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1. Abstract

The next generation of nuclear reactors will expose materials to conditions that, in some cases,
are even more extreme than those in current fission reactors, inevitably leading to new
materials science challenges. Radiation-induced damage and corrosion are two key phenomena
that must be understood both independently and synergistically, but their interactions are
oftentimes convoluted. In the light water reactor community, a tremendous amount of work
has been done to illuminate irradiation-corrosion effects and similar efforts are underway for
heavy liquid metal and molten salt environments. While certain effects, such as radiolysis and
irradiation-assisted stress-corrosion cracking, are reasonably well-established, the basic science
of how irradiation-induced defects in the base material and the corrosion layer influence the
corrosion process still presents many unanswered questions. In this review, we summarize the
work that has been done to understand these coupled extremes, highlight the complex nature

of this problem, and identify key knowledge gaps.

Keywords: irradiation-corrosion, radiation effects, Gen-IV nuclear reactors, coupled extreme

environments, nuclear energy materials
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2. Introduction

Materials in nuclear reactors are subjected to extreme environments encompassing radiation
fields, corrosive media, high temperatures and temperature gradients, and high stresses. Each
of these environments challenges our basic understanding of material evolution. For example,
radiation damage defies simple descriptions as it spans length and time scales from electrons
and femtoseconds to human-scale parts that evolve over decades or longer. Critically, within a
reactor these diverse extreme conditions impact materials simultaneously, modifying the
material’s structure at the atomic level and its macroscopic properties. These dynamic changes
drive the system from thermodynamic equilibrium, establishing a critical need to understand
the kinetic processes underpinning material evolution. This mélange of competing kinetic and
thermodynamic dependencies sets the stage for critical research needed in establishing both

independent and interlinked factors for radiation damage and corrosion in nuclear systems.

Equilibrium and radiation-induced defects drive microstructural evolution under irradiation.
Solute segregation, the formation and growth of extended flaws, and enhanced surface or bulk
interactions follow the ebb and flow of defects throughout the microstructure. These dynamic
changes also strongly influence the simultaneous response of the material to the corrosive
coolant environment. Radiation-produced defects could alter the protectiveness of oxide layers
through metastable phases and enhanced diffusion kinetics. High temperature and stress can
further modify the properties of defect populations and their coupling to chemical species that

drive corrosive degradation. Thus, understanding of the coupling between irradiation and
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corrosion begins with defects. In this review, we discuss how radiation impacts corrosion of
materials in contact with three nuclear coolant environments: traditional aqueous systems,
Lead-Bismuth Eutectic (LBE, a representative liquid metal system), and molten fluorides. After
introducing the basic phenomena behind both irradiation and corrosion separately, we
summarize past work aimed at understanding these coupled extreme environments, and close
by identifying outstanding specific gaps in our fundamental knowledge and subsequent

research directions that should be pursued.
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3. Environments in Nuclear Systems

10% (2018) of global electricity is produced by 452 (2019) nuclear power reactors (1). These
systems expose materials to high temperature water and/or steam over decades, concurrently
with stress, vibration and, in the core, high neutron fluxes and temperature gradients.
Advanced nuclear systems may include even more extreme and exotic corrosive coolants, such
as reactive or Heavy Liquid Metals (HLMs), molten salts, or high temperature gases (2). It is the
nature of these new coolants that pose special challenges for the materials involved and our

understanding of those material/environment interactions. Figure 1 schematically illustrates

Deleted:

the four liquid coolant reactor concepts discussed in this review.

The most common type of nuclear reactor is the Light Water Reactor (LWR, ~360 in operation
(3)), primarily in the form of Pressurized Water Reactors (PWRs) and Boiling Water Reactors
(BWRs). Both utilize distilled water with well-regulated chemistry as both coolant and neutron
moderator. In BWRs, the coolant temperature (250-350 °C) and pressures (~7 MPa) create
conditions where steam can be produced at 400 °C or higher. BWRs operate using high purity
water containing typically 0.2 mg/L (ppm) of radiolytically-produced dissolved O, and 20 ppb of
radiolytically-produced H» (4). Their concentration is often controlled with additives (see, e.g.,
(4)), as a water conductivity, representative of ionic impurities, below 0.3 uS/cm was suggested
to limit stress corrosion cracking (5). In the last 20 years, this has been improved to ~0.1 uS/cm
(5). PWRs operate with a coolant inlet temperature of 288 °C and an outlet temperature of 323 °C

with a pressure of 15 MPa. They utilize a hydrogen overpressure (a stoichiometric H, excess) and
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a noble metal Na;Pt(OH)s chemical to maintain dissolved O; at less than 5 ppb (6). PWRs and
BWRs usually contain LiOH to control corrosion product precipitation and H.BOs to control
nuclear reactivity. KOH is being explored as a LiOH alternative due to increasing Li demand in
other industries (7). The nominal pH is 7.2 in PWRs vs. 5.65 in BWRs (5). In the absence of
radiation effects, the chemistry variables mentioned above, along with materials factors, are

considered the key factors to understanding corrosion in hot water systems.

Alternative reactor technologies exist and are under active development. The sidebar
“Considerations in Reactor Design” discusses some of the motivations behind these new
technologies. Liquid metal-cooled reactors may be used where a fast neutron spectrum (> 0.5
MeV) is utilized for breeding or burning of fuel. While fast reactors require highly enriched fuel
to sustain the nuclear chain reaction, they do not need a moderator, leading to a faster neutron
spectrum. Numerous sodium-cooled fast reactors have been built and operated to date (8). It
has been found that material-coolant interactions are relatively limited in these systems as long
as the oxygen levels are kept low and no ternary oxides form (9). Thus, the materials
degradation primarily results from radiation damage from the high neutron energy and flux.
However, it is well known that sodium reacts with water and sodium fires have been
encountered in these facilities, which forms a persistent safety concern. On the other hand,
HLMs, such as lead or LBE, do not have this disadvantage of severe reactivity with water while
maintaining a fast spectrum with a reasonably low melting point (327.5 °C (Pb), 123.5 °C (LBE)).
However, significant interactions exist between HLMs and many structural alloy species, be it

through the formation of intermetallic phases or dissolution into the liquid. A practical
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limitation of LBE is that heavy metals (e.g., Bi), can breed undesirable isotopes, e.g., Po-210,
which reduces reactivity in the core due to its large neutron absorption cross section. The

synergistic effects of radiation with corrosion in these systems are mostly uncharted territory.

Molten-salt cooled reactors aim to operate at higher temperatures (700-750°C (10, 11)) than
LWR systems to achieve greater power conversion efficiencies. Like HLMs, the use of molten
salts eliminates the need for pressurized vessels and violently reactive coolants, thus attaining
more inherent safety features. Molten fluorides are used as a coolant in Fluoride-salt cooled
High-temperature Reactors (FHRs) and fluorides or chlorides act as fuel solvents and coolants in
Molten Salt Reactors (MSRs). FHRs utilize solid fuel pebbles that are similar to the fuel for very
high temperature gas-cooled reactors (12). MSRs break with the traditional solid fuel-fluid
coolant approach wherein the molten salt dissolves the fuel directly. Liquid fuel reduces the
cost of fuel production, facilitates reprocessing and recycling, and enables breed-and-burn
thorium fuel cycles, ultimately reducing the disposal burden (13, 14). MSRs can be designed as
thermal, epithermal, or fast reactors depending on the fuel and the salt used. Material
corrosion in molten salt is distinctly different in that protection does not rely on a passivating
oxide layer; instead, the importance shifts to the thermodynamic drivers for corrosion that are
dictated by the salt chemistry. The liquid fuel contains transmutation and fission products (FPs)
that represent a good fraction of the periodic table. Furthermore, the chemical species in the
salt can be present in transient states unique to their production from nuclear reactions and

the molten salt medium and reactor environment. This makes for a rich scientific challenge to



152

153

154

155

156

157

158

define and control the varied corrosion mechanisms that may arise over long-term plant

operation.

The described nuclear reactor concepts require materials that can withstand the co-existence
of corrosive environments, radiation fields, high temperatures, and, in some cases, mechanical
stress. These collectively represent one of the most challenging sets of operating conditions

imaginable.
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4. Radiation Effects

Within the radiation field of the reactor core, high-energy particles emanating from nuclear
reactions violently interact with matter, disrupting the electronic and atomic structure of the
impacted materials, often with macroscale changes in material microstructure and properties.
While fundamental interactions — the collision of energetic particles with atoms — occur on the
femtosecond timescale on the length scale of atoms, macroscopic consequences can take years

to manifest.

The basic interactions between energetic particles and the atoms they encounter are similar
regardless of the state of matter, but the consequences can be very different. As schematically

illustrated in Figure 2, depending on the mass and charge of the particles, the energetic

Deleted:

particles can interact primarily with either the electrons or the nuclei of individual atoms. In the
former case, irradiation by photons, electrons, and very high energy heavier particles (so-called
swift heavy ions with energies greater than MeV) leads predominantly to the ionization of the
atoms, which is embodied by electronic defects in the material. These defects can alter
chemical interactions that ultimately destroy the underlying crystal structure. In some ceramics,
swift heavy ions can directly amorphize the material along observable individual ion tracks (15—
18). On the other end of the spectrum, the energetic particles can displace atoms directly. The
extent to which this displacement happens depends on the kinetic energy of the incident
particle and the mass of the first atom encountered by the particle. If the kinetic energy

transferred to this so-called primary knock-on atom is significantly high, a collision cascade
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results that can displace many thousands of atoms within a few picoseconds due to a single
incident particle. While most of these displaced atoms return to ordered crystallographic sites
(19), a fraction will remain displaced as defects — interstitials, vacancies and clusters of the
same — moving the system further from thermal equilibrium. The further evolution and fate of

these defects typically defines the net response of the solid to irradiation.

In many nuclear environments, we must also consider how irradiation interacts with the
corrosive medium. As fluids, liquid and gas phases both have limited internal structure and
respond similarly to irradiation. While atoms can be displaced, there is no long-range order to
be significantly altered by atomic displacement. However, irradiation can still interact with the
electrons that dictate bonding and, in a process called radiolysis, can disrupt that bonding,
forming radical species that can be more reactive with solids than the original molecules. These
changes to local chemistry modify the corrosive fluid and alter material corrosion as compared
to the bulk (unirradiated) fluid chemistry alone (20, 21). One of the simplest examples is the
direct disintegration of H,0 into H* and OH". Similarly, the formation of species like H,02 can
change the oxidizing power of the electrolyte (22). The sidebar “Radiolysis in Molten Salt”

discusses similar potential effects in molten salts.

