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ARTICLE INFO ABSTRACT

Keywords: Next-generation nuclear reactor concepts and advanced techniques for reprocessing spent nu-
Materials corrosion clear fuel (SNF) are drawing great attention in the nuclear field. Molten halide salts have been
Fluoride salts proposed as the fuel solvent and coolants for many molten salt reactor (MSR) concepts, and the

Chloride salts
Molten salt reactor
Spent fuel reprocessing

electrolyte for the electrochemical separation of the SNF. The major concern of using molten salts
is the corrosion of the structural materials imposed by these extreme environments. Materials
corrosion is more challenging in the molten salt nuclear systems than in the traditional water
reactors as the formation of the passivating oxide layer on the corrosion resistant alloys becomes
thermodynamically unfavorable in molten salts and the use of many corrosion resistant alloys is
restricted. This review takes a comprehensive approach covering all relevant work in the field:
corrosion data accumulated since the 1950s to date, major corrosion problems and corresponding
mechanisms, metallurgical factors, historical development of corrosion resistant alloys and recent
attempts. The key environmental factors influencing corrosion in various nuclear systems,
electrode kinetics, thermodynamic properties, and corrosion prevention techniques are also re-
viewed. Finally, current progress and challenges are summarized with an attempt at identifying
knowledge gaps and future research directions.

1. Introduction

Use of molten salts instead of aqueous media is attractive in many applications such as electrolyte [1,2], extraction [3], thermal
energy storage and heat transfer fluid [4], etc. In nuclear power systems there are two significant applications of molten salts:
electrochemical separation (EChem) for SNF reprocessing and molten salt cooled/fueled nuclear reactors. The EChem of SNFs, also
known as a non-aqueous dry processing, separates U, Pu, and minor actinides (MAs) from fission products in SNF by oxidation-
reduction reactions at high temperatures [5] using molten salt as the electrolyte. The electrorefiner is the core component of the
Echem using electrorefining technology. For the metallic fuel, the chopped spent fuels are placed into the anodic basket and then
immersed into the molten salt. The alkali, alkaline earth, and rare earth fission products are oxidized and dissolved as corresponding
chlorides into the molten salt [6]. Noble metallic fission products and other undissolved material such as zirconium will remain in the
anodic basket. By applying a current, most of the U, Pu, and MAs can be electro-oxidized and dissolved as demonstrated by the
laboratory experiments in which up to 99.7 wt% U in the SNF was dissolved [7]. Most of the dissolved uranium can be selectively
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electro-deposited at a solid cathode in the electro-refiner, while others (e.g., Pu, MAs, and rare earth fission products) are either
electro-reduced in the liquid Cd or Bi cathode or remained in the melt and basket. For spent oxide fuel, an additional electrochemical
process, electrolytic reduction, is needed to convert the oxide fuel into their metallic forms before electrorefining [8]. The spent oxide
fuel can also be recovered by the electrowinning process alone which includes multiple steps [9]. However, it is also possible to
electrorefine spent oxide fuel directly, through which 70-80% of UO; in the spent fuel can be recovered on a graphite cathode with
meager amounts of fission products [10]. For recycling the salt, the accumulated actinides and rare earth fission products in the salt
can be collected through an electrolysis process in which chlorine gas will be generated at the anode [11]. During the EChem
processes, many corrosive species such as gaseous oxygen and chlorine will be introduced in the system, which causes the concern for
structural material corrosion. Therefore, more detailed knowledge regarding the long-term materials performance, such as the
corrosion resistance of materials used for the structural components and anodes that are exposed to high temperature and high redox
potentials, is one of the key concerns of using EChem for processing SNF.

The molten salt-cooled/fueled reactor system is one of the Gen.IV reactor concepts [12]. For the Molten Salt Breeder Reactor
(MSBR), an early concept developed and tested at Oak Ridge National Laboratory (ORNL), molten LiF-BeF,-ThF4-UF, was selected as
fuel and coolant. It was recognized that the Ni-base alloys exhibited superior corrosion resistance to this type of molten salt if the salt
redox condition was well controlled [13]. Recently, there are a number of advanced MSR concepts being considered by industry and
the U.S. Department of Energy that feature molten fluoride salts as the fuel and/or coolant including, for example, fluoride salt-cooled
high-temperature reactors (FHRs). In general, these systems have many attractive features including low-pressure operation, efficient
high-temperature power conversion, and passive heat rejection. The preferred salts for these systems consist of LiF mixed with other
fluorides such as LiF-BeF, and LiF-ThF,. The corrosion of pure salt is found to be low. However, contaminants caused by ingress of
water or oxygen, and neutron irradiation of °Li in the salt can make the salt more oxidizing [14]. This may result in the corrosion of
transition metals such as Ni, Fe, and Cr which are constituents of the structural materials. The released corrosion products in the salt
also affect the fuel/coolant properties. Therefore, the material corrosion must be considered when designing a molten salt cooled/
fueled reactor system.

Compact oxide layers are often used as corrosion barriers in the nuclear reactor system, for example, in the liquid lead alloy
cooled reactor, the oxide layers formed on the structure material are effective barriers to mitigate the corrosion by the liquid metal
coolant [15]. However, the formation of oxide barrier layer is challenged in molten chloride and fluoride salt systems because of the
presence of chlorine or fluorine ions. The molten halide salt corrosion proceeds via active dissolution without the presence of oxide
layer or a mechanism of “fluxing” which is a synergistic process of degrading the metal by alternate chloride dissolution and oxide
scale formation [16].

In recent years, the application of molten salt technology has developed a renewed interest in the nuclear industry. There are few
brief review article [17] and chapters [18,19] on the corrosion phenomena in molten fluorides and the alloy development for
different MSRs. However, no reviews take a comprehensive approach covering all aspects of the research efforts such as material
corrosion in molten chlorides, corrosion and redox control in nuclear fusion applications, electrode kinetics, effects of alloying
element and grain size, and effects of radiation on corrosion. Furthermore, there are no reviews inclusive of the extensive molten salt
corrosion studies in the past five years during which the research progress has been bolstered from the successful application of
electrochemical techniques and other innovative approaches. This paper presents a critical review of the material corrosion by molten
fluoride and chloride salts in the applications of nuclear energy systems. The review is organized as follows: Section 2 introduces the
major molten salts selected for various nuclear applications and summarizes the salt properties. Section 3 devotes to understanding
the molten salt corrosion and material performance, for example, the selective dissolution of Cr from alloy in both thermodynamic
and electrochemical considerations. Section 4 is a systematic review of the key factors that influence material corrosion in molten
fluorides. This section covers major corrosion problems and corresponding mechanisms, environmental factors, effects of alloying
elements and grain size on the corrosion resistance, and the present status of the materials development. Section 5 reviews the
interacted effects of oxidant impurities, alloying elements, and oxide layer composition on the material performance in molten
chloride salts. Section 6 is a review of redox control techniques that were proposed for corrosion prevention in nuclear molten salt
systems. Finally, the current understanding and remaining challenges on the material corrosion in molten fluorides and chlorides are
summarized with an attempt to identify the future research direction.

2. Molten salt properties
2.1. Choice of molten salt

Molten chlorides were recognized as suitable candidates for Echem of the SNFs. For electrorefining of spent metallic fuels, the
process was operated at temperatures in the range of 450-500 °C, molten LiCl-KCI eutectic salt was selected. For the electrowinning of
spent oxide fuels, the typical operation temperature was 700 °C, and molten NaCl-KCl eutectic was chosen. The electrolytic reduction
of spent oxide fuel to their metallic forms was operated at 650 °C, and molten LiCl salt with a low concentration of Li,O was used. The
feasibility of using an alternative molten salt media LiF-CaF, eutectic for reprocessing the spent fuels has also been investigated
recently for the separation of actinides and lanthanides operated at 860 °C [20-22].

The molten fluorides are also considered as the fuel and/or coolant for many MSR concepts. Selection of molten salt for MSRs
depends on whether it is used for a salt-fueled or salt-cooled reactor, and whether it is used for the primary or intermediate circuit. In
the salt-fueled reactor, the fuel is dissolved as fluorides within the carrier salt. The fuel carrier salt must fulfill certain criteria
including low neutron cross-section for the solvent components, radiation stability, thermal stability, the adequate solubility of fuel,
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the adequate heat transfer and hydrodynamic properties, chemical compatibility with container and moderator materials, etc. [23].
Fluoride salts made of alkali metal and alkaline earth elements meet these requirements well. For thermal breeder MSRs, the neutron
economy is very critical, and the selection of the carrier salt is limited by the elements with very low thermal neutron absorption
cross-section. The “LiF-BeF, salts are the prime choice with very low neutron absorption cross-section of 7Li (Othermal = 0.045 barn)
and Be (Ogermal = 0.0088 barn) [24]. Two examples are the Molten Salt Reactor Experiment (MSRE) test reactor [25] and MSBR [26]
developed at ORNL in the 1960s and 1970s. MSBR utilized “LiF-BeF, carrier salt with fertile (ThF,) and fissile elements (UF.) as the
fuel salt while MSRE fuel salt contains additional 5mol% ZrF; (0erma = 0-18 barn) as oxygen getter. Recent molten salt fueled
reactor designs focus on the nonmoderated concepts with intermediate/fast neutron spectrum, including the Molten Salt Actinide
Recycler and Transmuter (MOSART) [27] designed in Russia, the Molten Salt Fast Reactor (MSFR) concept [28] proposed in France,
and very recent Molten Chloride Fast Reactor (MCFR) concept [29] in the United States. These concepts are attractive because the
fuel can be made from the spent oxide fuels produced in current pressurized water reactors, thus reducing the cost of fuel fabrication
and reprocessing. For the salt selection of the nonmoderated concepts, fluorides of Na, K, Rb, and Ca can be considered as the
components of the fuel carrier salt as their neutron absorption cross-sections are sufficiently low in fast spectrum [24]. One example
is the MOSART, for which the candidate fuel carrier salt is LiF-NaF-BeF, or LiF-BeF,. The neutron absorption cross-section of **Cl in
fast spectrum is also comparatively less than in the thermal spectrum (0gs = 0.0011 barn, Owerma = 43.63 barn). Thus molten
chloride salts have also been proposed for fast reactors such as MCFR and REBUS-3700 concepts [30].

In the salt-cooled reactor, the fuels are solid and isolated from the primary salt coolant. A wider choice of fluoride salts can be
considered because some salt performance such as the adequate solubilities of fuel components and fission products are not required.
ORNL recently recommended to consider two types of salts as the primary coolant [23]: (1) Salts that have been shown in the past to
support the least corrosion (e.g., salts containing BeF, and ZrF, in the concentration range 25-40 mol%); (2) Salts that provide the
opportunity for controlling corrosion by establishing a very reducing salt environment (e.g., the alkali-fluoride salts and the BeF,
containing salts). Based on these considerations, the LiF-BeF, eutectic has been proposed for the FHR concept [31].

For the coolant salt used in the intermediate loop, additional salts can be considered since it is outside the neutron field. The alkali
fluoride salt, LiF-NaF-KF, which has superior heat transfer properties but poor thermal neutronic performance is one of the most
promising intermediate coolant candidates [24]. The alkali fluoroborates salts and chloride salts that meet the basic requirements
(e.g., heat-transfer properties, thermochemical stability, chemical compatibility, etc.) have also been considered as the intermediate
coolant candidates.

2.2, Physical property

Corrosion of metals in molten salt involves the electrochemical charge-transfer process on the metal-electrolyte interface and the
mass-transfer of involved species such as oxidants across the diffusion boundary layer. The charge-transfer rate can be limited by the
mass-transfer rate which has a maximum value for a given flowing system. The mass-transfer rate is the product of the concentration
gradient of the corresponding species and its mass-transfer coefficient which depends on the diffusivity, flow velocity, fluid physical
properties, and the flow geometry [32]:

— k mL — c
Sh = 5 - ARe* Scf oS
where ky, is the mass-transfer coefficient, m/s; D is the diffusivity, m?/s; Sh is the Sherwood number; Reynolds number Re = pvL/y;
Schmidt number Sc = u/pD; L is the characteristic dimension, m; v is the flow velocity, m/s; p is the density of the fluid, kg/rns; uis
the dynamic viscosity of the fluid, Pas; and «, 8, and A are the empirical factors depending on the flow pattern and the system
geomeltry.

Eq. (1) indicates ky, « (p/1)** where the value of «—4 is 0.53 for turbulent flow in round pipe. This means that a larger ratio of
the salt density to viscosity may lead to higher corrosion rate in mass-transfer-controlled case. Physical properties of some molten
salts used in the nuclear field are summarized in Table 1. As the temperature increases, the density of the molten salt decreases
linearly while the viscosity decreases exponentially. The density and viscosity of all fluoride salts except LiF-CaF5 are recommended
from Ref. [24]. The density correlations for LiCl-KCl, NaCl-KCl, and LiF-CaF, are obtained from the available data summarized in
Refs. [33-35]. The viscosity correlation for LiCl-KCl is from Ref. [36], while the viscosity correlation for NaCl-KCl is based on the data

Table 1
Physical properties of the salts [24,33 —36].

Properties Composition (mol%) Melting point (°C) Density” (kg/m®) Viscosity” (mPas)
LiCl-KCl 59.5-40.5 350 2023.3-0.5238T 0.0861exp(2517/T)
NaCl-KCl 50-50 658 2132.9-0.5679T 0.0273exp(4055/T)
LiF-BeF, 67-33 460 2146.3-0.4884T 0.116exp(3755/T)
LiF-NaF-KF 46.5-11.5-42 454 2579.3-0.6240T 0.0249exp(4476/T)
LiF-BeF,-ThF,4 71.7-16-12.3 498 4124.3-0.8690T 0.062exp(4636/T)
LiF-NaF-BeF5-PuF; 20.3-57.1-21.2-1.3 502 2759.9-0.5730T 0.0996exp(3724/T)
LiF-CaF, 80-20 769 2450.5-0.3683T -

2 T in Kelvin.
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summarized in Ref. [35]. Based on current knowledge, there is no data on viscosity for LiF-CaFs. The 2LiF-BeF, and 46.5LiF-11.5NaF-
42KF salts are often named FLiBe and FLiNaK respectively. Experimental results from ORNL’s flow loop showed generally more
severe corrosion in FLiNaK compared to other fluoride salts including FLiBe and LiF-BeF, based salts [23]. One possible reason that
might have been ignored in the past is the higher mass transfer coefficients in FLiNaK. Based on the correlations in Table 1, the ratio
of p/ut of FLiNaK is about 1.7-2.6 times greater than FLiBe, LiF-BeF,-ThF,, and LiF-NaF-BeF,-PuF; salts at 700 °C, indicating a higher
mass transfer rate in FLiNaK.

2.3. Thermodynamic properties

The major cations in the molten salt may act as oxidants to cause metal corrosion, depending on their reduction potentials. To
calculate the reduction potential, the activity of the corresponding species must be known. In this section, the methods to obtain the
activity of the salt constituents are introduced and available experimental correlations for typical salts are summarized.

For ideal mixtures, the mixing enthalpy is zero, that is AH"™ = 0, while the entropy can be expressed by:

AS™m = —R " nnN,
; (2)

where n; is the molar number of component j; N; is the corresponding molar fraction. If the total molar number of the mixture is 1,
n; = N;. The mixing free energy for the ideal mixture can be calculated by:

AG™ = —AS\"T = RT " njInN;
7 3

which depends on the mixing temperature and mixture composition. For the non-ideal molten salt mixture, the Gibbs free energy can
be expressed by [37]:

AG™ = RTZ njlna;
7 4

where g; is the activity of the component j and a; = ,X;; y and X are activity coefficient and molar fraction, respectively. Therefore,
Eq. (4) can be rewritten as:

AG™ = RT Y. njInX; + RT ), njlny, = AG™™ + AG®™

i i (5)
Particularly, for a binary salt mixture with a molar number of one:
AGH™ = RT (XInX; + XInXx;) (©)

For simple mixture without chemical compound formation, the mixing excess Gibbs energy can be expressed by [38]:
AG(‘.m —_ ){1 Glcym + XZGZC,m (7)
where G{"™ = RTIny, = H""-S{"™T; G5™ = RTIlny, = Hy"—S5™T.
Therefore, the activity coefficient of each component of a binary mixture without chemical compound formation can be calcu-

lated if the mixing Gibbs energy is known.
For LiCl-KCl, the correlation for excess Gibbs energy was obtained by analyzing the available experimental data [38]:

AGH& ke (J/mol) = X1 Xl [(—17570—-377Xyi¢1)—(—7.627 + 4.958X7¢) T ()]
For NaCl-KCl, the mixing entropy is found to be zero, and the mixing enthalpy can be written as [38]:
Hem(J/mol) = Xnaai Xk (—2050—272Xk ;) 9
For LiF-CaF,, the mixing entropy can also be neglected, and the mixing enthalpy was found to be [39]:
He™(J/mol) = XpipXcar,(—5292—378Xcqr,) (10)
The partial Gibbs excess energy (or the activity coefficient) of each component can be calculated by the integral Gibbs excess
energy [40]:

dgem

RTIny = q,G*™ + (¢, % + ¢,X%)(1-X;) Ix (an

where q; is the cation charge number.

For LiF-BeFs, the activity due to chemical reactions must be considered as a chemical compound LiBeF; is formed in the mixture
[41]. Fortunately, correlations for calculating the integral activity (sum of activities due to physical mixing and chemical reactions)
have been developed [42]. The correlations provided by Hitch and Baes [43] are given below:

108, Yger, = A Xfp + AsXip + AsXle + AsXijg (12)

log o7 = Bo + BaXfip + BaX(ip + BaX{ip + BsXiip (13)
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where A, = 3.878-2354/T, A, = —40.738 + 36293/T, A, = 94.4-84871/T,  As = —67.418 + 52924/T, B, = 0.938/T,
By = —36.973 + 14653/T, By = 126.1-74589/T, By = —158.42 + 113592/T, Bs = 67.42—52924/T.

Except for the correlations based on experimental data, a modified quasi-chemical model has been developed to calculate the
thermodynamic properties of multi-component salt mixtures [44]. The model has been successfully applied to study the fluoride
mixtures [45] and chloride mixtures [46].

3. Molten salt corrosion fundamentals
3.1. Thermodynamic fundamental

Corrosion of structural materials in molten salts is an irreversible electrochemical process involving the anodic dissolution of
metal and the cathodic evolution of the oxidant in the salt. The anodic dissolution of metal can be expressed as:

M — M™ + ne- (14)

where M represents the metallic element such as Ni, Fe, Cr, Co in the structural material, n is the number of exchanged electrons.
The cathodic reduction of oxidant in the salt can be written as:

Ox + ne” — Red (15)

where Ox and Red represent the oxidant and its corresponding reductant, respectively.
The combination of the partial anodic reaction (14) and the partial cathodic reaction (15) yields the overall electrochemical
corrosion reaction:

M 4+ Ox — M"* 4 Red (16)

To allow the corrosion reaction (16) to occur spontaneously, the Gibbs free energy change of the corrosion reaction must be
negative. For an electrochemical reaction, the Gibbs free energy change can be expressed as:

AG = —nFAE a7)

where AG is the Gibbs free energy change per mole of reaction, J/mol; F is Faraday constant, 96,485 C/mol; AE = E.—E, is the
potential difference; E; and E, are the redox potential of the anodic electrode reaction (14) and cathodic electrode reaction (15) in V,
respectively.

If E, is more positive than E,, i.e., AG < 0, the metal in molten salt will be corroded spontaneously. The redox potential for the
half-cell electrode reaction relates to the activity of the corresponding species according to the Nernst equation:

RT  a
E,=E + —In2"
nF  ay (18)
RT
E.= EC + ——Ind%
nF  ageq (19

where E; and E{ are the corresponding standard electrode potentials, V; R is the gas constant, 8.314 J/K/mol; aypn+, aox and ageq are
the activity for the relevant species; ay can be assumed unity for pure metals.

