1995)

The problem of corrosion is particularly difficult in the MSRE, as
any protective oxide coatings on metallic surfaces are readily
dissolved inside the molten salt (Muránsky et al., 2019). A
potential solution would be to utilize lower concentrations of
relatively reactive alloys such as chromium and higher levels of
less reactive metals like nickel. However, the corrosion problems
could not be entirely eliminated, only slowed down (Scott, 2019),
causing difficulty in long-term operations.

International Regulation of Hastelloy-N

In 1963, the American Society of Mechanical Engineers (ASME)
responded to a U.S. Atomic Energy Commission proposal to
regulate nuclear plant construction and operations by creating
engineering codes and standards (American Society of Mechanical
Engineers, 2020). Today, ASME codes and standards are widely

used in manufacturing standards and facilitate licensing in
conjunction with the U.S. Nuclear Regulatory Commission
(Wright & Sham, 2018).

As of 2018, Hastelloy-N had not been qualified for use in nuclear
components by the ASME (Wright and Sham, 2018).

In Canada, the materials of nuclear power plants are governed by
the following codes and legislations:

"For steel containment, the design should be based on ASCE
43-05 (SDC 5), 2010 ASME Boiler and Pressure Vessel Code,
Section III: Rules for Construction of Nuclear Power Plant
Components, Division 1, Subsection NE: Class MC Components
and USNRC Regulatory Guide 1.57, Design Limits and Loading
Combinations for Metal Primary Reactor Containment System
Components." (Commission, 2021b)

In order to obtain a license to construct a new nuclear power plant
under Canadian Legislation, the following information on reactor
materials must be provided with full engineering justification:

1. "chemical, physical and mechanical properties
2. resistance to corrosion
3. dimensional stability, strength, toughness, crack tolerance,

and hardness
4. microstructure and material fabrication details, where this

is important" (Commission, 2021a)

According to the above legislation, it would be challenging to
provide full engineering justification for Hastelloy-N due to the
significant corrosion problems experienced by the MSRE. In
discussing the potential qualification of Hastelloy-N, two
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Figure 6 Moltex Fuel Pin Assembly (O’Sullivan, 2021)

Figure 5 Moltex SSR-W (O’Sullivan, 2021)

members of the Idaho National Laboratory's Advanced Reactor
Technologies Program argued that research still indicated the
helium embrittlement above 700°C. Wright and Sham (2018)
concluded that Hastelloy-N does not have sufficient elevated
temperature strength for extended use within the decades-long
lifetime of newer molten salt reactors. Therefore, Hastelloy-N
should not be accepted in Canada as a nuclear construction
material.

Hastelloy-N in Proposed Canadian Reactors from
Moltex Energy andTerrestrial Energy

Moltex Energy and Terrestrial Energy are the two largest molten
salt reactor companies, the former received substantial financial
assistance from the Canadian Federal Government. Both
companies have passed the first phase of the Canadian Safety
NuclearAssociation Pre-Licensing Vendor Reviewwith the goal of
construction by 2030 (Moltex, 2021; Terrestrial, 2021).

Moltex Energy is currently developing the Stable Salt Reactor-
Wasteburner (SSR-W) (Figure 4), which incorporates the general
design features of a molten salt reactor for the Point Lepreau Site
in New Brunswick (O’Sullivan, 2021).

In the SSR-W, fission reactions occur within tubes of molten salt
separated from the liquid coolant (SMR Roadmap Technology
Working Group, 2018) (Figure 5).

It seems implied by the available literature that Moltex intends to
use Hastelloy-N for fuel pins (Figure 6) (Fredrickson et al., 2018).
Moltex technology reported that by adding zirconium to the
chloride salt, the corrosion of Hastelloy-N was tremendously
reduced by an unspecified amount (Fredrickson et al., 2018).

Furthermore, a public report by Moltex Energy claimed that the
small addition of zirconium to each Hastelloy-N fuel tube
(O'Sullivan, 2021) has the effect of recovering any oxidizing
species inside the chloride salt, which are plentiful due to the
fission reaction (Scott, n.d.). However, adding zirconium to
Hastelloy-N might complicate the manufacturing processes and
make the material difficult to weld or susceptible to stress
corrosion cracking (Wright & Sham, 2018). These long-term effects
of zirconium alloying are unknown and should be explored for
reliable long-term reactor operation. In addition, further research
is needed to elucidate the relationship between irradiation and the
mechanical effects of zirconium alloying within aggressive salt
reactor conditions (Fredrickson et al., 2018).