Turning back to solids, the damage produced during irradiation can have severe consequences

for the structure and ultimately the properties of the material. As highlighted in Figure 3, a

Deleted:

myriad of effects are possible, including radiation-enhanced diffusion (RED), caused by the

super-saturation of defects responsible for atomic diffusion; radiation-induced segregation

10
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(RIS), in which the element-specific atomic redistribution is driven by the flow of vacancies and
interstitials to/from microstructural sources and sinks; radiation hardening due to the
formation of nanoscale precipitates, dislocation loops, and voids that act as obstacles to
dislocations; changes in the grain structure of the material itself, either refining it as in the
formation of the rim structure in nuclear fuel (23) or coarsening due to enhanced kinetics; or
more complex aggregate effects, such as Irradiation-Assisted Stress-Corrosion Cracking (IASCC).
In the end, all of these radiation damage effects originate from those defects produced in the

incipient collision cascade.

Similarly, the extent to which radiation-induced defects can impact corrosion depends on their
survivability. Whether interstitials and vacancies tend to find one another and annihilate or
aggregate into larger defects that impact properties, depends on temperature, stress, damage
rate, and the fundamental nature of the material itself. As the temperature increases, the rate
at which defects annihilate increases, reducing their potential impact on corrosion (24).
However, as the damage rate increases, there is less time for defects to annihilate before new
defects are created. Thus, one can expect that the rate at which damage is introduced into the

system will be an important parameter dictating the extent to which damage impacts corrosion.

Much of the damage imparted on materials in a nuclear fission reactor is caused by high-energy
neutrons. While it would be ideal to study damage under realistic neutron fluxes, such
experiments are costly and time consuming. Materials in commercial reactors experience only a

few displacements per atom (dpa) per year, and even high flux reactors only achieve about 10

11
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dpa per year. It is thus time-prohibitive to directly study high-exposure scenarios with this
approach when novel materials and reactor designs may experience hundreds of dpa over their
lifetime. In the case of advanced reactors, access to reactors for experimental purposes is even
more limited or non-existent. Further, neutrons induce transmutations and thus radioactivity
within materials, adding complicated and expensive radiation-safety issues to characterizing
neutron-irradiated samples. Surrogate irradiation environments utilizing ion beams to impart
damage offer an attractive alternative for fundamental studies. While having their own
limitations (primarily the volume of damaged material and thus the properties that can be
probed), ion beams can achieve exposure levels of many dpa in a day, greatly accelerating the
study of high-dose radiation effects. lon beam damage, especially from light ions, such as H and
He, has been shown to be extremely useful in emulating neutron damage if interpreted

carefully (25).
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5. Materials Used in Nuclear Environments

The varied extremes present throughout nuclear reactors necessitate careful selection of a
diverse range of materials depending on the performance requirements and the environment
of each component. The sidebar “Leak-Before-Break” discusses a less obvious selection
criterion applied to any nuclear reactor. For the purpose of the present discussion, we focus on
materials that are in contact with the corrosive medium and experience irradiation at the same
time. These structural materials include various steels and engineering ceramics such as SiC

composites.

Typical steels can be categorized as either austenitic (stainless steel) or Ferritic/Martensitic
(F/M). Austenitic steels contain large concentrations of Ni to stabilize the face-centered cubic
(fcc) phase. However, recently, other fcc-stabilized austenitic steels have gained popularity (26).
Activation concerns eliminate Co and other elements from the alloying toolbox. The stainless
steels found in LWRs include wrought and cast austenitic materials where Ni, Mn, C, and N

stabilize austenite at high and low temperatures.

Often, a combination of ferritic and austenitic materials is used. The body of a pressure vessel is
a ferritic steel (Fe-C), but its interior surfaces are lined with Corrosion Resistant Alloys (CRAs),
such as Ni-based alloys, Ni-Cr-Fe alloys and stainless steels. CRAs typically form a passivating
oxide film stable in hot water, often a Cr(lll) rich oxide or hydroxide of nanometer-thickness.

The alloy’s Cr-content is designed to be above a critical threshold that depends on the

13
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environment, but is often described as 10-14 at%, such that a continuous Cr-rich oxide may
form (27, 28). A bi-layered oxide is commonly formed, consisting of an Fe-rich spinel outer layer

over an inner layer of Cr,03 or FeCr,04 (27, 28).

In liquid metal systems, severe leaching of Ni can occur, limiting the use of austenitic steels in
LBE systems to temperatures below 550 °C. The benefit of using these materials, however, is
that Liquid Metal Embrittlement (LME), especially in LBE, is less of an issue while F/M materials
are susceptible (29). In molten salt environments, high-Ni materials are generally more
corrosion-resistant. It is relevant to note that, mechanically, the Ni-based systems retain
mechanical strength to higher temperatures than their Fe-based counterparts. However, a
significant disadvantage of Ni in nuclear environments is that the nuclear cross section for
(n,alpha) reactions, where a neutron is absorbed and an alpha particle or helium ion is
produced, is relatively high, leading to large helium buildup and significant activation concerns.
Void swelling is a related phenomenon in austenitic materials due to the dislocation bias for
point defects (30). The result of this is severe embrittlement and strength hardening under

irradiation in austenitic alloys.

The leaching of Ni in HLMs is a non-issue for F/M steels and the corrosion resistance is very high
due to Al additions (31). However, these materials do experience severe LME at 200-400 °C

(32). Furthermore, they are not deployed in molten salt systems because Cr is preferentially

attacked in molten salts (33). Finally, the tempering heat treatment of a F/M material is on the

order of 650 °C, limiting the operation temperature significantly.

14
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Zirconium and Zr-based alloys are widely deployed in nuclear systems, primarily as a fuel
cladding material in LWRs. The motivation for choosing Zr-based alloys is a low thermal neutron
cross section paired with reasonable strength and corrosion properties. In fast reactors, a low
thermal neutron cross section is not required, so liquid metal corrosion of Zr-based alloys is not
widely studied. In molten salt environments, Zr-based alloys would not be suitable, as Zr is even
more susceptible to attack than Cr (34). In LWR environments, Zr-based alloys form a 1-2 um
thick ZrO; film that is stable at standard operating conditions (35). Nuclear grade Zr-alloys often
contain 1.5% Sn and other trace elements such as Hf. Zircaloy-1 containing Sn was one of the
first alloys designed for cladding. Zircaloy-2 contains Sn, but also small amounts of Fe, Cr, and Ni
(36). However, hydrogen adsorption during corrosion was found to be greater in alloys
containing Ni (37). In Zircaloy-4, the Fe-content was raised and the Ni-content lowered to
reduce hydrogen pickup. Another nuclear-grade Zr material is Zr-2.5% Nb. The presence of
aliovalent cations such as Nb(lIl), Nb(V) and Nb(VI) is important to the oxidation resistance of Zr

owing to its interaction with anions and anion vacancies.
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6. Corrosion Effects in Nuclear Systems

6.1.Water

Corrosion in LWR environments is typically related to high temperature oxygenated water and
detrimental impurities in the solution. Oxygen and oxidizers such as H,O> raise electrode
potentials on passive metals. This provides an electrochemical driving force for local corrosion
where the protective oxide is broken down locally, as schematically shown in Figure 4,
Moreover, there are many stages in localized corrosion before damage to structural materials
occurs, such as initiation, propagation, and arrest of the corrosion process (38). Corrosion often
occurs at physically occluded sites in LWRs in which the controlled bulk water chemistry is
altered towards more aggressive conditions that trigger corrosion. In CRAs, the defining
attributes are local acidification due to corrosion, metal cation hydrolysis, and O, depletion. To
maintain electroneutrality with respect to all ionic species in the hot water crevice, anions
congregate to balance the acidification (39). Thus, CI, nitrate, or sulfate levels in crevices can
vastly exceed those expected in bulk LWR water chemistries. Such factors are generic across
many corroding systems involving hydrolysable cations such as Cr*3 (e.g. stainless steels and Ni-
based alloys). Preferential oxidation and dissolution of select alloying elements often results in
oxides and metal at the oxide/metal interface that are significantly altered from the bulk
structure and composition. We will discuss primary circuit and reactor material corrosion in the

absence of radiation. The secondary coolant loop is not discussed in the current review.
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Zircaloy corrosion has been extensively studied and reviewed (40-43). As fuel cladding, this
material must form a thin protective oxide to retain structural integrity without compromising
the cladding’s heat transfer capabilities. In hot water and steam, the corrosion process is
characterized by uniform or nodular oxidation. The spontaneous overall corrosion reaction
between Zircaloy and water is (44):

Zr + 2H,0 - Zr0, + 2(1 — x)H, + 4xH (1)
The first hydrogen term on the right-hand side of Equation 1 represents dihydrogen gas evolved
upon Zr oxidation and the other represents atomic hydrogen absorbed into the Zr, where x is
the fractional hydrogen pickup in Zr. This reaction is thermodynamically favorable, but the
kinetics are governed by thick film oxidation laws which may follow limitations in growth such
as mass gain = constant * (time)", as described by Charlesby using a Wagner-type oxidation
law (45), where n ranges from 0.25 to 0.5 (46) (see also sidebar “A Quick Note About Math”).
Oxide growth is controlled by the inward migration of 0> and new oxide forms primarily at the
oxide/metal interface. The oxide may thicken to a critical point where residual strain eventually
ruptures it. At this point there may be a transition in the oxidation process where the mass gain
becomes linear with respect to time (47). This transition has been reported to occur at 2-3 um
oxide thickness. To avoid such issues, exposure below approximately 350 °C is often

recommended.

Primary corrosion concerns with stainless steels in LWRs are pitting, intergranular corrosion,
and stress corrosion cracking. LWRs operate above critical pitting and crevice temperatures.

Pitting corrosion is controlled by temperature, oxidizers that raise the electrochemical driving
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force, and the presence of impurities such as metallic species (e.g., Pb, oxidized CuCl;) and
halides, particularly CI. Sulfur is also identified as a factor (48). Pits often initiate at alloy
inclusions (e.g. sulfides and nitrides) and defects in protective oxides. However, pitting is not a
major problem today given control of water chemistry (hydrogenated water, conductivity

below 0.1 uS/cm) and utilization of nuclear grade alloys.