The standard electrode potential E° can be calculated by the Gibbs free energy of formation of its reactants and products. To
calculate the E° of M"* /M versus the standard X,/X ~ reference (X is F for fluoride salts or Cl for chloride salts), the following two
half-cell reactions are considered:

M + nX~ < MX, + ne™ (20)
EX + ne” < nX~
5% (21
Combining the half-cell reactions (20) and (21) yields:
n
M+ EXZ < MX, (22)

The Gibbs free energy change per mole of reaction (22) equals to the standard Gibbs free energy of formation of MX,, i.e.,
AG =AGf (MX,). According to Eq. (17), the standard electrode potential for the M"* /M electrode reaction can be calculated by:

Eyn+ v (vs. X/X7) = AGF (MX,,)/nF (23)

The value of AG; (MX,,) as a function of temperature can be found from the thermochemical properties tables. In many cases, the
melting temperature of pure MX, is higher than that of the molten salt mixture in which the MX,, is present as liquid. To calculate the
Gibbs free energy of these fluorides or chlorides, the supercooled state should be used which is a summation of AGf at solid state and
the Gibbs energy of fusion. The fusion energy can be calculated by the values of enthalpy, entropy, and heat capacity at liquid and
solid states [47].

Once the standard electrode potential is known, the redox potential at given activities and temperatures can be calculated ac-
cording to the Nernst equation. The calculated redox potential of typical M"* /M in molten fluoride and chloride salts are displayed as
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Fig. 1. Redox potentials of various redox couples as a function of temperature in fluoride salts. Solid line: metal dissolution at ay;n+ of 10~ %; Dotted
line: reduction of oxidants. Reproduced based on [47].

solid lines in Figs. 1 and 2, respectively. At the solid line, the metal M equilibrates with M"* with an activity of 10~ ° in the melt. At
the potentials below the solid line, the metal is expected to be thermodynamically stable. However, if an oxidant with its reduction
potential above the solid line is present in the melt, that is Eox/red > Emn+/ym, the metal will be corroded until the concentration of
dissolved M™* elevates to the equilibrium level at which Emn+;m = Eox/red- The latent oxidants in the nuclear molten salt systems that
may cause the corrosion of the metallic structural materials are introduced in the following subsection.

3.2. Oxidants, impurities, and salt purification

3.2.1. Major salt constituents

Metals may be corroded by the reduction of the cations of major salt constituents such as Li(I), K(I), and Be(II). The calculated
redox potentials for the reduction of the major salt cations in several molten salts are displayed in Figs. 1 and 2. The activities of the
corresponding cations such as Li(I) and Be(II) in FLiBe are calculated by the correlations summarized in Section 2.3. As shown in the
plots, the reduction potentials of major salt cations are far below the oxidation potentials of structural metals, which indicates that
the cations of alkaline and alkaline earth elements are not expected to cause considerable corrosion of metals. Be(II) and Mg(II) are
thermodynamically more oxidizing than other major cations as indicated by their relatively higher reduction potentials in Figs. 1 and
2. The thermodynamically limited concentration of M"™* as a result of corrosion of metal by reduction of Be(I) in FLiBe can be
calculated by setting Eyn+;n = Epeqiry/pe- Assuming the activity coefficient of MF,, is 0.01 in the melt, the limited mole fractions of the
cations for pure metals in equilibrium with Be(I1)/Be in FLiBe at 700 °C are 3 x 10~ for Ni(ID), 9 x 10~ 17 for Fe(Il), 3 x 10~ 2 for
Cr(1), 2 x 10 ~° for Al(IID), respectively. For alloys, these values are further scaled down by the activities of related elements in the
alloy. Therefore, the corrosion of major alloy components (e.g., Ni, Fe, and Cr) by the cations of alkali and alkaline earth elements in
molten fluoride and chloride salts is considered negligible.

3.2.2. Actinides and fission products
Actinides dissolved in the molten salts in the form of fluorides or chlorides can act as oxidants to cause metal corrosion depending
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Fig. 2. Redox potentials of various redox couples as a function of temperature in chloride salts. Solid line: metal dissolution at a,pn+ of 10~%; Dotted
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on their reduction potentials. For example, the fuel salt used for MSRE contains 0.13 mol% UF, fuel component initially [48].
Structural alloys can be corroded by the reduction of UF, to UF3:

U(IV) + e~ — UIID) (24)

The reduction potential of U(IV) depends on the ratio of aygvy/auam. By substituting a = yX in the Nernst equation, the redox

potentials of U(IV)/U(III) and the metal dissolution couple M"*/M can be correlated with the mole fractions using following
equations:

RT, Xuav)
Evavyruam = EGqvyuam + —oIn———
W e X (25)
RT, Xyn+
Eyn+yq = E + —In——
MD+/M MM T L E T Xy (26)

% _ e RT, Yu(v) 4 — Te RT{ ¥Ymn+ <
where EU(IV)/U(III) = EU(IV)/U(III) + Flﬂ% and E:/I“*./'M = EM/MH+ + FIHW are defined as formal potentlals.

The formal potentials for redox couples of uranium and other actinides in LiCI-KCI eutectic and FLiBe have been summarized in
Refs. [49] and [50], respectively. The correlations for the formal potential as a function of temperature are provided in Table 2. The
redox potentials of U(IV)/U(IIL) for a mole ratio of U(IV)/U(III) at 500 in FLiBe and LiCI-KClI eutectic are plotted in Figs. 1 and 2. It is
seen that the reduction potential of U(IV)/U(III) in FLiBe at the more ratio of 500 is more positive than the oxidation potentials of Fe
and Cr at 700 °C, indicating U(IV) as an effective oxidant to Fe and Cr under such conditions. Increasing the mole ratio of U(IV)/U(III)
will make the salt more oxidizing. It should also be noted that the oxidizing capability of the same species in various molten salts can
be quite different due to the difference in formal potential. For example, under the U(IV)/U(III) mole ratio of 500, U(IV) is relatively
more oxidizing in molten chlorides compared to fluorides as indicated by the comparisons with oxidation potentials of nickel.

The fission products generated from the nuclear fission may act as oxidants in molten salts. Except for the noble gases and metals,
fission products are dissolved in the molten fluoride/chloride salts in the form of fluorides/chlorides or other stable chemical species
such as CsI. Tritium fluoride can be produced predominately by irradiation of Li in LiF-BeF, salts which is highly corrosive [51]. The
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Table 2
Formal potentials of actinides and fission products in molten chlorides and fluorides.
E* [V vs. Cl,/Cl ] in LiCI-KCL E* [V vs. Fo/F ] In FLiBe

U(IV)/U(III) —1.669 + 2.1 x 107'T [59] —4.766 + 8.51 x 10T [50]
u(mmn/u —2.943 + 5.87 x 10 *T [49] —4.955 + 6.74 x 10 "T [50]
Th(IV)/Th —2.985 + 5.56 x 10T [49] —~5.413 + 7.64 x 10 'T [60,61]
Pu(II)/Pu —3.337 + 7.54 x 10T [49] -
Pa(IV)/Pa —2.754 + 6.0 x 10 'T [60] -
Np(IV)/Np(III) —~1.250 + 6.64 x 10T [62] -
Np(III)/Np —3.230 + 7.19 x 10T [49] -
Y(ID/Y —3.603 + 6.88 x 10 *T [49] -
Zr(IV)/Zr(11) —2.118 at 723K [63] -
Zr(ID)/Zr —2.298 + 4.12 x 10T [49] -
Zr(IV)/Zr —2.068 at 723K [63] —4.986 + 7.99 x 10T [50]
La(IlI)/La ~3.575 + 6.06 x 10T [49] —~5.946 + 8.65 x 10T [50]
Ce(IIl)/Ce —3.534 + 5.92 x 10 "T [49] —5.872 + 8.61 x 10 T [50]
Pr(IlI)/Pr —3.541 + 6.30 x 10T [49] -
Nd(IIT)/Nd —3.567 + 6.28 x 10 *T [49] -
Sm(III)/Sm(IT) —2.618 + 7.76 x 10~ *T [49] ~ —3.5at 812K [57]
Sm(Il)/Sm - < Be(Il)/Be [57]
Eu(IID)/Eu(Il) —1.356 + 7.2 x 10T [49] —4.741 + 1.040 x 10 73T [47]*
Gd(1ID)/Gd —3.514 + 7.32 x 10T [64] -

? Formal potentials obtained in FLiNaK salt.

gaseous fluorine/chlorine is also generated during the nuclear fission [17] which are very oxidizing as indicated by the standard
potentials in Figs. 1 and 2. Lanthanides are typically dissolved in the form of trifluorides/trichlorides in the melt while some of them
(e.g., europium, samarium, and neodymium) can also present as difluorides/dichlorides. Zr may exist in the melt at the oxidation
states of +IV and/or +II. The reduction of lanthanides and Zr from the higher oxidation states to more negative ones may cause
corrosion of metals. The formal potentials of these fission products in molten LiCl-KCl salt have been extensively investigated due to
the motivation for electrorefining the spent metallic fuels. The data have been analyzed previously by Zhang [49], and the re-
commended correlations are summarized in Table 2. The correlations for the temperature dependence of formal potentials of La(IIl)/
La, Ce(IlI)/Ce, and Zr(IV)/Zr in FLiBe are also included in Table 2 which are based on the early work done for MSRE [50]. While for
other molten fluoride and chloride salts, the data on formal potentials for fission products are still scarce. In recent years, the
electrochemical behaviors of many lanthanides have been investigated in molten LiF-CaF, [22,52-55], FLiBe [56,57], and FLiNaK
[47,58]. However, for most of them, only rough estimations of the formal potentials can be derived as the potentials were measured
against a platinum quasi-reference electrode whose potential is sensitive to the O* impurity level in the melt. The results show the
reduction potentials of Gd(II) and Nd(III) are very close to that of Li(I), while formal potentials of Eu(III)/Eu(Il) and Sm(III)/Sm(II)
are about 0.8-1.3 V more positive than the reduction potential of Be(Il), Li(I), or K(I) in the fluoride salts. According to these findings
and formal potentials calculated from Table 2, the cations such as U(IV), Np(IV), Zr(IV), Sm(III), and Eu(IIl) are thermodynamically
more oxidizing than other elements.

While it does not contribute to metal dissolution, some fission products such as tellurium cause intergranular cracking (IGC) in Ni-
based alloys. Te is in the same group with O and S and may act as an oxidant against metals [65]. Te-induced IGC is caused by the
preferential diffusion of Te along the grain boundaries and subsequent formation of brittle intermetallic compounds and corrosion
products [17,66,67].

3.2.3. Structural metal impurities

The structural metal impurities may arise from the starting materials, the corrosion of structural components in MSRs and EChem
salt containers, and from the salt preparation and processing facilities. The dissolved Ni(II), Fe(IIl), Fe(II), and Cr(III) cations in the
molten salt are potential oxidants that may cause the corrosion of metals [68-70]. Although the redox potential depends on the
concentrations, the cation of a less noble element is typically nonoxidizing to relatively inert alloying elements. For example, the
formal potentials of Ni(I[)/Ni, Fe(Il)/Fe, and Cr(II)/Cr in FLiBe at 700 °C are —2.42V, —2.90V, and —3.28V versus F,/F | re-
spectively [50]. To oxidize Fe and Ni metals, the concentration of Cr(II) in the salt must be about four orders of magnitude larger than
Fe(Il) concentration and nine orders of magnitude larger than Ni(II) concentration, respectively. Such conditions are uncommon in
practice. Hence, Ni(II) and Fe(II) typically are oxidants to cause Cr dissolution. Fe and Cr are also stable at trivalence state in fluoride
and chloride melts. The redox potentials of Fe(III)/Fe(II) and Cr(III)/Cr(II) depend on the concentration ratios according to the Nernst
equation. Thermodynamic calculations indicate that even small amounts of Cr(III) and Fe(III) are oxidizing to Cr, Fe, and Ni metals.
For the equilibrium with M(II)/M at a M(II) fraction of 10’4, the calculated concentration ratio of Cr(IIT)/Cr(II) are ~2 x 10> for Cr
(ID/Cr, ~2 x 10~ 2 for Fe(1)/Fe, and 0.5 for Ni(I)/Ni, respectively. This means that metals can be oxidized by Cr(II) in FLiBe as
long as the ratio of Cr(III)/Cr(I) is above the critical value, i.e., 0.5 for corrosion of Ni.

On the other hand, reduction rates of these structural-metal impurities not only depend on the overpotential but also their
concentrations considering the concentration dependence of exchange current density and mass transfer rate. Therefore, if the
amounts of these metallic impurities are small, the resulted corrosion might be smaller than that caused by other major oxidants such
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as U(IV) in fuel salts.

3.2.4. Water contaminant

One of the most common contaminants is moisture which is perhaps the most deleterious impurity in molten fluoride and chloride
salts as it reacts with fluorine or chlorine ions in the melt to form oxide impurities and highly corrosive hydrofluoric or hydrochloric
acid:

,0(g) + 2F~ < 02~ + 2HF(g) (27)
,0(g) + 2CI- < 0~ + 2[Cl(g) (28)

The generation of HF by the reaction of water with fluoride salt is thermodynamically more favorable than HCI in chloride salt
due to the more negative AG; (HF) than AGy (HCI) [71]. This is evidenced by the equilibrium constants w determined in
several molten fluoride and chloride salts. Some examples of the reported values are 10~ *'5 in FLiBe melt at P(:';128‘.’} ‘C[61],10° 14040
NaCl-KCl eutectic at 727 °C [72], and 10~ 2% in LiCl-KCl eutectic at 450 °C [73], respectively.

The gaseous HF or HCl is dissolved and strongly retained in the molten fluorides or chlorides. The solubilities of HF and HCl obey
Henry’s law, where the temperature dependence of the Henry’s law constants for HF in FLiBe and HCI in LiCl-KClI eutectic can be
expressed by the following correlations [74,75]:

logKyr = —6.496 + 1399.3/T (29)
logKyc = —5.094—631.1/T (30)

where Kyr and Ky are the Henry’s law constants, mol/em®/atm; T is temperature, K.

Hydrofluoric acid is a weak acid although it is very corrosive. In molten fluoride salts, HF is strongly associated with F~ to form
HF; rather than dissociating to H* and F~ [76,77]. The hydrogen evolution of HF in molten fluorides proceeds by the direct
reduction of HF, as evidenced by the polarization measurements [76]:

_ 1 _
HF + e —’EH2+F (31)

To account for the observed Tafel slope and limiting currents, a reaction mechanism for HF reduction was proposed by Pizzini
et al. [76,78] in which the rate-determining step (RDS) is the slow chemical reaction:

HF; — HF + F- (32)

In the presence of water, the second hydrogen evolution reaction in addition to the HF reduction was identified which was
attributed to the direct reduction of H,0 [76]:

O + e — %HZ + O

(33)
or the reduction of Hs0™" which may become non-negligible for higher amount of water [77,78]:
H,0 + HF < H;0" 4+ F- (34)
H;0" +e” — le + H,0
2 (35)

Compared to the reduction rate of HF, the reduction of H,O or Hs0" only becomes pronounced at more negative overpotentials
or beyond the limiting current of HF reduction.

HClI is assumed to be fully dissociated in molten chloride salts as Cl ~ is an exceedingly weak conjugate base. Thus, the hydrogen
evolution reaction of HCl is by the reduction of the dissociated H* as identified by the voltammetric measurement in molten LiCl-KCI
eutectic containing anhydrous hydrogen chloride [79].

H +e — le
2 (36)

With the presence of water, a bi-electrode behavior representing the simultaneous reduction of H* and H,0O occurs. For the
chloride melt containing large amount of water and oxide impurities, higher concentration of OH ™ is expected in which case the
hydrogen evolution can also proceed by the reduction of OH™ [79]:

H,0 + 0°~ — 20H- (37)
OH +e — lH + 0%
PR (38)

It is acknowledged that the corrosion rate of metals in acidic aqueous solution increases with the decrease in pH primarily due to
the accelerated cathodic reduction rate of dissociated H* [80]. Similarly, the increase of the amount of water and HF/HCI in the melt
may cause the increase of the reduction rates of water and HF/HCI on the metal surface. On the other side, water and acids may also
influence the anodic metal dissolution reactions in molten halide salts. It is well accepted that the anodic metal dissolution in aqueous
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solution is accelerated by OH ™ ions by the intermediate formation of hydroxylated metal compound. A well-known mechanism
proposed for iron dissolution reaction in acidic aqueous solutions follows the path of: Fe + OH < FeOH +e7;
FeOHRJ_))SFeOH’r + e7; FeOH* « Fe?* + OH~ [80]. Later in Section 4.2.1, we will see the experimental evidence of the accelerated
anodic metal dissolution rate due to water additions in molten salts. Hence, the metal dissolution mechanism in aqueous solutions
might still be applicable for the molten fluoride and chloride salts that contain sufficient amount of water or/and OH . However, the
mechanism of metal dissolution in dehydrated molten salts may be more important which is unclear so far.

3.2.5. Oxide impurities

The oxide impurities in molten salts are present as O~ which can be introduced by the oxygen and water contaminations.
Although 02~ is not oxidizing towards metals, it can still influence the corrosion of structural materials because of the formation of
oxide corrosion products:

n
M + EOZ* - MOg + ne~

(39)
The standard electrode potential of reaction (39) can be calculated by:
AG? (MO%)—%AG{’ (0%)
EM/MO% (vs. X,/X7) = pye (40)

Assuming that the salt is an ideal mixture and the system is isothermal with a constant vapor pressure, the standard Gibbs free
energy of 02~ in the salt such as LiCl-KCl can be evaluated by [811:

AG{ (0% )uc-ka = XL AGE (02 )uia + XkaAGE (0% )xal (41)

where AG; (0% )1 = AG; (Li,0)—2AG; (LIiCl) and AGF (027 )gc) = AGf (K;,0)—2AG; (KCI) are the standard free energy in pure LiCl and
KCl salt, respectively.
The formed oxide corrosion product MOz might be dissolved in the fluoride or chloride salt:

MOz + nX~ & MX, + %02*

(42)
The equilibrium constant of reaction (42) can be calculated from the standard Gibbs free energy change of reaction:
AG = —RTInK (43)
where K = %
ag-

For a given activity of MX,, the equilibrium potentials of related electrochemical reactions can be calculated as a function of ag2-
according to Egs. (23) and (40) while the equilibrium of the chemical dissolution of MOg can be calculated by Eq. (43). The
calculated equilibrium lines for Ni, Fe and Cr in FLiBe at 700° are plotted in the E-pO®  diagrams (Fig. 3). The E-pO®  diagram
indicates the stability domains of a metal, of its fluorides and its oxides as function of potential and p0O?~ (pO?~ = —log 10202-)- The
lines for the MF,, domain in Fig. 3 represent the dissolved M" " equilibrates with the metal M or MOn ata M™* activity of 10~ °. The
figure shows that Ni is immune to corrosion at more positive potential than Fe and Cr. Cr has a wider oxide formation window than Ni
which means the Cro05 can be formed at relatively lower 02~ concentration (i.e., higher pO?7) than NiO. Although Cr205 are
thermodynamically more stable, formation of a dense and protective oxide layer is typically unrealistic in molten fluorides and
chlorides as indicated by the experimental results in Sections 4 and 5. Hence, rather than relying on the oxide layer, the structural
alloys exposed to molten fluoride and chloride salts need to be thermodynamically stable. Therefore, the redox potential of the salt
needs to be controlled in the metal stability domain to prevent metal corrosion which leads to the development of redox control
techniques (see Section 6).

3.2.6. Salt purification

The halide salts provided by most of the suppliers cannot be used directly due to the residual impurities [18]. The residual
moisture and metallic impurities must be removed to prevent the severe corrosion of materials in molten fluoride and chloride salts.
The O* impurity also needs to be reduced to avoid the formation of metallic oxides especially UO, [17]. Many methods to remove
these impurities in molten fluoride and chloride salts have been applied, including thermal treatment under flowing Ar gas or vacuum
condition, dry HF or HCl gas sparging, solid ammonium hydrofluoride, carbochlorination by CCl, vapor, contacting with a reductive
metal, and electrochemical separation.