Terrestrial Energy is developing a 400-megawatt molten salt
reactor known as the Integral Molten Salt Reactor (IMSR) (IAEA,
2016), proposed to be built in Darlington, Ontario. The IMSR uses
molten salt as coolant and fuel. The IMSR features integrated
primary reactor components, including the graphite moderator,
into a sealed and replaceable reactor core (Figure 7). According to
the company website, the design of the IMSR references those of
test reactors at the ORNL, but the specific aspects borrowed are
unclear (Lyman, 2021; Terrestrial Energy, 2018). In a 2015 report,
Terrestrial Energy listed Hastelloy-N as a candidate material for
vessel and primary piping (Berenfeld et al., 2015). However, the
Advanced Reactors Information System (ARIS) by the
International Atomic Energy Agency (IAEA) lists the material of
choice for the IMSR as SS316H orAlloy N for the base material and
Incoloy 800H for the steam generator (IAEA, 2016). Later, an active
patent by Terrestrial Energy that was renewed in 2020 listed
Hastelloy-N to be used for the guard vessel to contain the IMSR
core unit and the outer vessel (Figure 7) (Leblanc, 2013).
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Figure 7 IMSR Reactor Core (LeBlanc & Rodenburg, 2017)

There is a possibility that Hastelloy-N would be an appropriate
construction material if not exposed to a salt face or high levels of
radiation, or if only used for a very short duration. In the case of
using it as material for the outer vessel Terrestrial Energy has
proposed that the entire core of the reactor (including primary
components) could be sealed into a single replaceable core unit. In
theory, the core unit would be replaced every seven years, so the
problem of Hastelloy-N corrosion could potentially be mitigated.
However, further R&D should be conducted, and the public
should be made aware of any new developments.

CONCLUSION

The IMSR and SSR-W share key features of a historical test reactor,
the Molten Salt Reactor Experiment (MSRE), which ran from 1964
to 1969. The MSRE made heavy use of Hastelloy-N as a salt-facing
structural material for the reactor vessel, piping, and pumps for all
coolant loops and heat exchangers. The performance of Hastelloy-
N was judged to be adequate during the operation of the MSRE
until routine inspection in the later years of operation was
conducted (Koger, 1972; Wright & Sham, 2018). ORNL researchers
have argued that if the MSRE had operated for the predicted
lifetime of 30 years (Lyon et al., 1969), the depth of cracking
observed due to tellurium would have been unacceptable (Mccoy
& Mcnabb B, 1972). The precedent set by the MSRE does not lend
confidence to future applications.

Many nations and co-operations, in particular Canada, have
expressed substantial interest in Molten Salt Reactors. Many are
considering the use of Hastelloy-N for various molten salt reactor
components. The IMSR from Terrestrial Energy would use molten
salt reactor technology and is intended to be constructed in
Darlington, Ontario. The IMSR intends to use Hastelloy-N as
material to contain both the reactor core and outer vessel, where it
will experience significant radiation. On the other hand, Moltex is
developing a similar type of reactor called the SSR-W for Point
Lepreau, New Brunswick. The SSR-W would use stationary,
metal-clad fuel elements containing molten salt fuel in arrays of
standard fuel pins submerged in coolant salt. These fuel pins

would contain Hastelloy-N alloyed with zirconium. However,
additional R&D should be undertaken by both companies to
examine the viability of the material throughout the reactor life
cycle. Any significant findings should be made publicly available
for the benefit of Canadians.

The evidence so far is that Hastelloy-N has many problems,
including deteriorating operation above 700°C due to neutron
irradiation, helium embrittlement, and intergranular cracking
when exposed to the fission products within molten salt. Given
these problems, scientists have recommended that ASME should
not approve Hastelloy-N as a nuclear construction material.
Therefore, in order to prevent possibly dangerous scenarios such
as structural instability or contamination of surrounding
ecological systems, Hastelloy-N should also not be used in the
Canadian IMSR and SSR-W reactors. The potential risks involved
are indeed significant for any government or company interested
in constructing molten salt reactors.

The author would like to acknowledge Dr. MV Ramana for his continued
mentorship and guidance, and peers and professors at the Department of
Materials Engineering at UBC for their input and support.
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