Intergranular corrosion and Stress Corrosion Cracking (SCC) are historically associated with
sensitized grain boundaries in stainless steels and occur adjacent to intergranular chromium
carbides (e.g., Cr23Cs or CryCs) formed by the following solid-state reaction:

23Cr + 6C = Cry3C, (2)
This reaction occurs above the solubility limit for carbon, which is about 0.03% for a Fe-18Cr-
8Ni alloy (49). This reaction depletes Cr from solid solution, particularly along grain boundaries,
to a level below the critical Cr-content for passivity. The temperature range for sensitization in
the austenitic stainless steel is 550-850°C. Weld heat-affected zones, for example in primary
coolant piping, pass through this temperature upon heating and cooling of the weld. Oxygen
penetration along intergranular carbides can lead to local internal oxidation, intergranular

cavities and shallow cracks (50).

One traditional mechanism of SCC posits that slip/film rupture occurs under dynamic plastic
strain where high strain and plastic strain rate ruptures the passive film to expose bare metal.
The bare metal subsequently repassivates by growing a new film and concurrently dissolving at

a rate affected by the water chemistry, oxidizer content, and the residual Cr level (51). Hence,
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crack growth occurs by anodic dissolution and is a function of these factors, where strain and
strain rate play key roles. This interpretation is broadly accepted for SCC of stainless steels
under typical LWR conditions. An alternative theory was posited by Arioka, in particular to
explain SCC susceptibility of high-Cr, Ni-based alloy 690, who proposed that vacancy injection as
a result of surface oxidation (52) as well as the Kirkendall diffusion effect (53) create vacancies
clusters, voids, and eventually cavities at grain boundaries that promote further oxygen ingress
(54). Creep and dynamic strain are also important aspects of this argument. Cracking occurs on
these boundaries due to cavities affecting their strength, and cold work similarly impacts crack

growth rates (55).

Mitigation strategies for observed LWR corrosion issues historically have included the healing of
the depleted Cr, solution annealing of welds, and deployment of nuclear grade materials with
nitrogen and low carbon contents. For L (low C), LN (nuclear grade with N and low C) and NG
(low C and N) stainless steels a maximum carbon content of 0.02% is specified which is below
solubility limits in stainless steel (56). Moreover, 304NG and 316NG contain 0.06-0.100% N
which improves local corrosion resistance. However, crevices can produce the water chemistry
required for InterGranular SCC (IGSCC) of unsensitized stainless steel in the presence of sulfate.
In recent years, after low carbon was used widely, it was discovered that cracking still occurred
but the location of the IGSCC crack was shifted from the location of maximum Cr depletion (57)

to the heat affected zone near welds where sensitization is most severe (5).
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Ni-base components do not typically see meaningful dose except for very specific components.
Alloy 600 (Ni bal, 15.5% Cr, 8% Fe, 0.08% C; wt%) and later 690 (Ni bal, 29% Cr, 9% Fe, 0.05% C
max; wt%) are the mainstay alloys in LWR steam generators. These alloys are also susceptible to
IGSCC in laboratory testing, although only alloy 600 has demonstrable IGSCC in service.
Thermally treated alloy 600, wherein carbide precipitation was achieved at elevated
temperatures to heal Cr depletion, has been broadly successful in mitigating severe IGSCC
susceptibility (58). Similarly, alloy 690, with ~30 wt% Cr, is largely immune to thermal
sensitization, intergranular corrosion or IGSCC except in extremely cold-worked material (55) or

under dynamic strain (59).

6.2.Liquid Metals

LBE has been deployed as a coolant for nuclear power applications since the 1970s, for example
in the OK-550 and BM-440 reactors in Soviet submarines (60). Corrosion is a well-known issue
in these systems and originates primarily from the solubility, and thus selective dissolution, of
many steel alloying elements in liquid LBE and/or the formation of intermetallic phases with Pb
and Bi. Although a homogeneous system would eventually saturate with dissolved species and
slow further dissolution, thermal gradients lead to supersaturation and precipitation of
dissolved species on the cold face of the heat exchanger. This can lead to clogging of pipes and
reduced coolant flow back to the core (see more detailed discussion in the sidebar “Failure
Mechanisms in HLM Systems”). To mitigate such dramatic events, oxygen is added to the LBE in
small quantities (~10° wt%) to form a passive oxide layer and prevent direct contact between

LBE and structural alloys. Adding too much oxygen can lead to the formation of solid PbO and
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again can clog pipes. This approach leads to oxygen concentration guidelines as outlined in

Figure 5, which shows the oxygen concentration regime necessary to prevent dissolution or

excessive oxidation. Once a passive film is established, corrosion is governed by diffusion
through the oxide layer. Species that have a high solubility in liquid metal, such as Ni,
experience a stronger driving force for diffusion than species with a lower solubility. A duplex
oxide layer is typically formed with an Fe-rich spinel outer layer and a Cr-rich spinel inner layer.
However, oftentimes sub-layers are also observed. In reference (61) it was found that the inner
layer contains a zone depleted of all Ni. The remnant inner oxide layer exhibited nanoscale
channels of interconnected porosity, especially along grain boundaries. The oxide also

experiences partitioning into a Cr-rich oxide and a Ni-rich phase. Figure 6 shows a
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representative oxide layer formed on a stainless steel. By contrast, Ni-free materials do not
experience such a dramatic dissolution process, but multiple layers are still observed. Recently,
Fe-Cr-Al alloys have drawn significant attention since the Al-rich oxide layer provides a better
passive film and a more stable diffusion barrier (31). This observation motivates the use of Al-

rich alloys or Al-rich weld overlay applied via various techniques on surfaces (62).

Collective experience indicates that oxidation of structural materials in LBE is faster than
oxidation in air, likely due to the formation of nanochannels throughout the oxide layer as
proposed by (63, 64). A comprehensive review of the detailed mechanisms and models

evaluating LBE corrosion is given by (65) and (66). However, very few tests exist above 650 °C

and most materials evaluated are nuclear relevant steels such as stainless steels and F/M steels.
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Therefore, there is still much that is unknown about the fundamental mechanisms that drive

corrosion in these systems.

LME is another critical concern for liquid metal coolants (32). This degradation mechanism is
most common to F/M alloys that experience a ductility trough in the temperature range of 150-
400 °C (67). Austenitic materials do not experience this mechanical failure; however, they do
show Pb and Bi penetration along grain boundaries, associated leaching of Ni, and a subsequent
austenitic-to-ferritic phase transformation on a local level (68). One may speculate that
radiation could increase LME by enhancing diffusion and transport along grain boundaries, but
no in situ irradiation and corrosion tests have been carried out at relevant conditions to answer

this question. However, new capabilities have recently been developed (69).

6.3.Molten Salts

In molten salts, oxide layers do not impart corrosion protection because the layers formed in
oxygenated molten salt environments are neither stable nor protective (33, 70) unless a
sufficiently high oxygen potential is present (71-73). However, such concentrations of oxygen
would not be compatible with liquid nuclear fuel (33) nor with graphite components. Instead,
the primary corrosion control in molten salts is by control of the redox potential (i.e., the
thermodynamic potential for corrosion). The main corrosion mechanism in molten fluorides is
selective removal of alloying elements via a redox reaction at the metal-salt interface. Oxidants

dissolved in the salt oxidize the metal to form a metal halide, which is highly soluble in the
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molten salt and immediately dissolves. Figure 7 shows representative images of corrosion Deleted:

effects expected in molten salt environments.

To a first order estimation, the metal halides with the most negative Gibbs free energy of

formation will form preferentially over the other elements present in the metal alloy:

M(metal surface) + vOx = M**(salt) + vRed (3)
1 1 1 1
M (metal surface) + ,vOx = ,MY*(salt) + ,vRed (4)
2 2 2 2
Ky= e Rt = D () Y D o T (e 08 )
1 @y Qox M Ty M Y wx+  \GRed Red
AG; = AGﬁ MEx + ;VAGox_Rreq; Where i = 1,2
. generally
lfAGf, 1MF, < AGf, 2MFy, ¢ 1MF,(salt) >c 1MFy(salt) (6)

where ;Mand ,M are metal species in the metal alloy in their zero-valence state and +x and
+y oxidation states, Ox is the oxidant and Red is the product of the reduction of Ox, K is the
equilibrium constant, AG is the Gibbs free energy of the reaction, AGy is the Gibbs free energy
of formation of a compound, a, y, and c are chemical activities, activity coefficients and
concentrations at equilibrium, respectively, v are stoichiometric coefficients, T is temperature,
and R is the gas constant. This preferential oxidation of one element in the alloy versus another

(Equation 6) is also influenced by the surface activity of the species, a and hence by its

1M’

concentration and activity coefficient at the alloy/salt interface, and by the chemical activity of

the corrosion product dissolved in the salt (Equation 5).
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Importantly, a chemically pure, salt coolant is natively in equilibrium with metal alloys (33, 74),
and thus contains no driver for metal corrosion. For example, if the coolant is 2LiF-BeF,, neither
LiF nor BeF; will reduce to oxidize any of the metal alloy components:

M+ xLit = (M** + xLi; AG; > 0 (7)

M +>Be?* = |M™ +>Be; AG, >0 (8)
Thus, salt alone cannot corrode the metal as there is no thermodynamic driver. It is only
impurity oxidants or nuclear-reaction produced oxidants that can drive the preferential removal
of metals from the alloys; the oxidation reaction of metals necessarily requires the availability

of other species in the salt to reduce.

Thus, unlike their reputation to the contrary, pure molten metal halide coolants are among the
least corrosive media one can envision. This unearned reputation may, in part, come from the
absence of a passivation layer in molten salt system that is otherwise ubiquitous in oxidizing
corrosion systems. Additionally, the combination of ionic liquids and high temperatures results
in very rapid mass transport through the melt. As such, any oxidants that do come into contact
with and are dissolved by the salt are rapidly transported to the metal/salt interface. These
oxidants can dramatically alter the otherwise natively non-corrosive properties of molten metal
halides, and further chemistry control is needed to counterbalance these effects of oxidizing

solutes.