The majority of the water contamination in the salt can be removed by thermal treatment under flowing Ar gas or vacuum
condition. It is recommended to heat the salt to the temperatures above its operation temperature in a stepwise manner to minimize
the oxide impurities generated by the accelerated reaction of residual water with salt during the heating process.

The removal of the oxide impurities in the salt can be performed by bubbling gaseous HF or HCI into the fluoride or chloride
molten salts. The reverse of reactions (27) and (28) indicates that HF or HCI reacts with the oxides to form fluorine or chlorine ions
and water vapor. The generated water vapor can be swept out by the following Ar sparging in the melt. ORNL experience showed that
the O?~ impurity concentration could be reduced to less than 200 wppm (i.e., 10~ >mol oxygen per kilogram salt) by HF/H,
(ratio = 1) sparging [82]. Use of a mixture of HF/H, or HF/Hy/Ar instead of pure HF is recommended as Hy makes the salt less
oxidizing. It was found that the amount of sulfur contaminants in the FLiBe was also reduced by the HF/H, sparging [82].
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Fig. 3. E-pO?~ diagrams calculated at 700 °C for Ni, Fe, and Cr in FLiBe. Ay, of 10 is used for the calculation of related equilibrium lines.

For the removal of oxides in molten chlorides, it was claimed that HCI sparging was not effective and the remaining oxygen
content in the molten chlorides could be up to a few weight percent [18]. However, the removal of oxides in chloride melt by HCl
sparging should be more thermodynamically favorable as the equilibrium constant of HCl sparging reaction (27) is several orders of
magnitude larger than that of HF sparging reaction (28). Laboratory experiments at 450 °C showed that the O®~ concentration in
molten LiCl-KCl eutectic was rapidly reduced to about 10~ '*?mol/kg during the HCl bubbling and maintained at 10~ ®mol/kg
during the following argon bubbling process [73]. The rising of 0% concentration during Ar bubbling might be due to the remaining
water vapor after HCl sparging. Nevertheless, the final 0>~ concentration is still about four orders of magnitude lower than that after
HF sparging in fluoride salts. The carbochlorination by bubbling the carbon tetrachloride (CCl4) vapor through the chloride salt is an
alternative method to remove the oxide impurity:

CCl4(g) + 20°~ = CO,(g) + 4CI- (44)

CCl,(g) + 0>~ — COClLy(g) + 2CI- (45)
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The experimental results showed that the purification ‘threshold’ of carbochlorination in LiCI-KCl at 700-800 °C was about
2 x 10 *mol 0*  per kilogram of the melt [83]. It seems less effective than HCI sparging, but the O®  concentration is still low
compared to the HF sparging in fluoride salts.

Solid ammonium bifluoride NH,HF, was also recommended to remove the metallic oxide impurities in fluoride salts [84].
NH,HF; is safer and more convenient in use than the gaseous HF. Heating the mixture of solid ammonium bifluoride and fluoride
salts will result in the conversion of oxides to fluorides, accompanied with the release of NH4F gas and water vapor, as described by
reaction (46). Further purification can be performed by zone melting and filtration of the melts through a nickel filter [84].

ONH,HF, + 02~ — 2NH,F(g) + ILO(g) + 2F~ (46)

The metallic impurities and other oxidizing impurities such as remaining HF and water moisture after HF sparging can be reduced
by contacting the salt with reductive metals. The reductive metals corresponding the major salt constituents such as beryllium in
BeF,-based salt [82] and magnesium in MgCl,-based salt [85] are recommended to avoid the ingress of any additional impurities. An
alternative option is to electrodeposit the oxidizing metallic impurities on the cathode. It is also possible to remove the water and
oxide impurities using electrochemical separation techniques. Purification results in molten FLiNaK showed that the water con-
tamination in the melt was reduced from 169,000 wppm to 42.6 wppm by applying a potential of 2.35V between the cathode and
anode electrodes [86]. During this process, hydrogen gas was generated on the cathode due to the reduction of H,O and OH~ while
0?~ and OH~ were oxidized to oxygen gas on the anode. When graphite anode is used, CO or/and CO, are produced instead:

C 4 0%~ = CO(g) + 2e (47)

C + 20% — CO,y(g) + de~ (48)

3.3. Electrochemical kinetics of alloy corrosion

The rate for an electrode reaction can be represented by the current density according to the Faraday’s law. According to the
mixed potential theory [87], corrosion occurs at the corrosion potential E.,;; where the net current for all electrode reactions on the
metal surface is zero. At this potential, the electrode reactions for both metal oxidation and oxidant reduction are driven by the
potential differences between the corrosion potential and their corresponding equilibrium potentials. With the assumption of no
mass-transfer effect, the relation of current density and potential for an electrode reaction is characterized by the Butler-Volmer
equation [88]:

. (1—a)nF anF
I =Ipyexp TU —€xp —EU (49)

where i is current density, Asem?; i is the exchange current density, A/cm? « is the charge transfer coefficient; overpential
n = E—E®; E and E*! are the electrode potential and the equilibrium potential respectively, V.

At the corrosion potential, the rates of the reverse reactions for both the metal dissolution and oxidant reduction are typically
negligible. This leads to the elimination of the second exponential term in Eq. (49) for metal dissolution as well as the first ex-
ponential term for the reduction of oxidants. The reduction rate of an oxidant can be limited by its mass-transfer rate from the bulk
solution to the metal surface, i.e., the oxidant in the solution adjacent to the metal surface is depleted by the faster charge-transfer
rate. In such situation, the cathodic current density i. representing the reduction rate of oxidant can be expressed as:

) . Cox ( achF )
le = —lep—€Xp| — ",
cc']Jx RT

(50)

where ¢* and cP represent the concentration on the electrode surface and in bulk solution respectively, mol/cm®.
By considering i = nFky (c8—cd,) and the definition of the limiting current density i”* = nFkycS,, the concentration ratio can be
correlated with the limiting current density:

s ;0x_ 5

Cox _ I~k

b T ;0x

Cox iL (51)

Insertion of Eq. (51) in Eq. (50) derives the following expression for the reduction rate of oxidant when the mass-transfer effect is
involved:

Ic=

- 1-exp(~ %) (52)

Rather than the homogeneous dissolution, the structural alloys in molten fluorides and chlorides typically suffered from the
selective dissolution of the less noble element Cr, as observed from the experimental results. This can be interpreted by the schematic
simulation of corrosion of alloys in molten fluoride salts at 700 °C as shown in Fig. 4. Three model alloys 71Fe-17Cr-12Ni, 73Ni-17Cr-
10Fe, and 71Ni-16Mo-7Cr-5Fe that have similar contents of major alloying elements as stainless steel 316L, Inconel 600, and Has-
telloy N were chosen. The current-potential curves for the electrode reactions were calculated by Egs. (49) and (52). In the
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Fig. 4. Schematic polarization curves for alloy corrosion in molten fluoride salts at 700 °C (a) 71Fe-17Cr-12Ni alloy, (b) 73Ni-17Cr-10Fe alloy, (c)
71Ni-16Mo-7Cr-5Fe alloy, (d) 71Ni-16Mo-7Cr-5Fe alloy after 1 year of Cr selective dissolution.

simulation, the equilibrium potentials of Cr(II)/Cr, Fe(II)/Fe, and Ni(II)/Ni on the alloys were calculated based on the formal po-
tential values reported in FLiBe [50] and mole fractions of 10~ 4 for Cr(I1) and 10 ~° for Fe(IT) and Ni(II) cations in the molten salt. By
considering the correlation i, = an”CI{’,,(H)““XM“ [88], the exchange current densities of Cr(II)/Cr and Fe(Il)/Fe at the simulated
cation fractions were calculated by the reaction rate constant k” derived from the iy and @ values measured in FLiNaK [89]. The value
of k” for Ni(II)/Ni was assumed equal to Fe(II)/Fe and an @ value of 0.5 was used. The dissolution of molybdenum was considered
negligible. The reduction kinetics of an intrinsic oxidant U(IV) redox in the fuel salt was simulated at a U(IV)/U(III) concentration
ratio of 5000 with a total uranium concentration of 0.13 mol%. The current-potential curve was then calculated based on the formal
potential of U(IV)/U(III) given in Table 2, and the assumptions of a = 0.5 and k' = 10 % emy/s as estimated in molten chloride salts
[90]. The reduction kinetics of U(IV) was assumed to be the same on the three model alloys, which in fact may vary with the materials
and the surface conditions. The oxidation kinetics of U(IIT) and Ni(II) were not plotted in Fig. 4 as they act as oxidants. The maximum
transfer rates of metal cations to alloy surface, i.e., the limiting current densities iy, at simulated flow velocity of 3m/s and 0.1 m pipe
diameter were calculated by Eq. (1) using the physical properties of FLiBe summarized in Table 1 and the reported diffusion coef-
ficients for related cations [91-93].

The corrosion potentials at zero net current are indicated by the horizontal lines in Fig. 4. As shown in Fig. 4a—c, the corrosion of
three model alloys in the simulated condition are predominated by the dissolution of Cr. Negligible corrosion of iron is expected for
the two modeled Ni-based alloys. Iron dissolution is observed for modeled Fe-based alloy (Fig. 4a) but remains nearly two orders of
magnitude smaller than the chromium dissolution rate. Fe-based alloy 71Fe-17Cr-12Ni and Ni-based alloy 73Ni-17Cr-10Fe with same
Cr content show similar Cr dissolution rate of ~9.6 pA/cm?, while for lower Cr content alloy 71Ni-16Mo-7Cr-5Fe it is decreased by
45%. It seems that the corrosion resistance of alloy is primarily determined by the content of the least noble element Cr in the alloy
rather than the base metal at simulated redox conditions. However, if significant amounts of oxidizing impurities such as water, HF,
or Ni ions presents in the salt, iron content may become important as well because corrosion of alloys may occur at higher potentials
where rate of iron dissolution will approach chromium dissolution. In this simulation, the nickel ion concentration is very low
(10 ~° mole fraction) and its exchange current density is much smaller compared to U(IV)/U(III). Hence, the contribution of Ni(II)
reduction to Cr dissolution is much less than the reduction of U(IV) although Ni(II) is thermodynamically more oxidizing.

As the corrosion of alloy is predominated by the selective dissolution of Cr, the depletion of Cr in the alloy region near the alloy/
molten salt interface is expected. The Cr depletion zone in the alloy will grow deeper with time by the outward diffusion of Cr. The
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increase of Cr depletion layer thickness will result in the lower diffusion rate of Cr from the alloy matrix to the alloy/molten interface,
thus limiting the Cr dissolution rate. Similar to the diffusion of ions in the molten salt, the limiting current density representing the
maximum diffusion rate of Cr in the alloy matrix can be defined by [94]:

iM = nFeMDM /8y (53)

where iM is the maximum diffusion current density of M in the alloy, A/cm?; ¢ is the concentration of M in the bulk alloy, mol/cm?;
Sy is the diffusion length, cm; DY = DM (1—f) + DMf [95] is the effective diffusion coefficient of M in the alloy, cm?/s; DM and DM
are the transgranular and intergranular diffusion coefficients respectively; and f represents the fraction of diffusion sites in the grain
boundaries.

The effective diffusion coefficient strongly depends on the grain size. As D, is normally 10°-10° times higher than D} [95], the
effective diffusion coefficient can be lowered by increasing the size of grain, i.e., minimizing the grain boundaries [95,96]. The
estimated effective diffusion coefficient of Cr in the Hastelloy N is 2.51 x 10 '*cm?®/s [97] or 8.72 x 10 *®ecm?/s [98] at 700 °C.
The value for Fe in Hastelloy N is about double of Cr, i.e., 5.56 X 10~ '2 em?/s for Fe diffusion compared to 2.81 x 10~ % em?/s for
Cr at 850 °C [99]. The value of 2.51 x 10~ '® em?/s for Cr diffusion will be used for 71Ni-16Mo-7Cr-5Fe model alloy in the later
simulation.

The diffusion length in Eq. (53) can be conservatively estimated by De“f"f and time ([96,97]:

du = \eDel\pf{ (54)

Then the anodic dissolution rate of the less noble metal alloy element considering the diffusion through the depletion zone can be
obtained:

ipexp [7“ 7R°'T)"F (E—E"q)]

ia

Fig. 4d shows the simulated corrosion kinetics of 88Ni-7Cr-5Fe with a Cr depletion zone at 700 °C. The limiting current density for
Cr diffusion through the depletion zone was calculated according to Eqs. (53) and (54) at two exposure durations. As shown in
Fig. 4d, the limiting current density decreased with time, significantly slowing down the Cr dissolution rate at 8760 h (i.e., one year).
The initial Ni(II) impurity in the salt should be exhausted and was not considered at 8760 h. The indicated Cr corrosion current
density after one year was decreased by seven times compared to its initial condition without depletion zone (Fig. 4c). This is
attributed to the Cr depletion effect which can also be understood by considering the following equation for selective dissolution of
alloying element i = nFkgexp [Xér%(E—E*)] [88]. It is obvious that the Cr depletion decreases the Cr atoms on the alloy surface

X¢,, resulting in the decrease of Cr dissolution rate. It should be mentioned that the metal dissolution is normally predominated by
the dissolution of kink atoms as their removal requires much less activation energy than terrace atoms. However, the dissolution of
atoms from terrace sites may become considerable when the dissolution rate of kink atoms is limited by the diffusion rate through the
depletion zone [100]. The other reason that can further decrease the corrosion rate is the decrease of U(IV)/U(III) concentration ratio
with time due to consumption of U(IV) ions. As shown in Fig. 4d, the dissolution of Cr in the alloy will be decreased with the decrease
of U(IV)/U(III) concentration ratio. At U(IV)/U(III) ratio below 100, the redox potential of U(IV)/U(III) will be balanced with Cr(II)/
Cr, indicating the termination of corrosion. However, if the dissolved Cr(II) is continually deposited at cold sections of the coolant
loop, thermal gradient-driven corrosion will occur at hot sections. Regardless of the simplification of the above corrosion simulation,
the predictions indicate an initial corrosion rates of ~50-110 um/year which are in the same order of magnitude with the test results
of 300 series stainless steels and Inconel alloys in fluoride fuel salts with initial UIV)/U(III) concentration ratio of ~5 x 10°%-10*
[101,102]. The corrosion rates of Hastelloy N determined from ORNL’s loop tests were about 0.5-2.2 pm/year in the time scale of
10%-10%h [101,102], which are lower than the predicted value (~8 pm/year) in Fig. 4d. This might be due to the decrease of U(IV)/
U(III) concentration ratio with time in the loop tests. The simulation of corrosion in molten chloride salt is more difficult compared to
molten fluoride corrosion since porous oxide layers are typically formed in chloride salts. Although these oxide layers are not
passivating, it may still provide some protection to the metal underneath. The resistance of the oxide layer is strongly dependent on
the environmental and metallurgical factors which are discussed in Section 5.

4. Materials corrosion in molten fluoride salts

Many MSR concepts use molten fluorides as the fuel and/or coolant salts. Considering the operating lifetime of a reactor
(30-50 years), the metallic material used to construct the primary circuit of an MSR must be compatible with the fluoride fuel/
coolant salts at high temperatures. The structural materials used for MSR structural components should exhibit good mechanical
properties under irradiation, sufficient resistance to the oxidation of the air outside the loop at high temperatures, and good fabri-
cation capabilities. Among various proposed fluoride fuel salts, the compatibility of materials have been most thoroughly studied for
LiF-BeFa-based fuel salts. The FLiBe and FLiNaK salts have also been extensively studied as they are the promising coolant candidates
for MSRs. Both FLiBe and FLiNaK are also proposed as blanket coolants and tritium breeding materials for fusion reactors in which
the container materials are exposed to higher concentrations of the corrosive tritium fluoride than fission reactors [86,103,104]. The
studies related to the compatibility of materials with LiF-CaF, salt is scarce and only limited data can be found from the aerospace
field [105] where the LiF-CaF, salt was selected as the thermal storage material for the solar dynamic space power system in the
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Fig. 5. Typical photomicrograph of Inconel 600 after exposure to molten fluorides [113].
satellite.

4.1. Historical development of corrosion resistant alloys

Selection of appropriate structural materials for MSRs dates back to the late 1940s when the first MSR concept was proposed in
the United States for aircraft propulsion [106]. Numerous corrosion tests were performed to screen the existing alloys that were
compatible with the molten fluorides during the Aircraft Nuclear Propulsion (ANP) program at ORNL. The pure metals made of Mo
and Ni showed outstanding corrosion resistance but were eliminated due to the poor physical properties and fabrication difficulties.
Of the existing alloys, only the corrosion resistance of Hastelloy B (Ni-28Mo-5Fe) and Hastelloy W (Ni-25Mo-5Cr-5Fe) was sa-
tisfactory in molten fluorides [107,108]. However, both cannot be used as structural materials for MSRs as they age at the MSR
operating temperatures and become brittle due to the formation of Ni-Mo intermetallic compounds [109]. In consideration of the
corrosion resistance, mechanical properties, and the fabrication capability, Inconel 600 (Ni-15Cr-7Fe) was selected as the structural
material for the Aircraft Reactor Experiment (ARE) which was a 2.5 MW reactor with NaF-ZrF4-UF, as the fuel salt. The ARE operated
successfully for nine days in 1954 at salt temperatures approaching 900 °C without any mechanical or chemical problems [110].
However, the postoperative examination of the ARE structural components showed a depth of corrosion attack up to ~100 pm [111],
indicating the corrosion resistance of Inconel 600 might be inadequate at the design temperature for long-term use.

The evolution of corrosion with time was observed from the Inconel 600 flow loop tests. Most tests were operated at about 870 °C
which showed corrosion depths of ~120-180 um at 1000 h, ~350 pm at 3000 h, and ~630 um at 8300 h, respectively [112]. The
typical attack of Inconel 600 in molten fluorides is illustrated in Fig. 5 [113]. The attack was attributed to the selective dissolution of
Cr as indicated by the depletion of Cr in the corrosion attack layer. The outward diffusion of Cr from the alloy was by vacancy
exchange mechanism during which voids could be formed by the precipitation of the excess vacancies in grain boundaries and
inclusions in the grain matrix [113]. The corrosion mechanism of Ni-Mo alloys containing less Cr and Fe followed the same pattern as
Inconel 600, but the corrosion depth of these alloys was less than 50 um [112]. The superior corrosion resistance of Ni-Mo alloys led
to the development of Hastelloy N during the ANP program [112]. Compared to Hastelloy B and Hastelloy W, the Mo content in
Hastelloy N was reduced to 15-17 wt% to preclude the aging embrittlement. Considering the resistance to molten fluoride corrosion
alone, the content of less noble Cr in the alloy should be minimized. However, high-temperature air oxidation tests showed a
minimum concentration of Cr was necessary to provide sufficient resistance to air oxidation. Thus, the optimized Cr content for
Hastelloy N turned out to be 6-8 wt%.

In the late 1950s, the molten salt fuel technology was transferred to the civilian nuclear program. An attractive concept was the
thermal breeding of uranium from thorium designed at ORNL [106]. The maximum salt temperature in the thermal breeder reactor
concepts was around 700 °C which was less than ARE condition and might cause less corrosion damage. From 1958 to 1964, hundreds
of loop tests were carried out to examine the corrosion resistance of Hastelloy N (Ni-16Mo-7Cr-4.5Fe) and Inconel 600 in various
molten fluorides with a time duration up to one year. Extensive loop tests were conducted in “LiF-BeF, based fuel salts as LiF-BeF,
was the most preferred fuel carrier salt. The results of these loop tests are summarized in Tables 3-5. The entire loop was made of the
investigated alloy, i.e., Hastelloy N or Inconel 600, and the wall of the loop was cut for post-test microstructural examination. The
loop included a hot leg and a cold leg to simulate the temperature gradient in the primary loop of MSR. The flow of the molten salt in
the thermal-convection loop was driven by the temperature difference yielding an estimated flow velocity ranging from 0.006 to
0.025 m/s. The molten salt in the forced-circulation loops was pumped to target the flow velocities of 2.3-5m/s that are more
representative in MSRs. The temperature gradient in the thermal-convection loop and forced-circulation loop was 77 °C and 93 °C,
respectively. Tables 3 and 4 show that the corrosion of both alloys was highly dependent on the temperature, and the localized attack
became more severe with the increase of exposure time. Although the corrosion depths of Inconel 600 under MSR temperatures were

462



S. Guo et al. Progress in Materials Science 97 (2018) 448-487

Table 3

Results of Inconel 600 thermal convection loops operated with LiF-BeF, base salts at ORNL [114—117].
Salt composition (mol%) Duration (h) Tmax (°C) Corrosion attack at hot sections
71LiF-29BeF, 1000 677 A few voids to a depth of less than 25 um
71LiF-29BeF» 8760 677 Light to moderate intergranular voids to 127 um deep
71LiF-29BeF, 8760 732 Moderate to heavy intergranular voids to 165 um deep
53LiF-46BeF,-1UF, 1000 677 Subsurface voids to a depth of 64 um
53LiF-46BeF»-1UF, 8760 677 Heavy intergranular voids to a depth of 178 um
53LiF-46BeF,-1UF, 8760 732 Heavy intergranular voids to a depth of 381 um
60LiF-36BeF,-5UF, 1000 677 Intergranular voids to a depth < 25um
62LiF-37BeF,-1UF, 1000 677 Intergranular attack to a depth < 25 um
62LiF-37BeF,-1UF, 1000 732 Intergranular voids to a depth of 76 um/102 pm/ < 54 pm*
62LiF-37BeFy-1UF, 8760 677 Heavy intergranular voids to a depth of 178 um
62LiF-37BeF5-1UF, 8760 732 Heavy intergranular voids to a depth of 356 um
58LiF-35BeFy-7ThF 4 1000 677 Attack to a depth less than 25 um
71LiF-16BeF»-13ThF, 1000 677 A few intergranular voids to a depth of 25 pm
71LiF-16BeF5-13ThF, 8760 677 A few intergranular voids to a depth of 102 um
71LiF-16BeF,-13ThF, 8760 732 Moderate intergranular voids to a depth of 191 ym
621iF-36.5BeF,-1ThF4-0.5UF, 1000 677 Moderate intergranular voids to a depth of 76 ym
62LiF-36.5BeF5-1ThF4-0.5UF4 8760 677 Moderate intergranular voids to a depth of 127 pm
62LiF-36.5BeF,-1ThF4-0.5UF 4 8760 732 Heavy intergranular voids to a depth of 305 um

? Results from replicate tests.

Table 4
Results of Hastelloy N thermal convection loop operated with LiF-BeF, base salts at ORNL [114,116—118].
Salt composition (mol%) Duration (h) Tiax CC) Corrosion attack at hot sections
71LiF-29BeF» 1000 677 Light surface roughening
71LiF-29BeF, 8760 677 Light surface roughening
71LiF-29BeF» 8760 732 Heavy surface roughening
70LiF-10BeF,-20UF, 1000 677 No observable attack
70LiF-10BeF,-20UF, 1000 732 Moderate surface roughening
62LiF-37BeF,-1UF, 1000 677 No observable attack
62LiF-37BeF,-1UF, 8760 677 Light surface roughening
62LiF-37BeF»-1UF, 8760 732 Light surface roughening
60LiF-36BeF,-4UF, 1000 677 No observable attack
60LiF-36BeF,-4UF, 8760 677 Moderate surface roughening
53LiF-46BeF,-1UF, 1000 677 No observable attack
53LiF-46BeF5-1UF, 8760 677 No observable attack
53LiF-46BeF-1UF, 8760 732 Light surface roughening
71LiF-16BeF5-13ThF, 1000 677 No observable attack
71LiF-16BeF,-13ThF, 8760 677 No observable attack
71LiF-16BeF5-13ThF,4 8760 732 Light surface roughening
58LiF-35BeF,-7ThF,4 8760 677 Light to moderate surface roughening with a few pits
58LiF-35BeF>-7ThF,4 8760 732 Light scattered intergranular voids to < 51 um deep
53LiF-46BeF-0.5ThF4-0.5UF 4 8760 677 Moderate pits (< 25 pm deep)
53LiF-46BeF5-0.5ThF4-0.5UF4 8760 732 Moderate surface roughening
62LiF-36.5BeF,-1ThF,-0.5UF, 8760 677 Light surface roughening with pits < 12 um deep
62LiF-36.5BeF,-1ThF4-0.5UF 4 8760 732 Light surface roughening

lower than that under ARE conditions, the corrosion resistance of Inconel 600 still might be inadequate considering the 40-year
service time of the commercial reactors. In comparison, most Hastelloy N loop tests showed little corrosion attack, and only a few
tests showed voids or pitting with relatively smaller corrosion depths (< 51 pm). The superior corrosion resistance of Hastelloy N to
molten fluorides was also demonstrated from the MSRE operation experience. MSRE was an 8 MW graphite moderated reactor which
was operated successfully from 1965 to 1969 [25]. In MSRE, all metal components exposed to the molten salt were made of Hastelloy
N. The corrosion of Hastelloy N was found to be negligible as indicated by the examination of the MSRE surveillance specimens and
the concentration of the dissolved Cr in the fuel salt [25]. However, two main problems of Hastelloy N were discovered during the
construction and operation of MSRE: irradiation embrittlement and tellurium induced IGC.

The effects of neutron radiation on nickel-based alloys have been reviewed recently by Stopher [120]. One of the main causes for
irradiation embrittlement of nickel-based alloys is the accumulation of helium in the grain boundaries, which is produced from the
transmutation reactions of nickel and impurities such as boron. Considerable efforts were spent on the modification of Hastelloy N at
ORNL, and alloy elements Ti and Nb were found to be beneficial [121]. With the additions of Ti and/or Nb, fine and dispersed
carbides formed within the grain matrix which trapped the helium and prevented its migration to the grain boundaries. The other two
alloying elements that improve the irradiation embrittlement of Ni-Mo-Cr alloys are Al and V, as discovered later by Kurchatov
Institute (KI) [122]. Shallow intergranular cracks on Hastelloy N surveillance samples and the structural components of MSRE were

463



S. Guo et al. Progress in Materials Science 97 (2018) 448-487

Table 5

Forced-circulation loop tests operated with LiF-BeF, salts at ORNL [116,117,119].
Material Salt composition (mol%) Duration (h) Thax (°C) Corrosion attack at hot sections
Inconel 53LiF-46BeF,-1UF, 3390 704 Intergranular voids to a depth of 178 ym
Inconel 62LiF-37BeF>-1UF, 3046 704 Intergranular voids to a depth of 203 ym
Inconel 60LiF-36BeF,-4UF, 8746 704 Intergranular voids to a depth of 356 um
Inconel 62LiF-37BeF,-1UF, 9574 704 Intergranular voids to a depth of 381 pym
Inconel 71LiF-16BeF»-13ThF, 13,155 704 Intergranular voids to a depth of 330 pm
Inconel 62LiF-36.5BeF,-1ThF4-0.5UF, 15,038 704 Intergranular voids to a depth of 610 um
Hastelloy N 53LiF-46BeF»-1UF, 14,563 704 Heavy surface roughening and pitting
Hastelloy N 62LiF-37BeF>-1UF, 15,140 704 Light surface roughening and pitting
Hastelloy N 62LiF-37BeF,-1UF, 14,503 704 No observable attack
Hastelloy N 70LiF-10BeF,-20UF,4 14,498 704 No observable attack
Hastelloy N 71LiF-16BeF,-13ThF, 20,000 704 Pitted surface layer to 25 um
Hastelloy N 62LiF-36.5BeF,-1ThF4-0.5UF 4 14,498 704 No observable attack
Hastelloy N 62LiF-36.5BeF5-1ThF,4-0.5UF 4 20,000 704 Pitted surface layer to 51 um
Hastelloy N 62LiF-36.5BeF,-1ThF4-0.5UF 4 9687 704 No observable attack

observed which was attributed to the fission product tellurium. Research efforts at the very end of the MSR program at ORNL showed
additions of Nb alone improved the resistance to Te-induced IGC and a minimum cracking severity was observed in alloys containing
from 1 to 2% Nb [121]. However, the long-term performance of Nb-modified alloys was still concerned as the persistent increase rate
of cracking severity with time was observed from tests up to 2500 h.

To demonstrate the long-term performance of Hastelloy N alloys, several Hastelloy N loop tests with inserted specimens made of
standard Hastelloy N and the Ti- and Nb-modified Hastelloy N alloys were carried out [101,102,123]. In general, the modified
Hastelloy N alloys showed equivalent or less corrosion compared to the standard Hastelloy N. One Hastelloy N thermal convection
loop was operated with the MSRE fuel salt (70LiF-23BeF»-5ZrF,-1ThF,-1UF,, mol%) at a maximum temperature of 704 °C for
9.2 years. The examination of metallographic samples from various sections of the loop showed only uniform subsurface voids attack
to a depth less than 76 pm [123].

Due to the concern on the tellurium embrittlement of Hastelloy N, the corrosion resistance of several alloys with better resistance
to Te-induced IGC were evaluated in LiF-BeF,-based fuel salts. These alloys include the 300 series stainless steels, and nickel-based
alloys with Cr content of about 23 wt% [121]. A thermal-convection loop made of Hastelloy N was operated for 2776 h at 690 °C with
inserted Monel (65Ni-35Cu), Hastelloy N, Inconel 600, Inconel 606 (Ni-20Cr-2Fe), Inconel 601 (Ni-23Cr-14Fe), Inconel 690 (Ni-30Cr-
15Fe), and Incoloy 811E (Fe-23Cr-30Ni) specimens [101]. The weight change results and the attack information are listed in Table 6.
The results showed that increase in Cr and Fe contents were detrimental on both total weight change and localized attacks. Compared
to the predictions in Fig. 4, the effects of Cr content were more pronounced in this loop test especially for these alloys containing
more than 20 wt% Cr. It is not clear if the galvanic coupling of dissimilar alloys accidentally occurred which can cause the accelerated
corrosion of higher Cr containing alloys and simultaneous deposit on more noble Monel alloy specimen (see Table 6). It needs to be
noted that, there are also experimental results showing that corrosion rates of Hastelloy N, Inconel 600 and other low Cr alloy such as
Haynes 242 were only ~ 1.5-5 times lower than the corrosion rates of Fe- or Ni-based alloys containing 20 wt% Cr [124-126]. A type
304 stainless steel thermal-convection loop with 70LiF-23BeF,-5ZrF 4-1ThF4-1UF, fuel salt was operated at a maximum temperature
of 677 °C for 9.5 years. The weight loss results of the inserted type 304 SS specimen corresponded to a corrosion rate of ~50 pm/year
in the first 2244 h [101], which is in the same order of magnitude with the prediction for 71Fe-17Cr-12Ni model alloy. In the last
5700h of this test, a new set of specimens were inserted for comparison which showed a corrosion rate of ~28 pm/year 304 SS,
~14 um/year maraging steel (12Ni-5Cr-3Mo), and 1.5 pm/year for Hastelloy N alloy. Compared to the 9.2-year Hastelloy N loop test
results mentioned before (i.e., voids attack of less than 76 um), the localized attack on 304 SS was far more severe which showed
intergranular voids attack to a depth of 254 pm after 5.2-year exposure in the same fuel salt [101]. These results indicated the
resistance of stainless steels and nickel-based alloys with more than 20 wt% Cr might be inadequate for MSRs although they showed
improved resistance to Te-induced IGC.

In Russia, the program on the molten salt-fueled reactors was started at KI in the late 1970s [122]. The interest was initially

Table 6
Corrosion rates of various alloys in 68LiF-20BeF,-11.7ThF,-0.3UF, (mol%) at 690 °C for 2776 h [101].
Alloy Cr content (wt%) Fe content (wt%) Corrosion rate” (um/year) Localized attack
Monel (65Ni-35Cu) - - Weight gain Deposit layer with voids underneath
Hastelloy N 7 5 0.5 No attack
Inconel 600 15 7 1.8 Little attack
Inconel 606 20 2 24.7 Partial heavy attack
Inconel 601 23 14 62.3 127 ym deep voids
Inconel 690 30 15 213.8 381 um deep voids
Incoloy 811E 21 47 463.2 457 um deep voids

2 Converted from weight loss by assuming a uniform corrosion.
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Table 7

Chemical composition of the nickel-base alloys (wt%) [101,121 —123].

Progress in Materials Science 97 (2018) 448-487

Element Hastelloy N Hastelloy N Ti-mod. Hastelloy N Nb-mod. HNSOMT HN80M-VI HNSOMTY
Ni Base Base Base Base Base Base
Mo 16-17 11-14 11-13 121 12.2 13.2
Cr 7.1 6-8 6-8 7.02 7.61 6.81
Fe 4-5 0.1 0.1 < 0.33 0.28 0.15
Mn 0.55 0.15-0.25 0.15-0.25 < 0.1 0.22 0.013
Ti < 0.01 0.5-2 - 1.72 0.001 0.93
Nb — 0-2 1-2 — 1.48 0.01
Al 0.03 - - - 0.038 112
Si 0.57 0.1 0.1 < 0.05 0.04 0.04
w 0.14 - - - 0.21 0.072
Co 0.03 - - - 0.003 0.003
Cu - - - < 0.01 0.12 0.02
C 0.06 0.05 0.05 0.004 0.02 0.025

directed to the MSBR concepts but switched to the single stream MOSART after 2001. The development of the structural materials
exposed to the fluoride fuel salts was based on the data accumulated during the MSR program at ORNL. A Ni-based alloy HNSOMT
with similar composition as Ti-modified Hastelloy N was chosen as a base. About 70 modified HN8OMT with various amount of
alloying elements W, Nb, Re, V, Al, Mn, and Cu were tested to find the optimized composition that has sufficient resistance to both
corrosion and Te embrittlement. Corrosion tests were carried out in flow loops and static isothermal capsules. The main finding was
that the decrease of titanium content by 0.5 wt% significantly improved the corrosion resistance of HN8OMT, and the extent of the
selective chromium dissolution and intergranular corrosion was minimized at an Al content of ~2.5wt% [122]. The chemical
compositions of the representative HNS8OMT alloys and the Hastelloy N alloys are given in Table 7.

4.2. Key factors influencing corrosion in molten fluorides

The materials corrosion in molten fluorides is influenced by a number of factors, including environmental and metallurgical
variables. The main parameters found in published sources are summarized in this section.

4.2.1. Oxidants in the salt
(1) Fuel component UF,

The fuel component UF, is an inherent oxidant in fluoride fuel salts. As evidenced by the results of the ORNL’s loop tests (Table 3),
the voids attack on Inconel 600 in UF, containing molten salts were more severe and generally deeper than the attacks in the same
base salts without UF, additions. Direct evidence of the metal corrosion by UF, can be found from several loop tests that equipped
electrochemical probes to determine the concentration ratio of U(IV)/U(IID) in the salt. The decrease of U(IV)/U(III) concentration
ratio with time was observed which was attributed to the reduction of UF, during metal corrossion. The time scale for the drop of U
(IV)/U(11) concentration ratio from ~10% to ~10%in Hastelloy N loops was about thousands of hours but only a few days for the less
resistant Inconel 601 [101,102], indicating the consistency of the metal dissolution rate and reduction rate of U(IV).

The driving force of the corrosion by UF, is the relatively more positive potential of U(IV)/U(III) than the oxidation potential of
less noble metals such as Cr. On the kinetics aspect, the exchange current density or the rate constant of the U(IV)/U(III) reaction is
several orders of magnitude greater than that of metal dissolution reactions (Fig. 4). Hence, the metal will be polarized to a more
positive potential that is closer to U(IV)/U(III) potential, resulting in relatively larger metal dissolution rate. To mitigate the corrosion
of Cr, the concentration ratio of U(IV)/U(III) needs to be lowered which is able to reduce the overpotential of Cr dissolution reaction.
This lead to the development of redox control using U(IV)/U(III) which are discussed in Section 6.

(2) Structural metal impurities

The significant influence of FeF, impurities was initially recognized during the MSR program at ORNL [114]. A Hastelloy N loop
test with circulating 65.5LiF-34BeF,-0.5UF, fuel salt was operated at a maximum temperature of 704 °C for 37,942 h. The initial
500 ppm FeF, was added at 29,500 h, and additional 500 ppm FeF, was added at 1100 h after the first addition. The weight change of
Hastelloy N specimens in the next 2900 h following the first addition of FeF, was about six times of that in the initial 29,500 h. In
other word, the corrosion rate was increased by a factor of ~ 59 after additions of FeF,. The local attack also became more severe due
to the addition of FeF,. Some grain boundary attack started to appear after the initial addition of FeF,, and shallow cracks to a depth
of 13 um in the Cr depleted zone as well as voids were observed in the next few thousands of hours. Another evidence of metal
corrosion by the reduction of structural metal cations is the deposition of these cations on the metal surface. Ye et al. [99] applied
electro-probe micro-analyzer (EPMA) mapping technique and observed a 1-2 um thick Fe deposition layer on the surface of Hastelloy
N which was attributed to the reduction of Fe ions impurities (~150 ppm) in the FLiNaK salt.
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Fig. 6. Mass loss of Incoloy 800H/HT in FLiNaK with additions of various fluorides. Test duration: 8 h; Temperature: 650 °C [68].

A more comprehensive study on structural metal impurities was performed by Pavlik et al. [68] in which the effects of CrF3, FeFs,
FeF,, and NiF; concentrations on the corrosion of Incoloy 800H/HT in molten FLiNaK were investigated. Tests were carried out in
alumina crucibles at 650 °C. The salt was vacuum-treated at 130 °C for 48 h, and then corrosion tests were performed under Ar
atmosphere. The test duration was 8h, attempting to identify the initial corrosion rate using weight loss method. The weight loss
results are summarized in Fig. 6. The increase of mass loss with the increase in impurity concentrations was attributed to the increase
of the redox potential and the exchange current density for the reduction reaction of the added metal cation. The dependence of mass
loss upon concentrations of FeF;, FeF,, and CrF; showed some irregularities as a gradual decline of the slope is expected based on the
kinetics simulation. This might be related to the change of activity coefficients of cations in the salt. Nevertheless, corrosiveness of the
structural-metal impurities at the same concentrations increased in the following sequence: Cr(III) < Fe(Il) < Fe(IlI) < Ni(I).
Pavlik et al. [68] indicated that the observed sequence was consistent with elements’ standard potential order: Cr(II[)/Cr < Fe(Il)/
Fe < Fe(Ill)/Fe < Ni(Il)/Ni. However, it should be noticed that Cr(III) is reduced to Cr(II) rather than Cr during corrosion. The
standard potential of Cr(III)/Cr(II) and its redox potentials at these experimental concentrations are actually more positive compared
to Fe(II)/Fe. This indicates that the differences in kinetic parameters play important roles.

Corrosion by CrF; is more concerned as CrF; can be generated from the disproportionation reaction of CrF, which is a major
corrosion product in molten fluoride salts [127]. Wang et al. [69,70] further investigated the effect of CrF; additive using electro-
chemical techniques. The salt was preheated at 200 °C under vacuum conditions for at least 20 h and then tests were carried out at
700 °C under argon atmosphere. Test materials included pure Ni, Fe, Cr metals, and Hastelloy N. The initial corrosion kinetics of pure
metals and Hastelloy N were characterized by the potentiodynamic polarization curves, as shown in Fig. 7. In general, under the same
conditions, corrosion current density increased in the following order: Ni < Hastelloy N = Fe < Cr. Compared to pure nickel, the
influence of CrF; on the corrosion of less noble materials (i.e., chromium, iron, and Hastelloy N) was more pronounced. The effect of
CrF; was attributed to the accelerated reduction rate of CrF; on the metal surface as indicated by the positive shift of the cathodic
polarization curve with the increase in CrFa3 concentration. Such an increase resulted in the rising of the corrosion potential and the
increase of corrosion current density especially for the less noble materials. Considering the selective dissolution of alloy, with the
increase of exposure time the corrosion of Hastelloy N would be slowed down by the diffusion rate of Cr through the depletion zone.
The evolution of corrosion resistance of Hastelloy N with time during the 100 h corrosion tests was characterized by electrochemical
impedance spectroscopy. However, the results in systems with and without CrF5 additions indicated minor changes of corrosion rate
with time. As predicted at 100 h and 8760 h in Fig. 4d, this might be attributed to the relatively small time scale in which the limiting
current density likely remained high. The posttest samples were examined by the scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy (EDS) analysis. The depletion of Cr/Fe and the formation of sublayer voids in Hastelloy N after 100 h of
corrosion were observed. The thickness of the depletion or voids attack layer were 80 pm and 150 pm in salt containing 0.08 M and
0.18 M CrF; respectively, compared to the 30 pm in CrFa-free condition.