Several processes can introduce oxidants in molten salt coolants and solvents:
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e Oxygen ingress, which reduces to the oxide anion 0. At low oxygen potential needed
for MSR operation, the metal oxide product of this redox reaction dissolves into the
molten salt.

e Water ingress provides H* as the oxidant and reduces to H, upon metal oxidation. The
metal oxide and hydroxide products become soluble species in the molten salt.

e Metallic components have a native metal oxide layer upon exposure to air; thicker
oxides may also be present from higher temperature processing (e.g. welding, heat
treatments). These native oxides dissolve into the molten salt, introducing oxide anions
0% and metal cations, some of which are oxidants to the metal alloy (e.g. Cr®*, Fe3*, and
Ni?*). This finite inventory of native oxides will deplete during operation, and
consequently this driver for corrosion is eventually removed.

e Nuclear reactions are also often oxidizing processes and are further discussed below.

Lastly and very importantly, non-isothermal flow loops provide a thermodynamic driver for
steady-state transport of metal. If the reaction with the oxidant is exothermic, then metals
preferentially removed from the metal alloy will transport from the cold leg of the flow loop to
the hot leg (75). If the reaction with the oxidant is endothermic, then alloy metals will transport
from the hot leg to the cold leg (76—78). The rate of metal transport of a non-isothermal loop

can be computed as:

AH1{ 1 AHq )
m [C ot (Thot) = €y (Tcold)] =1 c e (Thot) (1 —e R \Tcold RThot ) (9)
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where m is the flowrate of the salt in the loop, Ty, and T4 are the hot leg and cold leg

temperatures, ¢, x+ is the equilibrium concentration of the oxidized alloy metal, and AH; is
1

the enthalpy of the reaction of the metal with the oxidant. To minimize this transport rate, the

redox condition must maintain ¢ , x+ as low as possible. Because ¢ g+ Varies for the
1 i

constituents i of the metal alloy, the rate of metal transport varies with species (e.g. Cr > Ni).

Hence thermal gradients drive preferential removal of species from the metal alloy.

From the above considerations, preferential oxidation and subsequent dissolution of the
oxidation product is the dominant corrosion modality in molten halides. When the redox is not
well-controlled, selective loss of alloying species establishes a composition gradient at the
alloy/salt interface. For example, extensive Cr depletion at grain boundaries is commonly
observed in corrosion by molten salt, as Cr is the most susceptible major alloying element in

relevant structural steels and Ni-base alloys (33).

Corrosion modalities beyond redox are also possible, but have received less study. Metallic
tellurium, a potential FP, can lead to intergranular attack and embrittlement in Hastelloy N
(previously INOR-8) (79). This could be addressed by control of the redox potential of the salt to
prevent the formation of metallic Te. The presence of carbon in the salt can also lead to
carburization of the metal surface, and hence embrittlement, but also passivation, given that Cr
diffusion is much slower through the carburized surface layer of the metal (80). There is
evidence that graphite may impact the redox-type depletion of Cr, but the mechanisms for this

are unclear (81, 82). Lastly, because molten salt is an excellent mass transport medium, any two
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dissimilar metal alloys in contact with a common salt will exchange elements until the
composition of their surfaces becomes identical to reach thermodynamic equilibrium. For
example, a stainless steel and a nickel surface immersed in salt can lead to transport of Cr, Fe,
and other alloying elements to the surface of Ni and vice versa (83). Given the complexity of
liquid fuel, with so many FP and activation product constituents in the salt, it is possible that

other corrosion modalities will be discovered in the future.
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7. Simultaneous Corrosion Under Irradiation

Early studies on reactor-grade materials corrosion were motivated by the development of new
materials and unexpected component failure during operation. A short summary of a famous
lesson in alloy development is presented in the sidebar “Lesson Learned in Materials Design”.
Once the alloy design had matured, the focus shifted towards extending reactor lifetime and
reducing reactor downtime, both of which require a detailed understanding of why, how, and
how quickly corrosion progresses to reliably predict component failure. Significant progress has
been made in this direction for steam and water corrosion effects on steels and Ni-base alloys,
but the nuclear materials community faces two persistent challenges: 1) the use of new
materials in a corrosive environment and 2) the influence of radiation effects on components

and their corrosion behavior.

Initially, the impact of irradiation on corrosion was not unanimously recognized. Some studies
suggested minimal impact of radiation on corrosion rates (84, 85), while others showed that it
could drastically increase the oxidation rate of, for example, Zircaloy in water by a factor of 2
(86) upwards to a factor of 10 (87, 88). Evidence mounted that radiolysis was the primary cause
of these accelerated corrosion rates. However, other contemporary studies suggested that

radiation may also impact the base material and/or the corrosion layer itself (89).

Models of oxide growth in nuclear materials have changed significantly over time. A brief
summary given by (73) highlights the evolution from cation-mobility-based models (90) to
anion-mobility-based models (91) and more recent point-defect models (92). Rather than
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focusing on cation and anion mobility, the point-defect model assumes that large
concentrations of anion/cation vacancies, interstitial cations, and electron-hole pairs dictate
the film’s growth. In such a framework, it is natural to expect radiation to strongly impact these

defect populations and subsequent corrosion behavior of the underlying material.

Today, it is well known that radiation affects the corrosion process. Several overlapping effects

have to be separated experimentally, as outlined in Figure 8, including the impact of radiation

Deleted:

on the material , its corrosion layer, and the corrosive medium. The corrosion process must also
be understood independently of radiation. In addition, corrosion under irradiation varies as a
function of time/age of the system, as the material, its corrosion layer, and the corrosive

medium evolve. In some cases, one should also consider the impact of FPs.

The complexity of the problem is challenging for experimentalists and modelers alike.
Fortunately, technical improvements and innovations are continually increasing our ability to
investigate the interactions between radiation and corrosion. The following is not an exhaustive
survey of all work to date in this area. Here, we focus on studies that combine simultaneous
irradiation and corrosion of materials and also works that separate specific effects by corroding

an irradiated sample or irradiating a previously corroded sample.

Aqueous corrosion studies dominate our current understanding of coupled irradiation and

corrosion behavior (see Figure 9). However, different coolants exhibit vastly different responses
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dependent on the specific material and environment being considered, so understanding the
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additional impact of radiation is nontrivial. Because of this material-coolant dependence, we
will present each pair of environments separately, followed by a discussion of the overarching

similarities and differences.

7.1.Aqueous Environments

7.1.1. Zircaloy — Water
Agueous corrosion of Zircaloy under irradiation has been extensively studied and two of its
primary aspects, hydrogen uptake and IASCC, have recently been reviewed (93, 94). Previously,
Cox (42) summarized the known effects of irradiation on Zircaloy corrosion and provided
suggestions for a mechanism of radiation defect-enhanced corrosion. Several studies that
illuminate the relevance of environmental conditions, alloy design, and experimental design to
advance our understanding of where and how radiation-induced defects play a role in the

corrosion process are highlighted below.

Since the corrosion of Zircaloy is thought to be oxygen-diffusion limited, the availability of
oxygen plays a critical role. For both Zircaloy-2 and Zr-2.5%Nb, Asher et al. (88) observed a
strong enhancement of radiation-induced corrosion with increasing dissolved oxygen (DO)
content. Bradhurst et al. (95) demonstrated that the simultaneous presence of oxygen and
radiation is necessary to increase corrosion rates. To suppress the effects of 0% production via

radiolysis, modern reactors operate with deoxygenated and hydrogenated water.
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It was also expected that irradiation-corrosion effects would strongly depend on temperature.
Higher temperatures lead to temperature-accelerated diffusion kinetics, but also to increased
recombination rates for radiation-induced defects. Asher et al. (88) observed enhanced
corrosion in the presence of radiation at temperatures of 250-350 °C, but no enhancement at
400 °C or above where defect recombination is more prevalent. Similarly, Marlowe et al. (96)
reported that fuel rods experiencing lower heat flux are more susceptible to nodular corrosion,
indicating that temperature can also influence the type of corrosion. Shifting the temperature
from high (360 °C) to low (275 °C) may lead to a hysteresis effect in the oxide growth rate. For
example, a temperature-shifted and simultaneously irradiated Zircaloy-4 sample at first
resembles an unirradiated sample, as opposed to one continuously irradiated at the lower
temperature (97). In that study, this difference persisted for approximately 1000 days, showing
that radiation-induced defects in the metal or the oxide layer impact subsequent in-reactor

corrosion at lower temperatures.

Several mechanisms for the influence of radiation on corrosion in the Zircaloys or their oxide
were theorized and studied, depending on the type of energetic particle involved. These early
studies showed that thermal neutrons do not influence the oxidation or the hydriding process
of Zircaloys significantly (85). For fast neutrons, which are energetic enough to cause
displacement cascades, Johnson & Irvin (98) found a linear relationship between weight gains
and fluence (i.e., net radiation dose). They also observed that the oxidation rate varies with the
flux (i.e., dose rate; higher flux = more weight gain). According to (87), there appears to be a

saturation effect in weight gain above certain flux levels. Unfortunately, they did not determine
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756  athreshold flux for their samples. (97) found that Zircaloy-4 samples exhibit flux-dependent
757  hysteresis in their corrosion rate.

758

759  Rather than by accelerating oxygen diffusion via defect production, it appears that neutrons
760  affect the corrosion rate by redistributing alloying elements, primarily Fe, from precipitates to
761  the matrix (42). The importance of precipitate size, composition, and distribution has been

762  noted in both Zircaloy-2 and Zircaloy-4 (99). Fast neutrons can induce precipitate dissolution
763  and a subsequent increase of Fe, Cr, and Ni concentrations in the matrix (100, 101).

764  Kammenzind et al. (102) recently linked accelerated corrosion rates in Zircaloy-4 to precipitate
765  dissolution, which is supported by the observation that Zr-alloys with lower or no Fe

766  concentrations or alloys where Fe is bound in more stable intermetallics show a smaller

767  acceleration of corrosion rates (42).