(3) Water impurity

The detrimental effects of water moisture on the corrosion in molten fluorides have been reported by many researchers. Ouyang
et al. [124] investigated the corrosion characteristics of Hastelloy N and Hastelloy B3 in FLiNaK salt containing different moisture
contents at 700 "C. Tests were carried out in static nickel containers with dry argon gas flowing through the cover gas space. Prior to
the tests, the salt mixture was pre-heated to 300 °C for 12h and 150 °C for 3 h respectively, corresponding to moisture contents of
1.91 wt% and 3.19 wt% in the FLiNaK salts. The weight loss results of the two alloys were quite similar at 100 h and 200 h. The
general corrosion rates indicated by the weight loss were 4-5mgem 2day ' under 1.91wt% water moisture, and
14-15mg cm ™~ 2day ! under 3.19 wt% water moisture, respectively. Hence, the corrosion rate was tripled by increasing the water
content. The SEM examinations also indicated a more severe intergranular and pitting corrosion at higher moisture content. Sona
et al. [126] investigated the corrosion of SS 316L, Inconel 625, and Hastelloy B in FLiNaK with and without 3-hour salt dehydration at
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Fig. 7. Potentiodynamic polarization curves of (a) pure Ni, (b) pure Fe, (c) pure Cr, and (d) Hastelloy N in FLiNaK with and without additions of
CrF5 at 700 °C. Reproduced based on [69,70].

130 °C. Static tests were conducted in graphite containers at 650 °C under a nitrogen atmosphere for 60 h. The weight loss results
indicated the corrosion rates were decreased by factors of 1.7-5 for the three tested alloys after the dehydration treatment. The
enhanced corrosion by water moisture was also characterized by Wang et al. [69,70] using electrochemical techniques. The ex-
periments were conducted at 700 °C in a stainless steel chamber with gaseous Ar or Ar-H,O flowing through the cover gas zone.
Vacuum treatment of the FLiNaK salt at 200 °C was performed before the tests. Fig. 8 shows the potentiodynamic polarization curves
of pure metals and Hastelloy N under Ar and Ar-H,O environments. Compared to the CrF; effects in Fig. 7, the presence of water
moisture not only increased the cathodic reaction current densities but also the anodic metal dissolution current densities. The
corrosion current densities determined for pure Cr, Fe, and Ni metals were 3.715, 1.425, and 0.150 mA/cm? under Ar-2%H,0
atmosphere, compared to 0.494, 0.261, and 0.0193 mA/cm? under Ar atmosphere. For Hastelloy N, the corrosion current densities
were 0.108 and 0.374 mA/cm? under Ar and Ar-5%H,0 atmosphere, respectively. The presence of 5% water moisture in the gas
phase also enhanced the Cr depletion and voids attack in Hastelloy N, e.g., the thickness of the Cr depletion layer increased by
~10 pum after corrosion of 100 h in FLiNaK.

A significant increase in anodic current density by the presence of water in the salt is indicated in Fig. 8. This recalls the question
on the mechanism of metal dissolution reactions in molten fluoride salt that was proposed in Section 3.2.4. This experiment supports
the idea that OH ™ in molten fluoride salts is involved in the metal dissolution reactions by forming hydroxylated metal compounds.
Thus, like aqueous solutions, the anodic metal dissolution reaction rate in molten fluorides is also accelerated by increasing the OH ™
concentration. It will be beneficial to further characterize the dependence of anodic dissolution kinetics of metals on water con-
centrations in molten fluoride salts as it improves the understanding on the metal dissolution mechanism and more importantly the
model simulation.

Figs. 7 and 8 also indicate the character of active metal dissolution in molten fluoride salts. Some narrow distortion of the Cr
polarization curves above — 0.2V were observed in Figs. 7c and 8c which might be related to the formation of passivating oxide layer.
However, the passivating current densities were still high, and the passivation occurred at significantly more positive potentials
rather than the corrosion potential. Hence, the metal was still under active dissolution. This was supported by the microstructural
analysis of the posttest samples from all experimental results in Section 4 which showed no presence of oxide layers on the metal
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Fig. 8. Potentiodynamic polarization curves of (a) pure Ni, (b) pure Fe, (c) pure Cr, and (d) Hastelloy N in FLiNaK under Ar and Ar-H,O en-
vironments at 700 °C. Reproduced based on [69,70].

surface in molten fluoride salts. Therefore, the formation of oxide layers is very challenged in molten fluorides even in salts with
relatively higher water contamination, leading to the active dissolution of bare metals or alloys.

4.2.2. Tellurium induced intergranular cracking (IGC)

Tellurium is one of the most harmful fission products to the structural material. During the operation of MSRE, the shallow IGC
induced by Te was observed in Hastelloy N exposed to the fuel salt [121]. The auger spectroscopy analysis of the Hastelloy N
surveillance sample from MSRE showed that only Te was present in the brittle grain boundary and the concentration was about 25 at.
% [121]. Such high concentration of Te is adequate to form considerable amounts of brittle intermetallic compound NisTe, at MSRE
service temperature as indicated by the Ni-Te binary phase diagram [128]. In fact, the segregated solute Te at the grain boundaries
also increases the embrittlement tendency [129]. Numerous demonstrative tests were carried out at ORNL which showed similar IGC
character on the alloys exposed to the molten fluoride salt containing Te, or Cr3Tey, or CrsTeg [121]. The addition of Te, CrsTey, or
CrsTeg in the salt was used to simulate the tellurium flux reaching the metal in the reactor conditions. Thus, it was believed the
tellurium caused the IGC during MSRE operation.

Cheng et al. [66,130] characterized the brittle telluride compounds formed by the reaction of Te vapor with Hastelloy N at 700 °C.
The X-ray diffraction (XRD) analysis identified that the telluride compounds formed on the surface and grain boundaries of the
Hastelloy N consisted of NizTe,, CrTe, and MoTe,. The EPMA and scanning transmission electron microscope (STEM) found that the
Te predominantly diffused along the grain boundaries, and the CrTe compound was primarily formed on the grain boundaries and the
interfaces between the Mo-rich intergranular carbides and the alloy matrix [66]. Ignatiev et al. [122] found the extent of the IGC
induced by Te was related to the distribution and character of the carbides. The addition of Al in HNSOMT significantly improved the
resistance to IGC because the carbide phase in the grain boundaries decreased and appeared as separated round particles. These are
somewhat consistent with Cheng et al.’s finding [66], as fewer carbides in the grain boundaries provided fewer sites for the formation
of brittle telluride compounds. The discontinuous intergranular carbides might also reduce the possibility of forming a continuous
brittle telluride film along the grain boundary.

The diffusion behavior of Te into nickel was characterized by Jia et al. [67] at various temperatures. The nickel specimens with an

468



S. Guo et al. Progress in Materials Science 97 (2018) 448-487

* 320 Counts

i
- i

1 N0 20 240 260 20 300  320Cous

3
%
3
5
5
5
s

]
e R P S’A..,s Ay

£
H
2
2
3
3
2

19 2200 29 M0 260 290 300 320 Coms

Fig. 9. Electron probe microanalysis (EPMA) mapping showing the distribution of Te for the sample annealed at (a) 700 °C, (b) 800 °C, (c) 900 °C,
and (d) 1000 °C [67].

electroplated Te layer were annealed at each temperature for 100 h. As shown in Fig. 9, the diffusion of Te into nickel was primarily
by grain boundary diffusion below 900 °C and switched to lattice diffusion above 1000 °C. The existence of Ni;Te, accompanied with
trace NizTe; o; was identified by XRD at temperatures ranging from 500 to 900 °C. No intermetallic compound was detected at
1000 °C because no intermetallic is stable at such high temperature [128].

According to above results, the Te-induced IGC was caused by the preferential diffusion of Te along the grain boundaries followed
by the formation of the brittle telluride compounds. Delpech et al. [17] thought that tellurides such as Ni,Te, and Cr,Te, could be
formed by the corrosion reaction of the structural metals with Te in the molten salts. Depending on the salt redox conditions,
tellurium may present in the salt in its metallic form and cause metal corrosion by reduction to its negative oxidation states Te(-I) and
Te(-ID). Two pieces of evidence were found supporting this proposed mechanism. The first is the mitigation of Te-induced IGC by
decreasing the concentration ratio of the U(IV)/U(III) in the fluoride fuel salts as found by ORNL [131] and KI [132]. By keeping the
salt sufficiently reducing, Te in the salt was probably reduced to its negative valences by the oxidation of U(III) to U(IV) in the salt.
The tests at ORNL were carried out at 700 °C in a static vessel containing MSBR fuel salt (72LiF-16BeF5-11.7ThF4-0.3UF;) with Cr3Te,
and CrsTes. The cross-sectional examination of the standard Hastelloy N specimens showed very little cracking at U(IV)/U(III)
concentration ratios of 10, 30 and 60, compared to the extensive cracks at ratios of 85 and 300. Tests were also conducted at KI in the
LiF-BeF> molten salt containing 20 mol% of ThF,4, 2 mol% of UF, and additives of Cr;Te,4. Test alloys were HN8OMTY, HN8OM-VI,
HN8SOMTW (Ni-9.4Mo-7.6Cr-1.7Ti-5.5W), and EM-721 (Ni-5.7Cr-0.17Ti-25.2W). It was found that all test alloys suffered from Te-
induced IGC attack at a U(IV)/U(III) concentration ratio of 500. With a decrease of U(IV)/U(III) ratio to 100, the IGC attack was
completely absent on HN8OMTY and HN80OM-VI alloys while tellurium was detected on the grain boundaries of HNSOMTB and EM-
721 alloys which might be a sign of the incipient IGC. In the fuel salt with U(IV)/U(III) concentration ratios of 0.7, 4 and 20, no IGC
attack was found on all tested alloys.

Further evidence is the mitigation of Te-induced IGC by applying the cathodic polarization to the alloy, as recently found by Fabre
et al. [94]. As shown in Fig. 10, the alloy C22 suffered severe IGG attack when small amounts of liquid Te was added in the molten
salt. However, the IGC attack disappeared when the alloy C22 was polarized to a more negative potential, —3.4 V versus F»/F .

The computed E-pO?~ diagram of Zr-Te-O-F system is shown in Fig. 11. The red lines for Ni;Te3/Ni and Mo;Te4/Mo were also
plotted, above which the corresponding metal tellurides are stable. The stability domains for the metal tellurides overlapped with the
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Fig. 10. Cross-sectional micrographs of alloy C22 (Ni-22Cr-14Mo-3W-3Fe) immersed for 2 weeks in LiF-CaF,-MgF,-ZrF, at 953 K: (a) without Te in
salt, (b) with Te in salt, (c) with Te in salt and polarization of alloy to —3.4V versus Fo/F~ [94].

Te(0) stability domain, indicating the formation of tellurides by Te(0) at these potential regions. It was observed that, ZrTe, was
stable at the applied potential — 3.4V versus Fo/F . This indicated that tellurium was probably reduced to Te(-II) at — 3.4V, forming
ZrTe, compound with zirconium cations in the molten salt. Thus, like the control of salt redox condition through U(IV)/U(IID), the
cathodic polarization also mitigates the Te-induced IGC by reducing the Te to its negative oxidation states. In addition to making
tellurium not oxidizing, formation of Te anions or ZrTe, compound in the molten salts, as forced by these two techniques, also slowed
down or disabled the diffusion of tellurium along the grain boundaries, thus preventing the Te-induced IGC.

4.2.3. Interaction with dissimilar materials

The impact of dissimilar materials on the corrosion of the metallic materials in molten FLiNaK salt was observed in Refs.
[103,127,133,134]. Tests were carried out under argon atmosphere in static and isothermal containers made of various materials. In
all these tests, the testing specimens were in electrical contact with the containers. The results of these tests are summarized in
Table 8. In general, corrosion was largely accelerated in nickel and graphite containers and was accompanied by the formation of
carbides or Ni-Cr alloy layer on the containers. The details of the results are discussed below.

Kondo et al. [103] investigated the corrosion behaviors of JLF-1 steel (Fe-8.92Cr-2W) in JLF-1, Ni, and Nb containers. Compared
to the test in JLF-1 container, the corrosion of JLF-1 was significantly increased by coupling with Ni container, and a deposited Ni-Fe
alloy layer on the Ni container was observed from SEM/EDS analysis. For the test in Nb crucible, weight gain of JLF-1 was found due
to deposited Nb particles on the JLF-1 surface. Only 11 ppm Cr and 29 ppm Fe were detected in the salt after the test while the
dissolved Nb in the salt was 940 ppm, indicating the Nb was preferentially corroded when coupled with JLF-1 steel. Olsen et al. [127]
found that the corrosion rates of Incoloy 800H (45.3Fe-31.6Ni-20.4Cr) in the graphite and nickel containers were greatly increased
compared to containers made of the same material or pyrolytic boron nitride (PyBN). The accelerated corrosion in graphite or nickel
container was accompanied with the formation of the carbide layer on the graphite container, or Ni-Cr alloy layer on nickel container.
The carbide layer consisted primarily of Cr;C3 with trace Cra3Ce, as identified by XRD and X-ray photoelectron spectroscopy (XPS)
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Table 8

Corrosion of materials in contact with dissimilar materials in molten FLiNaK.
Specimen Container Temp. (°C) Time (h) Corrosion rate” (um/year) Observed deposit Ref.
Incoloy 800H Graphite 850 500 630.3 = 57.3 Cr,Cgz layer on Graphite [127]
Incoloy 800H Ni 850 500 727.2 Ni-Cr alloy layer on Ni [127]
Incoloy 800H PyBN 850 500 22.0 No [127]
Incoloy 800H Incoloy 800H 850 500 4.4 No [127]
Hastelloy N Graphite 850 500 455 + 4.0 No [127]1
Hastelloy N Ni 850 500 15.8 - [127]
Cr Graphite 700 500 1616.4 = 317.3 CryC3 layer on Graphite [133]
Cr Ni 700 500 1027.5 = 120.0 Ni-Cr alloy layer on Ni [133]
JLF-1 JLF-1 600 1000 50.6 No [103]
JLF-1 Ni 600 1000 208.7 Ni-Fe alloy layer on Ni [103]
JLF-1 Nb 600 1000 -0.7 Nb particles on JLF-1 [103]

2 Converted from weight loss of specimen by assuming uniform corrosion.

[127,133]. The concentration of Cr gradually decreased in the Ni-Cr layer from the surface to the inward, indicating the thermal
diffusion of Cr into Ni container. Additionally, Cr,Cs on the graphite container was only detected from the tests with pure Cr metal
[133] and higher Cr content alloys including Hastelloy X (Ni-21Cr-19Fe-9Mo), Haynes 230 (Ni-22.5Cr-14W-2Fe), and Inconel 617
(Ni-22Cr-12Co-10Mo-1Fe) [134], while no carbide layer was observed from the tests using lower Cr content Hastelloy N specimens
[133,134].

All these experimental observations indicated that the enhanced corrosion of structural alloys and the simultaneous degradation
of graphite or nickel components in the system may be caused by the interactions between structural alloys and graphite or nickel.
Understanding the interaction mechanisms is important as structural alloys and graphite are the main components exposed to the
primary salt in many MSR concepts (e.g., MSBR, MOSART, FHR, etc.). The plated Ni surface on structural alloys has also been
proposed for the mitigation of material corrosion in molten fluorides [96]. The mechanisms that might be involved in this corrosion
phenomenon are galvanic corrosion, direct reduction of corrosion products, and the disproportionation of Cr(II) to Cr(IlI) and me-
tallic Cr. These three mechanisms are interpreted as follows:

(a) Galvanic corrosion

Galvanic corrosion may occur when a metallic material in an electrolyte (e.g., molten salt) is in contact with another dissimilar
material. The metal with lower electrode potential acts as anode while the other acts as cathode. Both anode and cathode materials
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Fig. 12. Schematic of the direct reduction of the corrosion products on the cathode during galvanic corrosion. Ox represents the original oxidant
impurities.

will be polarized to the same potential (if the resistance in metals is negligible) when they are in electrical contact. Thus, the
corrosion of anode material will be accelerated due to the anodic polarization, i.e., positive overpotential. Meanwhile, the cathode
material is cathodically polarized, increasing the reduction rate of the oxidants on the cathode material. For the metals with lower
redox potential than the oxidants in the salt, the electrode potential is the corrosion potential of the metal in the salt. The corrosion
potential of pure Ni in molten FLiNaK at 700 °C was found to be about 0.25V and 0.5V more positive than pure Fe and Cr, re-
spectively [135]. For inert materials that have higher potential than the oxidant, the electrode potential is the redox potential of the
oxidant in the salt. In most cases, graphite can be considered as a conductive inert material as its oxidation potential is higher than Ni
in molten fluorides (e.g., the formal potential of C/CF4(g) is 0.32 V versus Ni/Ni2* in FLiBe at 600 °C [61]). Thus, when the steels and
Cr-bearing alloys are in contact with nickel or graphite, they will be polarized to a more positive potential. The polarization causes
extra anodic dissolution of the steels and Cr-bearing alloys and simultaneously additional cathodic reduction of oxidant on the nickel
or graphite, resulting in the generation of the galvanic current between the two materials. Wang et al. [135] found the corrosion
current density of the Cr specimen in molten FLiNaK was increased by a factor of 81 when coupled with the same surface area Ni
specimen. The factor for the increase of iron corrosion in Fe/Ni galvanic couple was 57 [135]. Therefore, the increased corrosion rate
of pure Cr, Incoloy 800H, and JLF-1 steel specimens in the presence of graphite or nickel is at least partially attributed to the galvanic
coupling effect. The Nb acts as the anode material when coupled with JLF-1 steel due to the lower oxidation potential of Nb (e.g., the
formal potential of NbO,*/Nb is —0.58 V versus Fe(II)/Fe in FLiBe at 600 °C).

(b) Corrosion of Cr by the direct reduction of Cr(II) on the cathode

The initial salt may contain some oxidizing impurities such as NiF,, FeF,, H,O, and HF. In the galvanic corrosion case, these
original impurities (Ox in Fig. 12) can be reduced on the cathode container. Considering the small amounts of salt used in these tests,
these impurities should be exhausted quickly. Afterward, the corrosion would be ceased. However, the corrosion products such as Cr
(ID) released from the anode material can also be reduced on the cathode, causing persistent galvanic corrosion of Cr at the anode. The
oxidation of Cr by Cr(II) sounds unlikely, but it occurs when the redox potential of Cr(II)/Cr is more positive at the cathode than at

. 1 d anode
the anode. In the case of nickel cathode, the potential difference of Cr(II)/Cr can be expressed as EE?E}}‘;‘}&—E;“;I;CT = %ln%
acr

according to Eq. (18). Hence, the reduction of Cr(I) to Cr at the nickel cathode is possible when the activity of Cr in the anode metal

or alloy is greater than the activity of Cr in the cathode alloy. This agrees with the experimental finding of the Incoloy 800H/Ni

couple observed from Olsen et al. [127], and the Cr/Ni couple observed from Qiu et al. [133]. The Cr fraction of anode materials

Incoloy 800H and pure Cr were 0.225 and 1 respectively, which are significantly higher than the corresponding Cr fraction of 0.07

[127] and 0.16 [133] on the deposited Cr-Ni alloy layer on Ni containers. Although the activity coefficients of Cr in the cathode Ni-Cr

alloys are unknown, it is reasonable to assume that the Cr activities in the cathodes were lower, based on the fraction comparisons.
In the case of graphite cathode, the reduction of Cr(Il) to CryCs at the cathode can be written as:

Cathode: Cr(II) + %C + 2" — %Cr7C3 (56)

At 700°C, AG{ (CrF;) = —648.1 kJ/mol [71], and AG; (CrC;) = —190.2kJ/mol [133]. The standard electrode potential of re-
action (56) against standard F»/F ~ reference potential can be calculated by #AGF (Cr7C3)—z—lFAG; (CrF,) = —3.22V at 700 °C. This is

slightly positive than the standard electrode potential of Cr(II)/Cr which is %AG{(CrFZ) = —3.36V at 700 °C. Then, the actual

anode RT anode
cranyscr = 0.14 + T Inagdy

there exists a critical value of aé{“’de above which Cr(I1)/Cr;Cs potential at the cathode becomes more positive than the Cr(II)/Cr
potential at the anode. Thus, the reduction of Cr(II) to Cr;Cs can occur on the graphite cathode when the activity of Cr in the anode

potential difference can be expressed as Eéi’f}‘ﬁ%ncs—ﬁ' if the activity of Cr,Cs is assumed unity. Clearly,
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material is higher than the critical value of 0.035 at 700 °C. This is supported by the emergence of Cr,C; carbide layer on the graphite
container that was coupled with pure Cr [133] and higher Cr content alloys such as Incoloy 800H, Hastelloy X, Haynes 230, Inconel
617, and Incoloy 800H [127,134], while no carbides were detected on the graphite container coupled with low Cr content Hastelloy
N [134].

Therefore, in the case of galvanic coupling with graphite or nickel, a potential difference for Cr dissolution at anode and de-
position at graphite or nickel cathode can be established, leading to a continuous reduction of Cr(II) at the cathode and dissolution of
Cr at the anode metals or higher Cr content alloys. This allows the galvanic corrosion to proceed after the depletion of original
oxidant impurities in the salt. The reduction of Fe(II) at the nickel container and dissolution of Fe in JLF-1 steel can occur in the same
way.

(c) The disproportionation of Cr(Il) to Cr(II[) and metallic Cr

Carbides on graphite and Ni-Cr alloy on nickel may also be formed by the disproportionation reaction [136] in which the cation of
the multivalent element with lower oxidant status may disproportionate to form the higher valence cation and metal:

3Cr(11) — 2Cr(11I) + Cr (57)

At 700 °C, A;G = 40.5 kJ/mol for reaction (57) [71], corresponding to d¢ [acram */[acrap ] = 0.007 at equilibrium. This indicates
that the conversion of Cr(II) to Cr(Il) and pure Cr is very low. However, if the Cr-Ni alloy or chromium carbides is formed instead of
pure chromium as displayed by the reactions (58) and (59), the conversion ratio can be largely increased. At 700 °C, the ratio of
[acram PP/ [acran P becomes 0.1 for Cr-Ni alloy with Cr activity of 0.07. The A,G is 13.2 kJ/mol for reaction (59) at 700 °C and the ratio
of (a,3+)*/(ag,2+)* becomes 0.2 if Cr,Cs is formed instead of Cr.

Ni cathode: 3Cr(II) — 2Cr(III) + Cr(Ni)aoy (58)

. 3 1
Graphite cathode: 3Cr(II) + ;C — 2Cr(III) + ;CL‘7C3 (59)

In fact, the Cr deposition on nickel crucible [137] and vitreous carbon crucible [138] have been observed in molten FLiNaK with
the addition of CrF,. Peng et al. [138] reported 86.71-88.23% of the added CrF, (600-1300 ppm) in FLiNaK in vitreous carbon
crucible was converted to CrF; as indicated by cyclic voltammetry. Hence, considerable amounts of Cr(II) may disproportionate to Cr
(I11) and Cr-Ni alloy or chromium carbides in nickel or graphite container.

Therefore, disproportion reaction of Cr(II) may occur on the graphite or nickel container surface, and the generated Cr(III) oxidant
can then be transferred back to the specimen surface, causing the corrosion of alloy. This hypothesis was first proposed by
Ozeryanaya [136] in molten chlorides and later adopted by Olsen et al. [127] in molten fluorides. Unlike the galvanic corrosion
mechanism, the corrosion can still be accelerated by the disproportionation reaction mechanism in the case that alloy is isolated from
the graphite or nickel. In the galvanic coupling case, Cr(III) produced by the disproportionation reaction can also be reduced to Cr(II)
on the graphite or nickel container, further accelerating the galvanic corrosion rate.

4.2.4. Temperature gradient

Along the coolant circuit of a nuclear power conversion system, heat transfer from the primary coolant to the intermediate coolant
induces a significant temperature gradient which may drive persistent long-term corrosion in the hotter region. The dependence of
corrosion on temperature was observed from many ORNL loop tests. An example given in Fig. 13 shows the difference of corrosion
attack at various temperature sections along the loop [123]. Typically, weight loss and severe void attacks occurred in the hot leg
while weight gain during long-term exposure was observed in the cold leg.

More importantly, the weight gains at the cold sections were nearly equal to the weight losses at the hot sections, as shown in
Fig. 14. As discussed earlier, the corrosion is expected to be terminated when the concentration of dissolved metal ions become
sufficiently large, i.e., M"*/M equilibrates with Ox/Red. However, the equilibrium concentrations of dissolved metal cations are
dependent on temperature. The ORNL loop test results indicated the equilibrium concentration of chromium in a LiF-BeF;-based fuel
salt decreased from 2260 ppm at 800°C to 1470 ppm at 600 °C [23]. It is expected that by prolonging the corrosion time, the
dissolved metal ions such as Cr(II) in the melt will first reach equilibrium at the colder section. At this point, the corrosion of Cr at hot
sections continues, and the released Cr(II) will be transferred within the molten salt fluid to cold sections. When Cr(II) exceeds the
equilibrium concentrations at cold sections, deposition of Cr(II) to metallic Cr will occur, thus causing weight gains there. Con-
sidering the gradual decrease of Cr dissolution rate with time at hot sections, the system will be eventually balanced in a situation
where the deposition rate at cold sections equals to the dissolution rate at hot sections. Then the corrosion rates and hot sections and
deposition rates at cold sections might be maintained up to years as observed from the ORNL’s long-term loop tests [19,101].

4.2.5. Flow velocity

During the ANP program, the flow velocity effects were investigated in forced-circulation loops under identical conditions with
flow velocities of 1.06, 1.98, and 2.93 m/s, respectively [108]. The test material was Inconel 600, and the fuel salt was 50NaF-46ZrF,-
4UF,4. The maximum depths of corrosion attack were ~100 at 1.06 m/s, ~75 at 1.98 m/s, and ~ 150 um at 2.93 m/s, respectively.
Hence, the effect of flow velocity on corrosion in molten fluorides appears to be insignificant. Comparison of the corrosion results of
Inconel 600 obtained from the thermal-convection loops (Table 3) with the data collected from the forced-circulation loops (Table 5),
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Fig. 14. Weight changes of Hastelloy N specimen at the hot and cold sections of one thermal convection loop [101].

also indicates that the influence of flow velocity seems to be minor. The flow velocity effect on corrosion of steel JLF-1 (Fe-9Cr-2W-
0.1C) in FLiNaK was also investigated by Kondo et al. [86]. Tests were conducted in a static capsule and a container equipped with an
impeller. The molten salt was stirred by the impeller at an estimated flow velocity of 0.17 m/s on the specimen surface. Under the
dynamic condition, the weight loss of the specimen was similar to that in the static condition, but pitting corrosion was less intense. It
was proposed that the flow suppressed the local condensation of oxidant impurities, thus reducing the localized attack.
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4.2.6. Radiation

The radiation may interact with the corrosion process to cause further damage to the alloys. Neutron radiation damages the
materials in two principal mechanisms [120]. First is the direct displacement of atoms caused by the collision with fast neutrons. Due
to the high neutron energy of the fast neutron, its collision with a metal atom can kick off the metal atom, which will then strike many
neighboring atoms out of their lattice position, generating vacancies and interstitials. Depending on the recoil energy of the kicked
atoms, the collision cascade can oceur, resulting in concentrated point defects in the local area. For the thermal neutron, the neutron
energy is too low to cause direct displacements. However, the absorbed thermal neutron can generate impurity atoms by trans-
mutation which then cause atomic displacement. The second mechanism specifically happens for the nickel-base alloys rather than
nickel-free materials due to the transmutation of ®®Ni to %°Ni (reaction (60)) and the subsequent (n, alpha) reaction (61) or (n,
proton) reaction (62). The total number of atomic displacements produced from (n, alpha) and (n, proton) reactions are 1762 [139]
and 222 [140] per neutron capture for *°Ni, respectively. Thus, with the high thermal neutron absorption cross-section of 59Ni [120],
the atomic displacement damage from the thermal neutron capture is quite significant.

58Ni 4+ n—="°Ni+y (60)
59Ni + n—"%Fe + “He (61)
59Ni + n—"°Co + H (62)

Few reports investigate the effects of radiation on corrosion in molten fluorides. Zhu et al. [141] studied the influence of helium
ion radiation on the corrosion of Hastelloy N (Ni-16Mo-6.4Cr-3.6Fe) in molten FLiNaK. One set of samples were exposed to a total
flux of 0.5-1 x 10*' He-ionsm 2 at approximately 0.2 x 10%° He-ionsm ™ ?s ™!, while the other set had no helium ion irradiation
treatment. Corrosion tests were then performed at 750 °C under argon atmosphere for 200 h. It was found that the irradiated samples
suffered more severe intergranular corrosion attack and showed many small cavities in the grain matrix. The thickness of the depleted
Cr/Fe zone increased to ~700 nm for the irradiated and corroded sample, compared to the value of ~20nm for the corroded-only
sample. Hence, it was evident that the existing damages of the samples caused by helium ion radiation significantly enhanced molten
salt corrosion. Three aspects may account for the radiation-accelerated corrosion phenomenon: (a) the transmutation reactions of Ni
decrease Ni content and also relatively increase the contents of less noble elements such as Fe and Cr in the alloy; (b) the radiation-
induced surface cavities and ruptured cavities during recession of corroded surface increase the contact surface area with molten salt;
(c) corrosion cavities can nucleate from the radiation-induced defects and defect clusters, and its growth can be accelerated by
coalition with helium bubbles and diffusion of radiation defects. Therefore, the radiation can greatly accelerate the corrosion damage
to the alloys. More experimental evidence, especially simultaneous corrosion and neutron radiation testing, are still needed.

4.2.7. Alloying elements and grain size

Corrosion resistance of existing alloys and the modified alloys with various element additives in molten fluorides has been
compared by many researchers [101,105,122,124-126,142-144]. The major corrosion attacks on the tested alloys include the de-
pletion of Cr sometimes together with Fe, the subsurface and intergranular voids, and IGC. The corrosion rate and the extent of
localized attacks are subject to the alloy constituents and grain size. The resistance to Te-induced IGC was also related to the alloying
element additives [121,122]. These effects are summarized as follows:

Chromium had a detrimental effect on the corrosion resistance as Cr is corroded more readily than Fe and Ni in molten fluorides.
The increase in corrosion rate with the Cr content in the alloy is shown in Table 6, as well as the experimental results from Ouyang
etal. [124], Sona et al. [126], DeVan [142], and Olsen et al. [143]. Generally, Ni-Mo alloy with less than 8 wt% Cr such as Hastelloy
N, Hastelloy B, and Haynes 242 showed superior corrosion resistance on both weight loss and localized attack compared to the
Inconel alloys, Hastelloy alloys, and stainless steels containing more than 15 wt% Cr. For these alloys containing > 15 wt% Cr, the
dependence of corrosion attacks [124,143] especially the void attack depth on Cr content [105] became largely scattered, which
might be attributed to the influence of other alloying elements. In comparison, DeVan [142] found the presence of other alloy
constituents such as =3.1 mol% Al, =1.9mol% Ti, <=2.9 mol% Nb, and = 5.6 mol% Fe had little influence on the Cr dissolution rate
of Ni-17Mo alloys containing 3.2-11.0 mol% Cr. On the other hand, Cr content in the alloy influenced the resistance to Te-induced
IGC. Additions of about 23 wt% Cr to nickel-base alloys reduced the Te-IGC attack, but additions of 15 wt% was not effective [121].
For example, Hastelloy S, Inconel 600 and Alloy 506 were cracked as severely as Hastelloy N [121].

Aluminum additions could be beneficial if the content was appropriate. DeVan [142] found the corrosion susceptibility of alloying
additions increased in the order of Fe < Nb < V < Cr < W < Ti < Al The dissolution rate of Al in Ni-Mo alloys containing
more than 3 at% Al was about 1 order of magnitude higher than the dissolution rate of Cr in Ni-Mo alloys containing similar fractions
of Cr. This is expected due to the more negative oxidation potential of Al than Cr. Experimental results from Misra et al. [105] also
found the corrosion depth of the Inconel 702 containing 5.9 wt% Al was about 2-3 times larger than the Inconel 718 containing
1.3 wt% Al. However, if the Al content was less than 2 at%, little dissolution of Al was found because most Al additions formed highly
stable compounds with interstitial contaminants in the Ni-Mo alloys [142]. The optimization of HN8OMT at KI found the extent of the
selective dissolution of Cr and the intergranular corrosion was minimized at an Al content of ~2.5wt% [122]. The appropriate
addition of Al with Ti could also improve the resistance to Te-induced IGC, and the optimized content for HNSOMT alloy is 1-2 wt%
of Al with 0.8-1.0 wt% of Ti [122]. The positive effect of Al on IGC resistance was because the carbide phase in the grain boundaries
became less and discontinuous with the addition of Al, thus reducing the formation sites for the brittle intermetallic compounds.

Niobium additions to Hastelloy N were beneficial in reducing the tellurium embrittlement. The crack severity (described by the
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product of crack intensity and crack depth) highly depended on the Nb content. The least severe cracking was observed in alloys
containing 1-2 wt% Nb [121]. Pure Nb corroded more readily than Cr in molten fluorides as demonstrated by the experiment results
[103,144]. However, the comparison of Nb-modified Hastelloy N or HN8OMT with their standard versions suggested the addition of
approximately 2 wt% Nb did not increase the corrosion rate [121,122]. It appeared that the dissolution rate of Nb in Ni-Mo alloys
containing less than 3.6 at% Nb was effectively inhibited by additions of Cr, Al, and Ti alloying elements [142].

Titanium fraction should be limited. The addition of Ti alone or with Al in Hastelloy N showed some beneficial influence on the
resistance to radiation embrittlement and Te-induced IGC due to its influence on carbides formation. However, the content of free Ti
in the alloy must be minimized. The oxidation potential of Ti is more negative than Cr (Fig. 1). Ni-Mo alloys with more than 2 at% Ti
showed higher dissolution rate of Ti than the Cr dissolution rate in Ni-Mo alloys containing 5 at% Cr [142]. Unlike Nb, the dissolution
rate of Ti was not decreased by presence of other alloying additives [142].

Small iron additions to nickel-based alloys were not harmful. ORNL and KI experience indicated the total removal of 2-5 wt% Fe
from Hastelloy N or MONICR alloy [122] did not bring any detrimental effect. DeVan [142] found the dissolution rate of Fe in Ni-Mo
alloys containing ~4-5.6 at% Fe was greatly inhibited by the presence of more reactive alloying elements such as Cr and Al in the
alloy. However, the role of Fe became complex at higher contents of Cr. Table 6 shows the increase in corrosion rate with Fe fraction.
Misra et al. [105] showed some iron-based alloys suffered less corrosion attack than the nickel-based alloys with similar Cr content
and much less Fe content which contradicts the data in Table 6.

Cobalt-based alloys were more resistant than iron-based alloys probably due to the higher oxidation potential of Co (Fig. 1). Less
corrosion attack of Co-based alloys H25 (Co-24.1Cr-10.7Ni-3.4Fe) and Haynes 188 (Co-28.2Cr-24.1Ni-1.7Fe) than the stainless steels
with similar Cr and Ni content was observed [105]. However, replacing Fe additions by Co in Ni-based alloys was detrimental. Olson
et al. [143] found the weight loss of Inconel 617 (Ni-22.1Cr-9.6Mo-12.4Co-1.1Fe) was two times more than that of Hastelloy X (Ni-
21.3Cr-8.8Mo-19.3Fe-1.4Co).

Yttrium additions could increase the resistance to molten fluoride corrosion, Te-induced IGC, and air oxidation. The addition of
appropriate amount of Y improved the corrosion resistance of Hastelloy N in molten FLiNaK [145]. The corrosion rate decreased by
~20% with the addition of 0.05 wt% Y, but increasing it above 0.10 wt% proved detrimental. The improved corrosion resistance at
0.05 wt% Y addition was attributed to the formation of a Y-rich layer near the alloy surface which probably acted as a barrier layer for
the outward diffusion of Cr and Fe. At higher Y contents, most Y was consumed to form intermetallic Ni,;Y> and the Y-rich layer
became absent. The addition of 0.01 wt% Y showed little effect on the resistant to Te-induced IGC [122]. But the addition of 0.05 wt%
may have some impact, because the carbides (mainly MCs) were dispersed more homogeneously in the form of small discrete
particles on grain boundaries and grain matrix [146]. Further increasing of Y may become harmful as the MCg phase would change to
coarse clusters. The addition of 0.05wt% Y provided better resistance to air oxidation as well. Therefore, 0.05 wt% Y seemed an
optimized content in considerations of resistance to molten fluoride corrosion, Te embrittlement, and air oxidation.

Molybdenum might have some beneficial effect. Liu et al. [125] found the corrosion attack of Inconel 600 was about 7 times
deeper than that of Hastelloy C-2 which had similar Cr content but additional 15.49 wt% Mo. Ouyang et al. [124] found the pure Mo
specimen suffered more weight loss than other Ni-Mo based alloys in molten FLiNaK, and depletion of Mo was observed from
Hastelloy B3 [97]. This phenomenon was unexpected based on the higher oxidation potential of Mo than Ni and from the ORNL’s
findings during the ANP program. Considering the specimen was in contact with the nickel container or sample holder made of pure
nickel, there might be a possibility that the contact caused the diffusion of Mo from pure Mo and high Mo-containing Hastelloy B3 to
nickel container.

Tungsten might have no beneficial effect. Although the oxidation potential of W is more positive than Ni, Fe, and Cr, it was found
W had a higher dissolution rate in Ni-Mo-W ternary alloys than Cr in Ni-Mo-Cr ternary alloys [142]. However, in the presence of other
alloying elements such as Cr, Al, and Ti, the dissolution rate of W could be decreased by an order of magnitude [142]. The increase of
W content with simultaneous decrease of Mo content showed no positive effect on resistance to both general corrosion [143] and Te-
induced IGC [122].

Carbon probably had no effect on either the general corrosion or intergranular corrosion in molten fluorides. Olsen et al. [143]
found a linear correlation between carbon content and the weight loss of several Ni-based alloys and Incoloy 800H possibly indicating
that the intergranular corrosion in molten fluorides can be mitigated by decreasing C content or adding strong carbide forming
elements. However, a careful review of the published corrosion data found no dependence on the C content. It is acknowledged that
decrease of the carbon content or addition of strong carbide forming elements can improve the resistance of stainless steels and
nickel-based alloys against intergranular corrosion in aqueous solutions. This is because the formation of the oxide layer is favored in
aqueous solutions and Cr is beneficial to form the protective oxide layer. Hence, increasing the Cr content in the alloy improves the
resistance of alloys to aqueous corrosion. As the formation of chromium carbides at the grain boundaries causes the depletion of Cr
solute nearby (known as sensitization process), these Cr depleted zones become less corrosion resistant, resulting in severe inter-
granular corrosion. However, the corrosion in molten fluorides is active dissolution without the presence of oxide layers and in-
creasing Cr content proves detrimental. This means the sensitization effect for intergranular corrosion in aqueous solution is not
applicable for molten fluoride corrosion. Therefore, the resistance of intergranular corrosion in molten fluorides is likely not at-
tributed to the C content in the alloy, and at least unrelated to the sensitization effect.