768

769  Fast electrons and high energy photons could impact corrosion by producing electron-hole pairs
770  and Compton electrons, increasing the conductivity of otherwise electrically insulating Zr-oxide
771  and accelerating oxygen diffusion. Radiation-induced conductivity has been shown by (103)
772  using a1 MeV electron beam on Zircaloy-2 and Zircaloy-4. The neutron-induced dispersion of
773  Fein the matrix may also facilitate electron motion. Localized enrichment of Fe along c-loop
774  dislocations could also result in Fe-oxide grains that act as high-conductivity paths through the
775  layer (42). More recently, (102) observed a large impact of gamma flux on Zircaloy-4. A possible
776  explanation is photon-induced oxide dissolution which has been proposed as a mechanism in

777  BWRs (104).
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Many in-reactor effects are difficult to simulate in the laboratory, such as BWR nodular
corrosion and shadow corrosion observed on Zircaloy-2 when in proximity to other metals.
Both are likely galvanic processes related to the increased conductivity of the oxide layer and
the oxygen concentration of the water that changes the electrochemical potentials of

surrounding metals (42, 105).

The onset of the various effects described above varies significantly and complicates their
study. According to Cox (42), it appears that in-reactor radiation does not have a significant
effect on oxide layers less than 5 — 6 um thick. While radiation is generally thought to affect the
post-transition region, there is also evidence that pre-transition corrosion can be decelerated
(Zr-2.5Nb (88)) or accelerated (Zircaloy-4, (106) by irradiation, requiring further study with

carefully designed experiments.

7.1.1. Steel —Water
Steel corrosion in aqueous reactor environments is more straightforward than for Zircaloys,
mainly because these components are exposed to lower temperatures, temperature gradients
and radiation fluxes. Studies concerned with steel corrosion for reactor environments focus
mainly on radiation effects on oxide layer dissolution and subsequent crud formation or IASCC.
Both neutron and gamma radiation can play a role in oxide modifications, either via defect
production or radiolysis. The radiation fields that steel components experience vary drastically

depending on the distance from the core. Far away, neutrons are mostly thermalized and many
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800 fission gamma-rays have been absorbed. Therefore, the absorption of thermal neutrons and
801 subsequent gamma-ray production contributes more to the heating of parts and the overall
802 radiation damage than nearer the core. Consequently, one would expect different corrosion
803  behavior for steel components depending on their location due to differences in the radiation
804 fields and the thermal conditions.

805

806  There are numerous studies focusing on IASCC, which is a primary failure mechanism of

807  concern (107). IASCC is clearly influenced by both water chemistry (radiolysis) and

808  microstructure (radiation induced segregation, creep, hardening and deformation modes)

809 (107). Radiation effects in steels have been studied extensively and have been reviewed

810 recently (108-110). Because IASCC and radiolysis effects are so prevalent, few studies analyze
811 the impact of radiation damage in the metal or the oxide, or link observed effects to a single
812  source of damage. Some of these ambiguities are discussed below.

813

814 Raiman et al. (111) studied the impact of radiation-induced defects on the aqueous corrosion of
815  AISI316L and T91 (an F/M Fe-Cr-Mo alloy) with proton irradiation. They compared oxide layers
816  grown in three different areas on the same sample: the outer unirradiated region, the center,
817  where the beam spot was located, and the “flow-region”, an area outside of the beam spot that
818  was exposed to heat and radiolysis products from the center. In 316L, the oxide layers of the
819 irradiated region and the flow-region are depleted in Cr, which does not occur in T91. This

820  suggests that Cr depletion is linked to the presence of radiolysis products and that oxides

821 formed on T91 are more resistant to radiolysis than 316L. While the oxide is thinner in the
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beam spot than in the surrounding areas, the flow-region did not show a similar thinning,
indicating that either displacement damage accelerated the dissolution of the oxide or that the
concentration of radiolysis products in the flow-region was not high enough to cause
dissolution. Similar studies on 316L (112, 113) showed that both the inner and the outer layers
of the typical duplex oxide formed on stainless steel within the irradiated and the flow-region
were affected in a similar manner. However, they also studied a sample with a pre-grown oxide
layer in their irradiation-corrosion setup that showed porosity and Cr-depletion in the

irradiated zone only, indicating that radiolysis cannot be the only active process.

While increased temperatures generally promote the annealing of defects and thereby
decrease the impact of irradiation on steel corrosion, Kondou et al. (114) found that grain
boundary attack was more prominent in high-temperature (773 K) proton-pre-irradiated AlSI
304 than for samples irradiated at lower temperatures (573 and 673 K). The authors ascribe this

to enhanced radiation-induced segregation at elevated temperatures.

Significantly fewer studies are available that focus on the effects of radiation on corrosion due
to defects introduced in the metal or oxide compared to Zircaloy, mainly because radiolysis and
IASCC are more prominent issues as causes of failure in steel parts. This leaves a significant gap
in our fundamental understanding of irradiation-corrosion effects in steels. We also note that
radiation effects on the corrosion of Ni-base alloys are similarly unexplored as those materials

are not used in significant radiation fields in LWR reactors.
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7.2.Liquid Metal Environments

7.2.1. Steel -LBE
Irradiation-corrosion interactions should be simpler in heavy metal systems than in aqueous
environments due to a number of factors: 1) the densities of Pb and LBE are much higher than
that of water, removing any potential gamma radiation impact on corrosion; 2) the coolant is a
metal, so there is no comparable radiolysis mechanism; and 3) higher temperatures for HLM-
cooled designs increase the recombination rate for irradiation-induced defects and thus reduce
their influence on the corrosion process. Neutron-induced transmutation is, however, a bigger
issue for HLM systems, leading to new complications from transmutation products in the

corrosion process.

Relatively few LBE-cooled reactors exist, and little corrosion data are available from operational
or test reactors. As a result, many studies of Lead Fast Reactor (LFR) irradiation-corrosion
effects rely on ion accelerators to produce damage in metal samples in contact with LBE.
Typically, low energy protons (few MeV, e.g., the Irradiation-Corrosion Experiment (ICE) (115))
are chosen to simulate neutron damage. Targets for Accelerator-Driven Systems (ADS), where
the chain reaction is sustained by high energy protons producing neutrons from an HLM
spallation target, are typically studied with high energy proton beams (several hundred MeV,
see, e.g., the MEGAwatt Pilot Experiment (MEGAPIE) (116, 117), the DEvelopment and
assessment of structural materials and heavy liquid MEtal technologies for TRAnsmutation
systems (DEMETRA) (118), and the GENeration IV and Transmutation Material (GETMAT) (119)
programs). Even fewer experiments study the impact of heavy ions (e.g., the Heavy Liquid
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Metal and Irradiation Facility (HLMIF) (120)). A comprehensive overview of the research

conducted in Pb and LBE environments can be found in (121).

On the ADS side, two parts of the system may experience irradiation-corrosion related effects:
the core coolant system, which has challenges similar to those in LFRs, and the spallation
target. The MEGAPIE initiative aimed at developing an LBE spallation target with a T91 beam
window (122, 123). In parallel, the Liquid metal — Solid metal Reaction (LiSoR) loop (see (124))
studied the impact of flowing LBE on stressed steel specimens under 72 MeV proton irradiation
to predict the behavior of the beam window under MEGAPIE-relevant conditions (mixed
spectrum of 570 MeV protons and spallation neutrons). LiSoR generated several different steel
samples, namely T91, MANET Il (a 12Cr-1Mo-Nb-V steel), and 316L, from various parts of the
test section that were simultaneously irradiated (< 1 dpa), corroded, and, in some cases,

stressed.

Several studies observed no corrosive attack on these steel samples, but found oxide layers that
were either thicker in the irradiated zone (> 200 hours exposure, e.g., (125, 126)) or limited to
that zone for short irradiation times (127). The oxides were duplex structured (Cr-rich inner
oxide, Fe-rich outer oxide) for both MANET Il (127) and T91 samples (128). The authors
conclude that the differences between the irradiated and unirradiated regions are due to beam
heating. Gavrilov et al. (129) analyzed 316L and T91 specimens irradiated up to 9.1 dpa in the
BOR-60 reactor in contact with LBE (350 °C) as part of the LEXUR-II project and found no

evidence of corrosion attack, but evidence for a submicron oxide layer. Frazer et al. (130)
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studied an HT-9 sample (an F/M steel) exposed to simultaneous proton irradiation (5.5 MeV, 58
hours) and LBE (420 °C) in the ICE setup (see (115)) and found the expected duplex oxide, which
had an inhomogeneous thickness across the sample. Yao et al. (120) made a similar observation
in SIMP steel (a martensitic steel with 10.8 wt% Cr) irradiated with a high energy 247 MeV Ar
beam in oxygen saturated flowing LBE (350 °C). The authors conclude that this is due to
irradiation damage but, unfortunately, none of these studies demonstrate conclusively whether
the formation of the observed oxide layers is due to elevated temperatures (beam heating) or

radiation effects.

Another drawback of the studies described above is that they all measure oxide thicknesses at
the end of the experiment, so that growth rates are averaged over its entire duration. To study
the corrosion rates in situ, Lillard et al. (131) used a method similar to electrical impedance
spectroscopy to observe the behavior of several pre-oxidized HT-9 samples irradiated with high
energy protons (800 MeV) in LBE (200 °C). They report a decrease in oxide impedance
immediately upon turning the beam on, presumably because the protons change the donor
density in the oxide layer. Once the beam was turned off, the impedance fluctuated widely,
reflecting a difficulty to repassivate. One of the samples, however, did not exhibit this
impedance change during irradiation or erratic behavior post irradiation. The authors conclude
that this indicates that there may be a potential for the optimization of the oxide’s properties

to improve its corrosion resistance under irradiation (131).
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While ion beam studies give valuable insight into certain aspects of the corrosion process, their

III

short time duration does not cover the effects of chemistry changes in a “real” system (see
discussion in the sidebar “Windows of Susceptibility”). Unfortunately, solubility information for
most of the potential spallation products in LBE or Pb do not exist (121), so their potential
impact on corrosion remains unclear. Recently, Hammer-Rotzler et al. (132) studied the
MEGAPIE and ISOLDE (133) targets and found that lanthanides tend to deposit on free metal
surfaces instead of remaining dissolved in the LBE. There is, however, no research specifically
studying their impact on the corrosion process. As noted by Dai et al. (134), the limiting factor
for the lifetime of a spallation target like MEGAPIE will be dominated by radiation
embrittlement rather than corrosion. In reactors, however, service lifetimes span several

decades, and the temperature tends to be higher, and thus corrosion, transmutation, and FPs

may be more influential and warrant further investigation at longer time scales.