Effects of other elements including vanadium, manganese, rhenium, and silicon were considered. The dissolution rate of V in Ni-
Mo alloys was higher than Fe but lower than Cr, and the selective dissolution and voids formation occurred in the same manner as Cr
[142]. The addition of trace Mn significantly improved the IGC resistance, while the addition of Re showed little effect [122]. The
addition of Si increased the amount of MgC carbide in Hastelloy N [147] and the Si-enriched MgC carbide particles offered more crack
origins, resulting in reduced grain boundary strength.
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The grain size also showed influence on the corrosion in molten fluorides. Wang et al. [95] refined grains of the Ni-Cr binary
alloys (5-10 at% Cr) to ~3 pm by laser-remelting, from its original grain size ranging between 800 um and 1500 pm. The weight loss
after 100 h of exposure found that the grain refinement accelerated the corrosion rate by factors of 2-4. More subsurface voids and
deeper Cr depletion zone were observed on the fine grain alloys. This was attributed to the higher effective diffusion rate of Cr with
the decrease in grain size or increase in grain boundaries. The corrosion resistance of monocrystal and polycrystal N5 superalloy (Ni-
7Cr-1.5Mo-5W-6.5Ta-6.2Al-3Re-0.15Hf) in molten FLiNaK salt were also investigated and compared [148]. The exposure of 100 h in
FLiNaK resulted in a weight loss of ~17.0 mg/cm? and the 175 um deep Cr/Al depletion zone for polycrystal N5 superalloy, com-
pared to the values of 11.34 mg/cm? and 125 pm for monocrystal N5 superalloy. This indicated that both the general corrosion and
localized attack depth were accelerated by the existence of grain boundaries in polycrystal N5 superalloy. ORNL’s early study [108]
showed little difference in the depth of the voids attack between the Inconel 600 consisted of grains in diameter of 22-90 um (ASTM
grain size 4-8) and the annealed Inconel 600 with grain diameter of 64-254 ym (ASTM grain size 1-5). Conversely, the voids in the
coarse-grained alloy were more concentrated. A few relatively deeper intergranular voids were present in the coarsely grained alloy
which might be related to the grain boundary orientations. Above results indicate that molten fluoride corrosion can be accelerated
by the grain refining but remains largely unaffected for the smaller difference in grain size.

5. Materials corrosion in molten chloride salts

In the field of nuclear fuel recycling, molten chlorides are used as the process media for the EChem of the SNF. Recent molten salt
fast reactor concepts also considered to use molten chlorides as fuel and coolant salts [149,150]. In addition to nuclear applications,
molten chloride salts were also proposed as the thermal energy storage and heat-transfer fluids for next-generation concentrating
solar power (CSP) [4,151-153]. Like fluoride salts, the corrosion of metals in molten chlorides is mainly driven by the oxidant
impurities. In general, concentrations of impurities in the chloride salts used for EChem processes are higher than the salt coolants
used for MSRs. During some of the EChem processes, strong oxidants such as O, and Cl, are generated or introduced into the system
which cause the corrosion of structural materials. Their interactions with other impurities like water, oxides, and fission products
make the system more complicated.

5.1. Major salt impurities during the EChem of SNF

The electrorefining technology is originally used for processing the spent metallic fuels. The electrolyte used for the electro-
refining is LiCl-KCl eutectic salt. A metal basket containing chopped metallic fuel segments serves as the anode in the electrochemical
cell. During the electrorefining, the applied current flows between the anode and cathode, resulting in the anodic dissolution of
uranium at the anode and deposition of metallic uranium at the cathode:

Anode: U — U(IID) + 3e~ (63)
Cathode: U(III) + 3¢~ - U (64)

During electrorefining, impurities such as rare earth fission products in the spent metallic fuel are dissolved as soluble chlorides in
the LiCl-KCI melt, which may serve as oxidants to the container metals.

For the spent oxide fuel (SOF) from the commercial light water reactors, recycling of the SOF can be performed by the elec-
trowinning processing or the combination of electrolytic reduction and electrorefining. The electrolytic reduction was used to convert
the SOF to its metallic form which can be further processed by electrorefining. The electrolytic reduction is typically operated in a
LiCl molten salt with a low concentration of Li;O at 650 °C [154]. Similarly, the spent oxide fuels are chopped and put in an inert
metallic basket. The basket with spent oxide fuels works as a cathode while an inert material such as platinum can be used as the
anode [155]. As a current is applied between the anode and cathode, actinide oxides are reduced to their metallic form at the cathode
while O, is generated at the anode:

Cathode: MO, + 4e~ — M + 202~ (65)
Anode(Pt): 202~ — O + de (66)

During the electrolytic reduction process, oxides of noble metal fission products and cladding are also converted to their metallic
form along with actinide oxides while oxides of alkali metals, alkaline earth metals, and lanthanides will be dissolved as soluble
chlorides in the electrolyte salt. The gaseous oxygen produced at the anode is a strong oxidant, and some lanthanides released from
the SOF may act as oxidants to container metals.

Electrowinning is an alternative way to process SOF in which the final separated products are the oxides of U and Pu. In this
process, the SOF is immersed into NaCl-KCI melt. The actinide oxides are separated from the SOF in several steps [9]: (1) Anodic
dissolution of part of the UO, from SOF and simultaneous collection of UO, at the cathode by electrolysis; (2) Chemical dissolution of
all remaining SOF by introducing Cl, gas in the molten salt; (3) Electrochemical reduction of noble metal fission products from the
salt; (4) Final electro-deposition of UO, and PuO, with blowing 0,/Cly/Ar mixture gas. Obviously, strong oxidants Cl, and O, are
introduced in the salt during the electrowinning process.

The chloride salts after either electrorefining or electrowinning will be treated by the actinide drawdown and lanthanide
drawdown. In the drawdown processes, the actinides and lanthanides are electrodeposited at the cathode, and oxidant Cl, is pro-
duced at the anode.
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5.2. Influence of salt constituents and impurities

Disregarding the specific impurities during EChem, water is perhaps the most common oxidizing impurity in molten salts.
Comparison of corrosion results in dry and moist molten chloride salts revealed that the corrosion was enhanced in the presence of
moisture [150,156]. The reduction of water in molten chloride salts occurs according to reaction (33) [79]. The limiting cathodic
current densities representing the maximum diffusion rates of H,O from the bulk molten salt to the metal surface were identified from
the polarization curves of iron and nickel in NaCl-KCl salt at 700 °C under various partial pressures of H,O [157]. The increase in H,0
partial pressure resulted in the proportional increase of the limiting cathodic current densities corresponding to water reduction. On
the other hand, the increase of the water vapor partial pressure also caused the increase of HCl in the molten chloride salt according
to reaction (28). The produced HCl would also accelerate the corrosion by the reduction of dissociated H™' [79]. For chloride salt with
higher concentrations of 02" such as the LiCl-Li,O melt used for electrolytic reduction of SOF, reduction of OH  (reaction (38)) may
become considerable in addition to water reduction. The determined standard electrode potentials (vs. Clo/Cl™) for the hydrogen
evolution of H*, H,0, and OH~ in LiCl-KCl eutectic at 450 °C are —1.016 V, —1.900V, and —2.603 V, respectively [79].

Oxygen gas is a strong oxidant in molten chloride salt. Corrosion of stainless steels and Inconel alloys in molten chloride salts
under reactive atmospheres such as air or Ar-10% O, were significantly enhanced in comparison with the corrosion of the same
materials under argon atmosphere [158-162]. The reduction of O, can proceed in two ways depending on whether the water is
present in the system. The measured cathodic polarization curves on platinum in a dehydrated NaCl-KCl molten salt at 700 °C
revealed a limiting cathodic current which increased linearly with the partial pressure of oxygen. The reduction of oxygen is believed
to follow a two-step process in the absence of water as expressed by reactions (67) and (68), while the oxygen reduction is a one-step
reaction in the presence of water (reaction (69)) [157]. The produced 02~ can react with dissolved metal ions to form oxide layers on
the metal surface which may reduce the corrosion.

0, + 2~ = 03~ (67)
037 + 2e” — 202~ (68)
0; + 2H,0 + 4e~ — 40H- (69)

Chlorine gas can cause metal corrosion at very low concentrations, as indicated by the much more positive standard potential of
Cly/Cl ™ than oxidation potentials of metals (Fig. 2). Additionally, the increase of Cl, partial pressure also destabilizes the oxide film
as indicated by the thermodynamic stability diagrams of M-O,-Cl, system [163,164]. The formation of oxides is favored at higher O,
partial pressure while chlorides become thermodynamically stable at the higher partial pressure of Cl,. The stabilities of oxides and
chlorides of metallic alloy elements are in the order of Cr > Mo = Fe > Ni and Cr > Fe > Ni = Mo, respectively [164].

Like molten fluoride salts, metallic cations such as Fe(III) are also the potential oxidants in the chloride salts. Enhanced corrosion
of iron in molten KCI-LiCl eutectic due to the addition of FeCl; was reported by Colom and Bodalo [156]. In that study, the cathodic
current density increased dramatically with the increase of FeCl; concentration, and the limiting current density corresponding to the
maximum diffusion rate of Fe(IIl) was identified.

Some actinides and fission products such as U(IV), Np(IV), and Eu(III) may act as oxidants in molten chloride salts to cause metal
corrosion, as indicated by the formal potentials in Table 2. In addition to the oxidizing capability, the oxide layers formed on the
metal surface could be destabilized by the presence of chlorides of actinides and lanthanides in the melt, leading to the accelerated
corrosion.

Hosoya et al. [150] investigated the corrosion of nickel-based superalloy Hastelloy-X in SONdCl;-5NaCl-45KCl molten salt. It was
found that the native oxide layer consisting of NiO, NiCr;0,, and NiFe,O, was stripped off by the reaction with NdCl5:

NiO + NdCl; — NiCl, + NdOCl (70)
NiCr0, + NdCl; — NiCl, + C,0; + NdOCl (71)
NiFe,0; + NdCl; — NiCl, + Fe,0; + NdOCI (72)

Corrosive HCI can also be produced by the reaction of NdCl; with residual moisture in molten chloride salts at high temperature:

NdCL + H,O — NdOCI + 2HCI (73)

Like NdCls, actinides and other lanthanides may also cause destabilization of the oxide layers by forming more stable oxy-
chlorides. The E-pO®~ diagrams for actinides and lanthanides in molten chloride salts [81,165] indicated large stability regions of
PuOCl, LaOCl, PrOCl, GAOCI, TbOCl, and HoOCl. Hence, oxide layers may be destabilized by these elements in chloride salts with
wide ranges of O®~ concentrations.

Compared to other alkali chlorides and alkaline earth chlorides, the reduction potential of MgCl, is relatively more positive, as
shown in Fig. 2. Results from ORNL flow loop tests with maximum temperatures of 494-575 °C showed higher corrosion rates for 347
and 410 stainless steels in NaCl-KCl-MgCl,, eutectic salt than in LiCl-KCI eutectic salt [36]. Moreover, the corrosion rates in NaCl-KCl-
MgCl, might be even higher as the temperatures of the NaCl-KCl-MgCl; loop tests were 70-120 °C lower than that of LiCl-KCl tests.
Ambrosek [166] investigated the corrosion performance of Hastelloy X, Hastelloy N, Haynes 230, Inconel 600, Inconel 617, Inconel
625, Inconel 718, Inconel 800H, Ni-201, and 316 SS in 68KCl-32MgCl, (mol%) at 850 °C and found most of these alloys suffered from
severe Cr dissolution and intergranular attack up to millimeters per year, indicating the corrosiveness of the MgCly-based salt. Wang
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et al. [152] studied the corrosion behaviors of pure nickel and nickel-based alloys GH4033 and GH4169 in molten 40NaCl-60MgCl,
(mol%) salt at 520 °C [152]. The results showed the major corrosion products on the metal surface were MgO and Ni, which was
attributed to the reduction of Mg(II) to metallic Mg followed by the reaction of Mg with NiO layer. Therefore, MgCl, might act as
oxidant and destabilize the native oxide layer, leading to more severe corrosion in MgCl, containing salts.

5.3. Influence of oxide layers and alloying elements

Different from the bare metal corrosion in molten fluorides, the oxide corrosion products were typically formed on the metal
surface in molten chloride salts. Corrosion products such as Cr»Os, NiO, Fe;Os, FeO, Fes04, and spinel-type oxides of NiCryO4,
NiFe;04, and FeCroO4 were characterized in the oxide layers formed on stainless steels and nickel-based alloys
[16,158,159,162,167-169]. The formation of these oxides are expected in chloride salts with very low levels of oxygen con-
tamination (e.g., 10~ 16_10 *2 atm for oxides of nickel, iron, and chromium depending on temperature [163,164,170]). However, the
formation of a passivating oxide layer is much more challenging in molten chloride salts compared to aqueous solutions. Many
experimental results showed the formed oxide layers on alloy surfaces are porous and non-passivating even under air or O,-con-
taining atmosphere [158,160,162,167]. Testing of nickel and iron electrodes in pure NaCl-KCl molten salt under air atmosphere
showed no signs of passivity [170]. Even with the addition of NaNO3 up to 0.1 mol% in the NaCl-KCl melt, stable passivation was not
achieved on iron although a tendency to passivate was observed as indicated by the fluctuation of open circuit potential over a range
of 200-300 mV with time. The potential fluctuation was attributed to the continual spalling and reforming of the oxide layers on the
metal surface which was evidenced by the large black oxide particles in the melts [170]. The formation of a stable passive oxide layer
highly depends on the concentration of the dissolved O®~ in the salt. The polarization of Fe, Co, Ni, Cu and Mo in molten LiCI-KCI
eutectic containing 0.5 M Li,O under helium atmosphere observed the anodic passivation zone in which the metal dissolution cur-
rents were significantly reduced [171]. The significant decrease of the metal dissolution current indicates the formation of a stable
protective oxide layer in the passivation zone. However, the passivation zone was about 200-400 mV more positive than the cor-
rosion potential and the metals were still under active dissolution at corrosion potential. Nishikata et al. [157] investigated the effects
of 0%~ on the anodic dissolution of metals by adding Na,COs in the NaCI-KCl molten salt. The anodic polarization curves indicated
the occurrence of active metal dissolution, while a gradual decrease of anodic dissolution rates of nickel, iron, copper, silver, and
platinum metals with the increase in Na,CO5 concentration was also observed. The inhibition of dissolution was attributed to the
formation of oxide layers which was more favorable at higher O concentrations. Although the oxide layers were not dense enough
to cause anodic passivation phenomenon, they might slow down the anodic dissolution to some extent. However, it was also found
the addition of Li,O in LiCl molten salt would accelerate the corrosion of Cr-containing alloys due to the basic fluxing of the Cr,05
layer by the basic oxide Li»O. Cho et al. [172] investigated the corrosion of Incoloy 800H, KSA-4 (Fe-36Ni-8Cr), and KSA-5 (Fe-32Ni-
29Cr) alloys in molten LiCl and LiCl-25 wt% Li»O. The results showed the corrosion rate of alloys was significantly accelerated by
additions of Li;O in the salt. This was attributed to the reaction of Li,O with Cr,0j3 in the oxide layer which forms soluble chromate
ions in the molten salt.

Cr0; + %02 + 2Li,O — 2Li,Cro, 74)

Hence the oxide layer became porous due to the removal of Cr,04 by reaction (74) and corrosion was accelerated by additions of
Li»O. Argonne National Laboratory also investigated the corrosion of various alloys in molten LiCl-Li;O salt [162]. Tests were carried
out under Ar-10% O, atmosphere in LiCl salt containing 3.5 wt% Li,O. All the specimens including two stainless steel and two Inconel
alloys were completely corroded and dissolved in the molten salt after 30 days of immersion at 725 °C. Results obtained at 650 °C with
a shorter exposure time of 6 days showed porous oxide layers on the stainless steels and Inconel alloys. Therefore, in addition to
lanthanides and magnesium, the formation of passivating oxide layers in molten chlorides might be further challenged by the pre-
sence of Li;O. In summary, oxide layers formed on metal and alloy surfaces were normally porous and non-passivating in molten
chloride salts under typical conditions but still provided some protection to the underlying metals.

Shankar et al. [158,167,173] found that the oxide layers displayed as separate Cr-rich and Ni-rich layers, according to the
microstructural examination of oxide layers formed on SS 316L (Fe-18Cr-12Ni), Incoloy 800H (Fe-20Cr-31Ni-1.5Mn), Inconel 600
(Ni-17Cr-10Fe-1Mn), Inconel 625 (Ni-18Cr-4Fe-11Mo), and Inconel 690 (Ni-30Cr-9Fe) in molten LiCl-KCl eutectic. It was assumed
that the Cr-rich oxide layer formed first on the alloy surface since the oxidation potential of Cr was lower and Cr,03 was more stable.
When the outward diffusion rate of Cr was slowed down in the Cr depletion zone, Ni-rich oxide layer was formed underneath the Cr-
rich oxide layer. Then the Cr- and Ni-rich layers grew in cycles, during which the spallation of the outermost layer could occur. This
interpretation was somewhat supported by the different stacking sequence of Cr-rich and Ni-rich layers observed on the same alloys
in different tests [158,162,167]. Future studies on the in-situ characterization of oxide layer evolution with time are required to
improve the understanding.

Alloy elements influence the formation of oxide layers and play vital roles in the corrosion behavior of alloys in molten chloride
salts. The major corrosion attacks for both the stainless steels and Ni-based alloys in molten chlorides are the depletion of Cr/Fe and
subsurface voids underneath the oxide layers [16,158,159,162,169,174]. In general, nickel-based alloys showed better corrosion
resistance regarding both weight loss and localized attack than stainless steels, as observed from many experimental studies
[4,16,158,162,167]. An example is the superior corrosion resistance of Inconel alloys compared to SS 304, SS 316L, SS 347 and
Incoloy 800H which have similar alloy compositions except for Ni and Fe [4,158,162]. The difference here can be attributed to the
base metals by two aspects. First, iron is less noble than nickel and is corroded more rapidly. The other is the destabilization of oxide
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layers by the volatile iron corrosion products. The evaporation of corrosion products was proven by the decrease of total mass of
molten LiCl-KCl salt and specimen inside the salt with time, as measured by thermogravimetric analysis [160]. The mass change due
to evaporation of LiCl-KCl salt itself was calibrated with the blank salt. Compared to NiCl, (T,,, = 1001 °C), CrCl, (T,, = 824 °C) and
CrCl; (T, = 1152°C), either FeCl, (T, = 306 °C) or FeCls (T,, = 677 °C) is highly volatile at operation temperatures for typical
molten chloride salts. Hence the evaporation of more volatile iron chlorides underneath and within the oxide layers might break
through the oxide layers and leave behind pores in the layer. The continue evaporation of iron chlorides would also shift the
equilibrium of reaction (42) which might cause the dissolution of formed iron oxides.

Furthermore, under conditions that nickel-based alloys only suffered from uniform transgranular voids [16,162] and Cr depletion
[158], additional intergranular attacks were observed on austenitic stainless steels [16,158,162,175]. The intergranular corrosion in
molten chloride salts may follow the same mechanism as in aqueous solution. Polovov et al. [175] investigated the resistance of
stainless steels to intergranular corrosion in molten NaCl-KCl equimolar salt. Three austenitic stainless steels were tested, and the
intensity of the intergranular corrosion increased in the order of AISI 321 (< 0.12C, 0.5-0.8Ti, in wt%) > AISI 316Ti (< 0.1C,
0.5-0.7Ti, 2.0-3.0Mo, in wt%) > AISI 316L (< 0.03C, 2.2-2.8Mo, in wt%). The results indicated the resistance to intergranular
corrosion was improved by decreasing the carbon content and increasing the content of strong carbide forming elements. Hence, the
susceptibility of intergranular corrosion was probably caused by the precipitation of chromium carbides and subsequent Cr depletion
at grain boundaries, i.e., sensitization effect. This is to say that, the decrease of Cr content reduces the corrosion resistance at the grain
boundaries. Increasing Cr content may benefit the formation of the protective Cr-enriched layer, which is supported by the lower
corrosion resistance of carbon steel Q235A, and 9Cr-1Mo steel in molten chlorides than the stainless steels with higher Cr content
[160,176]. On the other hand, the increase of corrosion rate with the increase in Cr content in alloys due to the selective dissolution
of less noble Cr from the alloys was also reported in molten LiCl-Li-O [172]. Therefore, Cr plays a dual role in the alloy corrosion in
molten chlorides, i.e., the beneficial effect on the formation of protective oxide layers and the detrimental effect on the aspect of Cr
depletion.