7.3.Molten Salt Environments

For salt environments, most irradiation-corrosion studies have used molten fluoride salts due to
their promise as nuclear reactor coolants (see, e.g., the Molten Salt Reactor Experiment
(MSRE), the Molten Salt Actinide Recycler and Transmuter (MOSART), the Thorium Molten Salt
Reactor (TMSR), the Molten Salt Fast Reactor (MSFR), and the solid-fueled FHR (see (10, 12))).
Molten salt reactor designs that use molten chlorides are also pursued (see, e.g., the Molten
Chloride Fast Reactor (MCFR) (135)). Most studies evaluate samples irradiated in test-reactors,
but light ion beams are also used. Unlike aqueous and liquid metal systems, corrosion control in

molten salt relies heavily on the chemistry of the salt with an emphasis on redox control rather
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than formation of a passivating oxide layer. As described above, the main concern is selective

oxidation and dissolution of alloying elements due to the presence of oxidants in the salt.

7.3.1. Molten Fluoride-Cooled Reactors
When a solid fuel source is used and the molten salt is used exclusively as a coolant, chemistry
control is primarily focused on managing corrosion and the fate of transmutation products.
Specifically, Li or Be will produce tritium when transmuted, which is an oxidizing process (75,

136):

i+ transmutation p+ reduction
Li H 0.5H,

Ox Red

(10)

Different designs exist for solid fuel elements (10, 137) depending on the surrounding structural
materials. FHR designs use graphitic fuel elements and a graphite moderator; the presence of
carbon can lead to the carburization of Ni-based structural alloys (79). The effects of C in the
system can also lead to difficulties in the interpretation of irradiation-corrosion studies because
graphite crucibles are commonly used in experiments with molten salts. For example, Zheng et
al. (138) studied Hastelloy N and AlSI 316L in Li-7 enriched FLiBe using both metal-lined and
graphite crucibles. Samples in graphite crucibles lost more weight than those in metal-lined
crucibles. In a subsequent reactor study, neutron radiation increased the weight loss compared
to out-of-reactor tests by factors of 10, 5, and 2 for 316L in a graphite crucible, 316L in a 316 SS-
lined crucible, and Hastelloy N in a Ni-lined crucible, respectively (138). Hastelloy N in the
graphite crucible gained weight, which the authors attribute to the possible formation of

carbides. The mechanism for the accelerated corrosion with neutron irradiation and in the
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presence of carbon is not clear. In these sets of experiments the redox potential of the salts was
not measured or controlled. For example, for in-reactor experiments, the ingress of air,
moisture, and/or the production of tritium are all potential sources of oxidants that are not
expected with out-of-reactor experiments. These likely contribute to the observed differences

and more pronounced corrosion observed in the in-reactor experiments.

While irradiation is generally thought to accelerate corrosion, a recent study by Zhou et al.
(139) reports decelerated intergranular corrosion of Ni-20Cr in FLiNaK (0.465LiF-11.5NaF-
0.42KF) with added EuFs as oxidant (and no purification, so likely high O content),
simultaneously irradiated by a proton beam. Salt-filled voids formed in a Cr-depleted corrosion
layer and the extent and size of such voids is smaller in the irradiated region of the sample.
Voids are created at grain boundaries by fast grain-boundary diffusion of Cr towards the salt
exposed surface, while matrix diffusion of Cr and Ni to the grain boundary is more limited. The
authors conclude that RED and segregation promote Ni and Cr diffusion to the grain boundary,
which makes up for the intergranular diffusion of Cr to the sample surface, and retards void
formation at the attacked grain boundary. Conversely, a similar experiment with pure Fe
yielded the more expected result of increased corrosion in the presence of the beam,
attributed to a postulated effect of injected protons into the salt, although this proposed effect

needs further study (139).

Similarly, neutron radiation-decelerated corrosion of AISI 316L in molten NaCl-MgCl, was

reported recently by Ezell et al. (140). The authors studied samples exposed to “wet” (> 1000
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ppm oxide) and “dry” (29 ppm oxide) NaCl-MgCl, with and without neutron irradiation. The
sample exposed to the wet salt shows a larger corrosion depth compared to the samples
exposed to the dry salt. Under neutron irradiation, the median corrosion depths of samples in
both wet and dry salt are similar and smaller than in the absence of radiation, indicating that
neutron irradiation decreases the depth of attack (S. Raimann, personal communication,
October 20, 2020), an effect that was more pronounced for the wet salt case. The authors
postulate either radiolysis effects in the salt, or a similar solid-state diffusion effect as in (139).
Similar deceleration was not observed in Hastelloy N exposed to wet salt, however. In general,
it is difficult to observe clear differences between the unirradiated and irradiated case at low
corrosion rates,, so additional research with a larger sample size and longer exposure times are
desirable (140). The results demonstrate an impact of irradiation on metal corrosion by molten
salt, but also show the difficulty of decoupling irradiation effects to the material and
environment from one another and from other experimental factors in irradiation-corrosion

experiments.

7.3.2. Lligquid-Fueled Reactors
In liquid-fueled MSRs, another source of oxidants, uranium fission, should be considered.
Fission is an oxidizing process because the summation of all FPs in their most stable oxidation
state yields a valence state of +3.2 (141). Thus, the FPs originally born from U** will be strong

oxidants:

U4+ fission f p4+ reduction FP3.2+
—_

11
Ox Red (12)
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Some uncertainty remains around the +3.2 value, since a good number of FPs have an uncertain
valence state in fluorides, due to sparse availability of thermochemical data (142). For this
reason, MSRs fueled with uranium will operate with a mixture of U3* and U*, which acts as a
redox buffer that protects the alloy metals. In other words, U3* is selectively oxidized before the
metal alloy constituents (33). The challenge of thermal gradients nevertheless remains in
convection loops, which, even in the presence of a redox buffer, lead to a continuous driver for
oxidizing the metal alloy constituents. MSRE experience showed lower-than-expected corrosion
for thermal loops. This effect was not explored in detail, but it was postulated to result from
passivation via the deposition of noble metal fission products (Mo, Ru, Te, Nb) (79). This layer
formed on both Hastelloy N and graphite (moderator) components and reached an average

thickness of 10 A (79).

The evaluation of samples from the MSRE also revealed a significant number of intergranular
cracks on the fuel salt-facing side of the exposed Hastelloy N (143). The other side of the same
part was only exposed to the FLiBe coolant and showed no cracks. Both sides exhibited the
typical Cr-depleted layer, but the average corrosion depth was relatively low (79). McCoy &
McNabb (143) dismissed the possibility that radiation had a direct impact because the two sides
of the studied parts experienced similar temperatures and neutron fluences. Additional tests
identified Te (FP) as the culprit of the intergranular attack on the fuel side. Guo et al. (144)
assume that the fast diffusion of Te along grain boundaries enabled the formation of various
tellurides, which in turn led to the cracks. Laboratory studies found that other alloys, such as

AISI 304 and Ni- or Co-based alloys with more than 20 wt% Cr content, appear to be resistant to
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Te-embrittlement (143). This indicates there may be a link between Te-embrittlement and
reduced Cr-content in Ni-Cr alloys, which is still an active field of research (see, e.g., (145)). The
use of U#*/U3* can keep Te in the anionic oxidation state of -2, rather than in the metallic form,

thereby mitigating Te-embrittlement (146, 147).

Other Ni-based alloys show very low corrosion rates in simulated reactor conditions as well.
According to Ignatiev & Surenkov (148), studies on alloy HN8OMT (a Ni-based alloy) have
observed no effects of irradiation on corrosion in FLiBe-ThFs-UF4 salt, up to a power density of
10 W/cm?3 (temperature and time of exposure are not given). Similarly, according to Keilholtz et
al. (149), early studies on Inconel (a Ni-Cr alloy) exposed in-reactor showed no observable
effects of irradiation on corrosion and low corrosion rates overall with exposures of 300 hours.
The authors also mention that similar measurements were performed on AlSI 316, AISI 347, and
Ni, and for longer exposure times, but no results are reported on these materials and the
original data are not available to us. These corrosion-irradiation experiments were performed in
several in-pile loops to power densities up to 800 W/cm? and over 100 static corrosion capsules
up to 8000 W/cm3, using fueled (2-27 mol% UF4 or UF3 ) salt mixtures of NaF, BeF,, ZrFs, and KF

(spanning a range of fluoroacidity) at temperatures up to 815 °C.

In molten salts, the effects of fission and FPs appear to be detrimental in more than one way,
but are in some cases beneficial, as discussed above. Several experiments also indicate that
there is no effect of radiation on corrosion although the exposure times may not have been

sufficient to draw this conclusion. In the studies where radiation-corrosion interactions were
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1040 observed, it remains unclear if radiation has any direct effect on corrosion via defect production

1041 in the metal.
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8. Discussion and Conclusions

The presented literature clearly points to the complex nature and interactions of irradiation

with the corrosive behavior of materials (illustrated in Figure 10). The corrosive response

Deleted:

depends strongly on the corrosive environment and its impurities, the chemical composition of
the material, and the irradiation conditions. Because corrosion of potential reactor materials
involves various processes and stages, radiation affects each and the combined effects are
interdependent. At the same time, it is less clear exactly how radiation changes corrosion in
many cases. Often, radiation leads to changes within the corrosive liquid; the formation of
radical species can enhance the interfacial reactions that drive corrosion, and nuclear reactions
are often chemical oxidizing processes. Indeed, in many of the past studies, radiolysis was a

dominant effect.

What is less certain is the extent to which damage within the solids (base alloy or corrosion
layers) changes corrosion mechanisms or rates. One would imagine that the high
concentrations of defects produced during irradiation can significantly alter both solid state and
liquid-mediated transport rates that drive corrosion. Further, radiation damage leads to
microstructural changes, the redistribution of alloying elements, and the concomitant
development of internal stresses that should also modify corrosion. Yet, as discussed by Cox
(42) and more recently by Allen et al. (43), there appears to be no evidence that neutron-
induced defects in the oxide layer directly enhance oxygen diffusion in Zircaloys and instead

neutron-induced precipitate-dissolution appears to be dominant.
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The effects of radiation-induced defects may be observed in laboratory conditions where
damage rates are significantly higher (150). So, while proton damage is generally considered a
good proxy for neutron damage in reactor materials (25), oxygen diffusion kinetics may not be
represented accurately. This could be an issue for the interpretation of results from (mostly
light) ion beam irradiation-corrosion experiments that are performed at higher damage rates

than expected in-reactor (see Figure 11).

Deleted:

The extent to which these effects are important and under what conditions is still unclear. In
particular, there are likely temperature and flux thresholds at which, for example, RED will
impact corrosion, but these speculative thresholds are ill-defined. In the end, all of these effects
are coupled. For example, phenomena such as IASCC and depletion of Cr at grain boundaries
can be offset by stress relaxation due to creep deformation. A comprehensive understanding

that accounts for all of these coupled effects is elusive.

Experiments must be designed with these coupled effects in mind to isolate the dominant
effects of the studied environment. However, despite their differences, several similarities
across the different environments emerge as well. Oxygen control appears to be a crucial factor
regardless of reactor type. Mass transport driven by dissimilar materials has pronounced effects
in molten salts and is also observed in BWRs. Such similarities could potentially be useful when
exploring interactions between irradiation and corrosion that are known in one environment,

but not another.
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A critical gap in our understanding of the synergies between irradiation and corrosion is
highlighted by the fact that there are no models of corrosion that explicitly account for
radiation damage, particularly the effect of flux and fluence, or the resulting changes in
microstructure. Radiation damage clearly changes corrosion rates and mechanisms, including
precipitate dissolution and redistribution of alloying elements and a memory effect in which
corrosion is modified significantly by pre-existing radiation damage. Being able to predict the
extent to which such effects persist is currently beyond our capabilities. Further, the
experimental literature clearly points to threshold temperatures at which the effects of
radiation on corrosion become minimal. Understanding exactly what dictates this critical
temperature, as is done for critical pitting temperatures for conventional metal corrosion,
would provide new insights for materials design. Thus, a fundamental understanding of the
synergies between irradiation and corrosion is needed to better predict the performance of

current materials and develop new materials for future nuclear reactor application.

Our review of the literature has revealed gaps in knowledge that can be summarized by these
questions:

- What is the defect content in irradiated materials and how does it influence the rates
and mechanisms of corrosion? More specifically, how does this influence depend on
temperature, flux, and radiation type, and at what point does the influence of the
damage fade?

- What aspects of those defects persist and impact corrosion after the radiation field is

removed?
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- How does the solute redistribution driven by irradiation modify the way microstructure
influences corrosion? How is this balanced by grain boundary migration/diffusion-
induced grain boundary migration?

- Ultimately, the rate of corrosion is dictated by reactions at interfaces, both solid/solid
and solid/liquid. How does radiation impact these reactions and associated interfacial

transport?

The challenge in addressing these questions relates to the complexity of the associated
phenomena. Radiation damage and corrosion of materials have been studied for many decades
and each represents challenging problems to materials science. These phenomena cross broad
ranges of time and length scales, ultimately originating at the atomic scale but with costly
macroscopic consequences. It is our view that much can be learned by simplifying the problem
and choosing model systems that can both be more easily experimentally interrogated and be
reasonably modeled. While certain aspects of the behavior exhibited in real engineering alloys
will be missing from these systems, the salient features observed in the reactor materials
should still be present. To the extent that a model system can reveal this behavior and,
importantly, that behavior be predicted to some degree, we will increase our understanding of

these synergies.

To that end, it is important to develop unique experimental and modeling capabilities to
understand the synergy between irradiation and corrosion. New experimental efforts in which

well-controlled and characterized samples (and well-designed control samples) are irradiated
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with precisely controlled particle beams provide new avenues for isolating the effects of
materials damage from other effects such as beam heating, radiolysis, and changing chemistry
of the corrosive medium. Similarly, new approaches to modeling corrosion that can explicitly
account for all defect species within the material are critical for understanding how radiation-
induced defect supersaturations impact corrosion. These steps are necessary for building a
fundamental understanding of the coupled extremes of irradiation and corrosion to enable

enhanced performance and safety of future reactor materials and systems.
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11. Figure Captions

Figure 1; Deleted:

For liquid nuclear reactor coolants, four main environments can be differentiated: water-, metal-, or salt-cooled,

and a molten salt environment. The classic water-cooled environments have much in common with the Liquid
Metal (LM)-cooled reactor designs: both have evenly spaced fuel rods (yellow) surrounded by cladding that forms
a protective oxide (red), just like other coolant-facing components. LM-cooled reactors, however, are different in
that they are designed to have a fast neutron spectrum and the fuel cladding is typically a stainless steel, as
opposed to Zircaloy found in Light Water Reactors (LWRs). Salt-cooled reactors also use a solid fuel, in this case as
a pebble-bed reactor, similar to gas-cooled designs. The graphitic pebbles contain micro-particles encapsulated
fuel that provide multiple barriers for containment of radioisotopes (orange gradient). Alternatively, in Molten Salt
Reactor (MSR) designs the fuel is dissolved (irregular yellow shapes) within the coolant salt itself. For either salt

reactor environment, the formation of an oxide-based passivating corrosion layer is not expected to occur.

Figure 2; Deleted:

Energetic particles interact with matter in different ways, depending on their mass, energy, and ionic charge. At

high energies, photons (X-rays and gamma rays) create electron-hole pairs and at low energies, they are simply
absorbed by the material. Light charged particles (e.g., electrons, protons, and alpha particles), primarily interact
with electrons at low energies, but can displace atoms at higher energies, creating vacancy-interstitial pairs. At
high energies, neutrons displace lots of atoms compared to light particles, often in the form of dense damage
cascades, that create many vacancy-interstitial pairs. This defect density decreases with the particle’s energy. Swift
heavy ions initially interact with the material by ionizing lattice atoms, but as they lose kinetic energy, they will

create very dense damage cascades.
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Radiation produces a range of effects in crystalline matter, resulting in complex irradiated microstructures.

Radiation-induced vacancies and interstitials can either annihilate immediately or migrate through the material
and accumulate at secondary defects (e.g., loops, voids, and precipitates). Certain ions can also induce gas
production within the material, creating bubbles and volume expansion. Irradiation can also lead to transmutation
and subsequently decay, creating a new source of radioactivity and modifying the chemistry of the material. Defect
flow can lead to precipitation and elemental segregation. All these processes occur simultaneously in a material
and interact with each other, adding to the complexity of the individual processes. Further, all of these effects

interact with both the existing and evolving microstructure. Figure inspired by Nordlund et al. (151).

Figure 4; Deleted:

Schematic illustration of the three different corrosive environments discussed in this review (aqueous, HLM, and

molten salt) and some of the most relevant corrosion mechanisms. Materials exposed to aqueous or HLM
environments typically develop a protective duplex oxide structure, while no such layer forms in oxygen-poor
molten salts where corrosion is inhibited by controlling the salt’s chemical redox potential. In all cases corrosion
creates an altered base metal that is typically depleted in one or more alloying elements. The ionic nature of water
and molten salts also creates a structured double layer in the fluid near the liquid/solid interface. Ongoing
corrosion involves the transport and exchange of species between the metal and the fluid through all present

layers, which is most efficient along fast diffusion paths, such as grain boundaries and interconnected porosity.
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Figure 5;

Deleted:

Illustration (graph from Aerts et al. (152)) of the useful oxygen-content range in LBE. Too much oxygen in the liquid
metal leads to the formation of solid lead oxide (black irregular shapes in top schematic on the right), while too
little oxygen inhibits the formation of protective oxide layers on materials and subsequently leads to their
dissolution by the LBE environment (bottom schematic on the right). These concentrations are temperature-

dependent, limiting the operational range of an LBE-cooled reactor.

Figure 6;

Deleted:

Scanning electron microscopy ((a)) and scanning transmission electron microscopy ((c) and (d)) images of oxide
layers formed on stainless steel (D9) in flowing LBE (images from (61)). (a) shows a typical duplex oxide structure
(illustrated schematically in (b)) where the inner layer can be seen to follow the pre-existing steel grain structure as
it grows inward. (c) and (d) show the dense outer layer and a Ni-depleted zone (dark band) between inner and
outer layer. (d) shows the segregation of a Ni-rich phase from the Cr-rich oxide, where Ni has diffused out of the

grain boundary region and left pores behind.

Figure 7;

Representative examples of corrosion by molten salt. (a) shows examples of oxidative attack, such as grain
boundary attack, void formation, and preferential Cr depletion from Yin et al. (153), and (b) shows images of Te

embrittlement, a process known to occur in fuel-bearing salts, from Cheng et al. (154) and DeVan et al. (155).
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Several effects have to be separated in order to study how radiation and corrosion interact: radiation damage in 1)
the solid material of interest (e.g., radiation hardening, RIS), 2) the corrosion layer, and 3) the corrosive medium
(e.g., radiolysis in water), ignoring the presence of ongoing corrosion, 4) corrosion processes independently of
radiation damage, 5) the influence of corrosion products on the chemistry of the corrosive environment, and 6) the

influence of the evolving corrosion layer (i.e., impact of its thickness and/or structure on transport rates).

Figure 9;

Deleted:

The relative abundance of studies using different radiation sources in irradiation-corrosion experiments are shown.
Most experiments have used proton beams as a proxy for neutron irradiation in reactors, and about half-as-many
employed commercial or test reactors. Most of these reactor studies are significantly older than the proton-based
studies. A smaller number of studies report on the corrosion behavior of different materials under heavy ion,
electron, and photon irradiation. This is a semiquantitative and non-exhaustive representation based on the
literature identified in this review. However, we believe provides a reasonable perspective of the field as a whole,

particularly for the current emphasis on proton-based studies.

Figure 10;

Deleted:

A simplified composite illustration of combined irradiation and corrosion effects discussed separately in Figure 3

and Figure 4, Potential intersections and synergies exist in these coupled extremes, particularly around pre-existing

microstructural defects and those newly generated upon corrosion and irradiation. Grain boundaries and
heterogeneous interfaces clearly play a critical role in establishing and controlling these linkages as preferential
sites for both accelerated transport and enhanced reactivity. This schematic also illustrates that corrosion and
irradiation effects are already quite complex on their own, and together they create an even more challenging
system. More work in this area is required to fully understand how all the different processes compete and work

together, which will be critical for the design and improvement of both materials and coolant chemistries.
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Figure 11; Deleted:

Illustration of estimated irradiation exposure rates for LWRs, LBE-cooled reactors, and MSRs (shaded boxes, based

on (25, 156, 157) and an expected reactor lifetime of 60 years) in comparison to reported experimental exposure
rates (dots). Experimental datapoints are limited to studies that reported an exposure estimate, typically from
proton irradiation. Most experimental studies employ accelerated testing conditions with dose rates that are much
higher than expected in-reactor. Datapoints: 1: (114), 2: (112), 3: (106), 4: (158), 5: (159), 6: (156), 7: (120), 8:

(128), 9: (127), 10: (126), 11: (115), 12: (139, 160), 13: (161)
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(a) Representative examples of oxidative attack

(b) Representative examples of tellurium embrittlement
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13. Terms and Definitions

LBE: a possible coolant for fast reactors (55.5 wt% Bi, 45.5 wt% Pb)

LWRs: water-cooled reactors with light water as coolant and moderator, as opposed to heavy
water reactors that use deuterium oxide

Radiolysis: the breaking of molecular bonds or modification of valence states by ionizing
radiation

HLM: high-Z metal with melting points higher than traditional liquid metals, i.e., significantly
higher than room temperature

Transmutation products: elements produced in solid and liquid reactor components as the
result of nuclear reactions other than fission

FPs: elements produced by fission with masses unequal to parent nucleus mass (centered
around ~95 and ~140 atomic mass units)

RED and RIS: mechanisms based on radiation-induced defects that exacerbate species
redistribution at temperatures too low for significant thermal diffusion

dpa: unit that captures radiation exposure conditions of a material, not the remaining damage,
which is a common misconception

F/M: often called 9-12% Cr steels that were developed to have favorable mechanical properties
at high temperatures

CRA: designed to provide long-term corrosion resistance to uniform corrosion, but may still be
susceptible to other corrosion types

LME: a process that can lead to a rapid loss of ductility in metals via intrusion of other metallic
species
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SCC: corrosion mode characterized by crack propagation of susceptible stressed materials in an
unfavorable environment; can be exacerbated by radiation (IASCC)

Redox potential: defines the chemical equilibrium of the products of oxidizing corrosion and the
propensity of an environment to oxidize materials

Redox reaction: a species increases in valence (oxidizes) and another species (oxidant causing
corrosion) decreases in valence (reduces)

Carburization: transport of C into metal alloys, leading to degradation of their mechanical
properties

FLiBe: fluoride salt mixture, 2LiF-BeF2, employed as in-reactor nuclear fuel solvent or coolant
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14. Reference Annotations

(25) In-depth summary of ion beam applications and limitations for long-term reactor damage
simulation

(33) Seminal paper on the chemistry and thermodynamics of molten salt reactor fuels

(42) Extensive discussion of experimental evidence for potential Zircaloy irradiation-corrosion
mechanisms

(78) Review of corrosion phenomena and corrosion experience in molten salts

(79) Summary of four years of operating experience with the MSRE

(93) Summary of the effects of hydrogen on Zircaloy properties

(94) Introduction to IASCC in nuclear materials in water

(121) Comprehensive presentation of LBE properties including detailed discussion of

recommended values for each property
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15. Sidebars

Considerations in Reactor Design

Modern nuclear reactors seek to depart from conventional reactor designs for a broad range of
reasons, including decreasing capital cost, lowering time of deployment to the grid, providing a
more diverse set of energy products (e.g. hydrogen production, power peaking, off-grid power,
process heat) and providing alternative options for the lifecycle of the nuclear fuel. Energy
conversion efficiency is generally improved by moving to coolants that allow for operation at
higher temperatures, which introduces new mechanical and corrosion challenges for structural
materials. The new coolants in modern reactor designs also enable simpler designs, greater
inherent safety, and afford more options for passive safety to complement the active safety
systems. Lastly, reactors can operate in the thermal neutron spectrum (neutron energies
around 0.025 eV), which utilize a moderator (e.g., water, graphite) to reduce the kinetic energy
of fission neutrons; alternatively, reactors can operate in the fast neutron spectrum (> 1 MeV),
requiring materials that can withstand the harsher irradiation conditions (higher fast neutron
spectrum), but enabling better fuel utilization and lowering the long-term waste burden. All
these and more requirements lead to several interesting tradeoff considerations for the next

generation of nuclear reactors.
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Radiolysis in Molten Salt

Molten salts are ionic liquids, consisting of dissociated anions and cations. An argument has
been made that radiolysis is not of relevance in molten salts. Studies of the vapor species above
irradiated molten fluoride salt observed no differences upon irradiation; by contrast, F2(g)
evolution can occur upon irradiation of solid fluoride salt (162, 163). This argument is
challenged by the observation that irradiation can cause halide anions (e.g. F’) to dissociate into
solvated electrons (e”) and solvated neutral species (F) that form molecular radical ions (F2).
The diffusivities and recombination kinetics are high in high temperature ionic liquids and these
species do not persist beyond 1-2 ps for solvated electrons and 10s ps for the radical ions (164,
165). Thus, the expected concentration of radiolysis products is low. What has not yet been
investigated is the effect of radiolysis on the short-range order in the molten salts. In acidic
salts, complex anions (and even complex cations) can form; the bonds within the complex ions
can be of an ionic or covalent nature (166, 167). It is unknown if radiolysis disrupts the structure

of these complex ions, thus impacting the acidity of the melts.
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Leak-Before-Break

An important engineering criterion for structural components in nuclear reactors is that they
exhibit favorable failure characteristics. In the context of corrosion, it is of paramount
importance that components exhibit signs of impending failure that can be readily detected
prior to catastrophic component failure. This philosophy is embodied by the “leak before
break” concept, wherein a small coolant leak may indicate component degradation well before
a catastrophic failure event. A swift response in the form of component identification,
anticipation and management of damage accumulation, accomplished through an appropriate
component inspection schedule by non-destructive evaluation methods, is vital for accident
prevention. These schedules and methods are well established in the current LWR fleet, but
have yet to be as thoroughly developed for next-generation designs where the underlying
science of corrosion and material degradation and failure have yet to be understood.
Regardless of the coolant, material, and environment combination, components will inevitably
degrade and fail in these aggressive conditions and it is vital for the safe and economical

operation of these plants that these failures can be proactively detected and mitigated.
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A Quick Note About Math

It is commonplace to consider the growth of oxide scales to be time dependent and
proportional to t” with time t and n ranging from 1 (linear) to 0.25. These highly varied
exponents result in very different behaviors across the lifetime of a nuclear reactor. After 60
years of service, a material that corrodes at a linear rate will have oxidized ~8 times as much as
a material corroding with n = 0.5. Compared to n = 0.33 and n = 0.25, the performance is even
worse with oxidation depths that are more than 15 and 21 times higher, respectively.
Depending on the thickness of the component or how much heat it needs to transfer, larger
exponents may be unacceptable. In practice, various environmental conditions can shift a
material’s response into different corrosion rate regimes during its service life. However, it is
most critical that so-called “runaway” corrosion conditions be avoided, where corrosion
accelerates continuously (n > 1 or exponential growth). Both materials selection and coolant
chemistry control are key factors that control corrosion mode and rate, making the study of

their interactions central to reactor safety.
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Failure Mechanisms in HLM Systems

The formation of intermetallics in the liquid due to the presence of dissolved species from
corrosion provides concentration gradients that continuously drive corrosion, so does the heat
gradient. The removal of elements on the hot side leads to a reduced wall thickness, which
increases the potential for pipe bursts, while precipitation can lead to pipe clogging. This can be
mitigated by reducing the driving force for dissolution or by adding diffusion barriers to reduce
the dissolution rate by controlling HLM chemistry. While corrosion processes can lead to system
failure, it is important to note that this is a slow process and the goal is typically to slow it down
beyond the lifetime of a plant, not to prevent it completely. In contrast, LME, where the
presence of HLMs drastically reduces a component’s ductility, typically occurs much more
rapidly, potentially violating the aforementioned “leak before break” concept. Therefore,
chemistry control and careful alloy design is aimed at preventing LME and the associated rapid

crack propagation completely.

84



1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

Lesson Learned in Materials Design

Materials for early nuclear reactors were chosen based on a thoughtful but imperfect process
considering factors such as temperature, mechanical properties, corrosion, and nuclear
properties, e.g., neutron cross section. Many selections had to be revised over time after
numerous lessons were learned. Consider SCC. Initially, reactors were thought to be immune to
cracking given CRAs, high purity water free of Cl', and controlled stresses. However, soon it was
discovered that CRAs in hot high purity water in submarine reactors experienced SCC, often in
welded stainless steel components and steam generator tubes. The former was solved by
avoiding sensitization. In commercial plants, alloy 600 was selected for steam generators based
on good oxidation resistance (15% Cr) and good SCC resistance (> 40% Ni). However, this
alleged “safe” composition was based on short-term testing in a high ClI- environment unlike
that in PWRs. In 1959, Henri Coriou first found that plastically deformed alloy 600 with 75% Ni
was susceptible to IGSCC in hot water, a widely criticized finding (168). It was not until around
1980, that Coriou’s observations were well accepted. In response, alloy 600 was replaced by
other more highly alloyed materials, an expensive process that took several decades to

complete.
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Windows of Susceptibility

It is widely accepted that reactor materials are not immune to corrosion. Most materials
corrosion problems require a susceptible metallurgical condition and a specific environment
that enables various undesired types and rates of corrosion. Long reactor component lifetimes
with high reliability require studies where materials are exposed to a range of conditions with
low corrosion rates. The undesirable degradation of CRAs occurs in certain “windows” of
susceptibility. Unfortunately, there is uncertainty over whether short-term lab tests can
accurately define such windows. The longer the service lifetimes (up to decades) of nuclear
materials in comparison to lab-scale test times (¥minutes to years), the greater the risk that the
windows of susceptibility will remain uncertain. For instance, short-term IGSCC susceptibility,
where initiation, propagation and failure occur quickly, easily reveals the most susceptible
conditions in a short-term test at the lab scale. Long-term susceptibility under conditions more
relevant to service conditions are sometimes unobservable in short term tests, but remain
pertinent to reactors with extended lifetimes. As more sensitive tests are employed and more
realistic conditions are simulated, the bounds of the observable susceptibility windows may

change.
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