Considering the dual effects of chromium additions, selection of appropriate content of Cr is important for alloy corrosion in
molten chloride salts. Corrosion tests in molten LiCl-KClI eutectic indicated that alloys with intermediate Cr content such as Inconel
600 (Ni-17Cr-10Fe-1Mn) and Inconel 625 (Ni-18Cr-4Fe-11Mo) showed superior corrosion resistance compared to Inconel 690 (Ni-
30Cr-9Fe) and pure nickel [158,167]. Vignarooban et al. [151] investigated the corrosion resistance of Hastelloy C-22 (Ni-22Cr-
13Mo-3W-3Fe-2.5Co), Hastelloy C-276 (Ni-16Cr-16Mo-4W-5Fe-1Co), and Hastelloy N (Ni-7Cr-16Mo-5Fe) in NaCl-KCl-ZnCl, molten
salt for solar applications. The results showed that the corrosion rate of Hastelloy C-276 was 3 times lower than Hastelloy N and
slightly lower than Hastelloy C-22, indicating the optimized Cr content for Ni-based alloys was approximately between 7 wt% and
22 wt%. The presence of 3-4wt% W in Hastelloy C-22 and Hastelloy C-276 might also have beneficial effects. Investigations of
corrosion of electroformed pure nickel with and without Ni-20%W coating in molten LiCl-KCI indicated a better corrosion resistance
of nickel with Ni-W coating due to the formation of W-rich NiO films [167].

Molybdenum is also an inert element but is detrimental in the case of high-temperature molten chloride corrosion. Shankar et al.
[158,162] found the corrosion rate of Inconel 625 (Ni-18Cr-4Fe-11Mo) was remarkably higher than Inconel 600 (Ni-17Cr-10Fe-1Mn)
in molten LiCl-KCl eutectic due to the presence of Mo in Inconel 625. This was attributed to the formation of low-melting MoO3
(melting temperature T, = 795 °C) which might break away from the oxide films [159]. Considering the higher melting point of WO5
(T, = 1473 °C) and similar oxidation potential of W and Mo, replacement of Mo by W in the alloy may improve the resistance to
molten chloride corrosion.

Aluminum and titanium additions inhibit the corrosion in MgCl,-based chloride salts by forming more stable oxides. Wang et al.
[152] studied the corrosion mechanisms of nickel-based alloys in 40NaCl-60MgCl, (mol%) and revealed the superior corrosion
resistance of GH4033 (Ni-20.5Cr-4Fe-2.6Ti-0.8Al) due to the formation of a Ti- and Al-enriched oxide layer. Compared to Ni, Fe, and
Cr, Ti and Al were oxidized more readily and formed stable oxides, which inhibited the metal dissolution and attack on grain and &
phase boundaries. Studies of Fe-Al model alloys in molten KCI showed that the dense alumina layer acted as an effective barrier to the
penetration of the aggressive components and was stable in molten chloride salts [177]. Pre-oxidation treatment of alumina-forming
alloys was proposed by Gomez-Vidal et al. [153] to mitigate the corrosion in molten 64.41KCI-35.59MgCl, (mol%) salt. Inconel 702
(Ni-14 ~ 17Cr-2Fe-2.75 ~ 3.75Al), Haynes 224 (Ni-20.5Gr-27.6Fe-3.2Al), and Kanthal APMT (Fe-21Cr-5Al) were pre-oxidized and
then tested at 700 "C under argon atmosphere up to 505 h. Results indicated that dense and uniform a-Al,O; enriched layers were
formed during the pre-oxidation treatment which protected the alloys from the molten salt attack. Comparing the performance of the
tested alloys under various pre-oxidation conditions, Inconel 702 pre-treated in N»-20%0, atmosphere at 1050 °C for 4 h showed the
lowest corrosion rates. The alumina layers formed in Ar atmosphere were generally too thin. Hence, it was suggested to perform the
pre-oxidation under cost-effective air atmosphere.

The silicon content should be limited below the solubility in the alloy. Cho et al. [178] studied the effect of Si on corrosion of
N101 and N102 alloys in LiCl-LiO molten salt and found increase of Si additions above 2 wt% reduced the corrosion resistance. The
Si solubility in pure nickel is about 5 wt% but can be decreased to 2 wt% by the presence of other alloying elements such as Al and Ti.
The excessive Si induced extensive segregation phases which initiated cracks in the oxide layers, resulting in the acceleration of
corrosion.

6. Redox control to mitigate the corrosion

Redox control technique has been proposed to prevent the corrosion of structural materials in molten fluoride and chloride salts.
The idea of the redox control is to introduce another redox couple RA** /RA'* (k > j, RA stands for redox buffering agent) to make
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Fig. 15. Schematic polarization curves for chromium corrosion in the presence of a redox buffer with (a) low ip and (b) high iy, respectively.

the salt less oxidizing. As discussed in Section 3.1, the corrosion of structural metals is an irreversible electrochemical process at a
mixed/corrosion potential that deviates from the equilibrium potentials of the anodic and cathodic partial reactions. However, the
equilibrium potentials of the partial electrode reactions will approach an intermediate value with the increase of the product con-
centrations and consumption of the oxidants with time. Hence the overall corrosion reaction tends to reach an equilibrium where
corrosion will be stopped:

M + Ox < M"* + Red (75)

If a redox buffering agent RA** /RAJ" is introduced in the system, the equilibrium of reaction (75) will be influenced by the
following two reactions:

RAJ* + Ox < RAK+ 4+ Red (76)
M + RAFT & Mt 4+ RAJT (77)

In the thermodynamic consideration, the equilibrium of reaction (75) can be pushed to the left by keeping the concentration ratio
of RA*" /RA " sufficiently low. Hence, the concentration of M** can be thermodynamically limited by controlling the concentration
ratio or redox potential of RA** /RAT* . However, the influence of RA** /RAI™" to reaction (75) could be very limited if the two RA* "/
RA'" related reactions are relatively slow. Moreover, corrosion is an irreversible electrochemical process before reaching such
equilibrium. Therefore, it is always valuable to consider the effects of redox control on metal corrosion from the kinetics aspect.
Fig. 15 shows the kinetics of reactions occurring on a corroded metal surface in a redox control system that contains a metal M, an
oxidizing impurity Ox, and a redox buffering agent RA** /RA'*. All electrochemical parameters except the exchange current density
of RA** /RA/™* are the same in Fig. 15a and b. The corrosion potential where the net current is zero is indicated by the horizontal line.
It is seen that the inhibition of corrosion by introducing RA** /RAJ* with lower i, in the system is very limited. By increasing the i, of
RA*"/RA' (Fig. 15b), the negative shift of corrosion potential becomes more pronounced. At this corrosion potential, oxidation rate
of RA'* is several orders of magnitude higher than the dissolution rate of metal M. This means most oxidants will be consumed by the
oxidation of RA'* rather than the corrosion of metal. In other word, RA'* acts as a sacrificial material to protect the metal. In
addition to the exchange current density, charge-transfer coefficient and diffusion coefficient also affect the sacrificial effect of redox
buffers. Back to the thermodynamic consideration, the redox potential of RA**/RAI* should be controlled below the oxidation
potential of M to avoid the corrosion by RA¥ " after the consumption of the oxidizing impurities. Therefore, the redox control system
requires a redox buffer RA** /RAJ* with higher iy and lower redox potential. The control of the redox potential can be performed by
adjusting the concentration ratio of RA** /RA'* which may change with time due to the reaction with oxidants in the molten salt.

Redox control can be performed through gas phase control (e.g., HF/H,), major metal control (e.g., Be(II)/Be), and dissolved salt
control (e.g., UIV)/U(II)) [13]. Gas phase control was successfully used to change the salt redox conditions (i.e., salt purification in
Section 3.2.6) but the application in the MSRs was challenged due to the impact on the tritium processing systems and potentially
larger volume of radioactive waste. Compared to major metal control, dissolved salt control is relatively more attractive as the soluble
RA is uniformly dispersed in the entire molten salt systems and will not cause the formation of intermetallic compounds with
container metals.

In the MSRE, minor corrosion of the structural components was observed which might be attributed to the lower U(IV)/U(III)
concentration ratio in the fuel salt. It was recommended to control the concentration ratio of UIV)/U(III) in the ranges of 50-143 for
MSRE fuel salt and 10-100 for 72LiF-16BeF»-12ThF, salt based on the thermodynamic calculations [48,61]. A concentration ratio
above the upper limit would cause considerable corrosion of chromium while a ratio below the lower limit might form uranium
carbides in systems containing graphite components [48,61]. From the aspect of electrode kinetics, U(IV)/U(IID) is also feasible as a
redox buffering agent due to its higher exchange current density than metal dissolution reactions (Fig. 4).

As UF3 would be consumed by the reactions with oxidizing impurities, the ratio of UF,/UF; in the MSRE fuel salt was maintained
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to values around 100 by contacting the salt with beryllium metal in the reactor’s sample system on a weekly or monthly basis [48].
The redox potential of Be(II)/Be is more negative. Hence, the U(IV) can be reduced to U(III) by the oxidation of beryllium metal:

Be + 2U(IV) — Be(II) + 2U(III) (78)

The possibility of using metallic uranium instead of beryllium to control the concentration ratio of U(IV)/U(III) was recently
investigated for the application of redox control in MSFR [179]. The evolution of U(IV)/U(III) concentration ratio after the immersion
of U plate in LiF-CaF,-UF4 melt was monitored by cyclic voltammograms. The concentration ratio decreased from infinite to 1in 2.5h
due to the 3U(IV) + U « 4U(III) reaction, showing the feasibility of using U as reducing agent.

In MSRs’ intermediate coolant systems, redox couple Eu(III)/Eu(Il) was proposed to prevent the corrosion of structural metals
[47]. It was found that the transformation between Eu(III) and Eu(II) was reversible, indicating higher reaction rate constants. The
comparison of the measured formal standard potentials of Eu(III)/Eu(IT) with oxidation potentials of Cr indicated that the corrosion of
chromium can be mitigated by controlling the Eu(III)/Eu(II) concentration ratio below 0.05. Furthermore, the deposition of metallic
Eu when the salt is over-reduced is not likely as the potential of Eu(II)/Eu was more negative than the potassium deposition potential
of FLiNaK. In this study, the measurements of Eu(III)/Eu(II) concentration ratio using voltammograms and the dynamic reference
electrode for the redox sensor were also demonstrated. Hence the online monitoring of the salt redox condition can be quickly
performed by electrochemical measurements using the redox sensor. The approach of controlling of the Eu(IlI)/Eu(II) concentration
ratio by contacting the fluoride melt with reductive metals was also validated [179]. Sm(III)/Sm(II) and Yb(III)/Yb(II) are also
possible couples for dissolved salt control, as indicated by their formal potentials in Table 2. For the dissolved salt control in the
primary coolant of salt-cooled reactors, candidates should also exhibit low neutron absorption, and no acceptable multivalent redox
couple has been found so far [31].

The major metal control method was also studied in molten fluoride salts. ORNL investigated the corrosion rate of stainless steel
316 in FLiBe salt with and without additions of beryllium metal [180]. As shown in Fig. 16, without the addition of beryllium metal,
the weight loss was decreased rapidly in the first 1000 h probably due to the impurities in the “as received” salt. This was followed by
the thermal-gradient driven corrosion with a rate of ~8 um/y after 3000 h. In comparison, the beryllium addition significantly
reduced the corrosion rate to less than 2 um/y as indicated by the upper curve.

Later during the JUPITER-II fusion program, beryllium metal control method was further studied for corrosion prevention in
FLiBe blanket coolant [181-183]. In fusion blankets, corrosive tritium fluoride is generated by the reaction of neutrons with LiF. In
these tests, He/H»/HF gas mixture was bubbled through the molten salt in a sealed container with a simulated HF flow rate while the
HF concentration in effluent gas was measured using an autotitrator. Calderoni et al. [181] investigated the effect of beryllium
addition on the corrosion of reduced activation ferritic/martensitic steel JLF-1 (89Fe-9Cr-2W) in FLiBe. The ICP analysis of the salt
showed the dissolved Cr and Fe in the salt were remarkably reduced during the short immersion of beryllium rod in the melt. This was
attributed to the sacrificial effect of beryllium metal as indicated by the significant decrease of HF concentration in the effluent gas
stream during beryllium addition and the substantial corrosion of beryllium rod. Even after the extraction of beryllium rod, it took a
long period for the HF to recover to the original concentration. Depending on the immersion time and HF flow rate, this recovery time
could vary from several hours to 50 h. One example of the lagging effect of HF recovery after beryllium addition is given in Fig. 17
[182]. A simple kinetic model was also developed to calculate the dissolution rate of beryllium and transformation rate of HF to Hy
[183]. The calculations indicated that the beryllium metal control would be able to keep the TF concentration in the melt below
0.02 ppb under which condition the corrosion of structural metals should be negligible [183].

Compared to the dissolved salt control, the buffering capability of the major metal control in the entire MSR coolant loop was
questioned as the effect might be inadequate in locations far away from beryllium addition [13,23]. However, the presence of soluble
Be? with adequate solubility in FLiBe was found during JUPITER-II. Hara et al. [184] dissolved the Be-rod-contacted FLiBe salt
samples in acid solutions and measured the amount of hydrogen gas generated by the reaction of Be® with acid. The corresponding
Be? concentration in FLiBe was in the range of 0.099-0.76 mol%. This concentration was in the same order of magnitude compared to
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Fig. 16. Weight loss of 316 stainless steel at the hot section (650 °C) of a convection loop in FLiBe salt showing the corrosion inhibition by the
addition of beryllium metal in the salt [180].
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Fig. 17. Measured and calculated outlet HF concentration after various immersion times of beryllium metal in the FLiBe molten salt [182].

the total uranium fluorides in MSRE fuel salt. Hence, the solubility of Be® might be adequate for redox control. The application of
major metal control in molten chloride salts such as Mg in MgCl,-KCl salt [185] was also promoted by recent interest in the use of
molten chloride salts in MSRs and solar applications. Zirconium metal was also proposed as redox buffering agent in non-beryllium
fluoride salt systems. However, the formation of a coating composed of Ni/Zr intermetallic compounds was reported in FLiNaK
system using zirconium metal as a redox buffer [186]. The salt might also become too reducing to cause the formation of ZrC particles
in the presence of graphite [186]. Therefore, in addition to the corrosion control capability, the feasibility of using major metal
control in the new salt systems should be carefully demonstrated to avoid other material compatibility problems.

7. Conclusions and outlook

This review covers key areas of materials corrosion and related materials issues in typical molten salts used in nuclear engineering
fields. The roles of the alloy composition, salt chemistry, and environmental factors involved in various nuclear applications are
discussed, based on which recommended areas for additional research to further understand the corrosion mechanisms and the
development of corrosion-resistant alloys are proposed. The conclusions for the material corrosion in molten fluorides and chlorides
are presented below.

Materials corrosion in molten fluorides is in the form of bare alloy dissolution driven by the oxidants in the salt. The thermal
gradient driven corrosion is inevitable in the MSR circuits. Thus the corrosion rate at hot sections must be minimized to avoid the
clogging problems at cold sections specifically for heat exchangers. Depletion of chromium with subsequent formation of voids in the
regions near the alloy surface and along the grain boundaries are typical corrosion attacks on Cr-bearing alloys. As alloy corrosion is
predominated via the selective dissolution of chromium, the chromium content in the alloys must be reduced. However, the decrease
of Cr content also lowers the resistance to air oxidation. The optimized Cr content is 6-8 wt% in consideration of the resistance to
both molten salt corrosion and high-temperature air oxidation. The Ni-Mo alloys with a major composition of Ni-11 ~ 13Mo-6 ~ 8Cr
are promising candidate materials for molten fluoride salt reactor concepts. Future alloy metallurgical modifications aiming at the
mitigation of Cr depletion should focus on lowering the Cr diffusion coefficient, especially the intergranular diffusion. There are
current works on the surface treatment or multilayer composite with a diffusion barrier layer for Gr which is an alternative option
[96,187]. Three other material degradation issues are Te-induced IGC, irradiation embrittlement, and radiation damages. For the salt-
fueled MSRs, resistance to Te-induced IGC must be considered. Fission product Te diffuses preferentially along the grain boundaries
and causes IGC by the formation of brittle metallic tellurides on grain boundaries. The formation of these telluride compounds is
probably by the reactions of Te with the alloy elements Ni and Cr. Although the mechanisms still require further verification, there
exist two options to reduce the Te-induced IGC. The first option is to minimize the preferential formation sites (e.g., intergranular
carbides) for tellurides by alloy modifications. The improved resistance of Hastelloy N to the Te-induced IGC by adding 1.5 wt% Nb
alone or 1-2 wt% of Al with 0.8-1.0 wt% of Ti is encouraged for the future development. The other option is to reduce the Te to its
negative oxidation states in the salt by controlling the salt redox condition. To improve the resistance of Ni-based alloys against
irradiation embrittlement, additions of alloying elements to form finely dispersed carbides within the grains have been found to be
effective. Experiments have shown that the radiation damage greatly accelerates the corrosion of alloy exposed to molten fluoride
salts. The resistance of Hastelloy N to damages caused by simultaneous thermal neutron radiation and molten salt corrosion seems
adequate based on MSRE experience. However, related studies are very limited, and the synergistic effect of fast neutron radiation
damage and molten salt corrosion attack must be investigated for recent fast spectrum MSR concepts.

Corrosion is significantly accelerated by the presence of oxidizing impurities in the fluoride salts. These impurities include the
water contaminant, initial metallic impurities, residual HF after salt purification, ingress of impurities from the MSR environment,
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corrosion products, actinides as well as the fission and transmutation products. The potential erosion-corrosion of the structural alloys
by the presence of solid oxides impurities in the flowing molten salt coolant in MSR loops is also a concern which has not been
verified. Redox control is an online technique to mitigate the material corrosion by maintaining a reducing salt redox condition. The
oxidizing impurities will be primarily consumed by the redox buffering agent. The dissolved salt control and major metal control are
promising options for redox control in MSRs. Future efforts should be made on the aspects of kinetics and online measurements.
Modeling the corrosion of structural materials in molten fluorides is important for the safe operation of MSRs. A simplified model by
incorporating the electrochemical corrosion module with the heat and mass transfer simulation has been developed to predict the
local corrosion rate in solar molten salt systems [188]. Compared to solar systems, nuclear molten salt systems are more complicated
due to the variety of oxidants, radiation, and fission product embrittlement. A comprehensive model has not been developed because
of the lack of fundamental data such as electrochemical parameters for typical oxidants in nuclear molten salt systems. The model
should also be capable to predict the alloy depletion and voids formation in the alloy which might be simulated by molecular
dynamics and kinetic Monte Carlo methods.

Material corrosion in molten chlorides highly depends on the salt impurities and alloy compositions. Due to the presence of
chlorine ions and other species such as Li»O and cations of magnesium and lanthanides, formation of passivating oxide layers as in the
aqueous system is typically not practical in molten chlorides. The formed oxide layers on the alloy surface are normally porous and
spalled in molten chloride salts. However, the oxide layers still provide some protection to the underlying metals. The corrosion
attack appears as depletion of Cr in the alloy matrix underneath the oxide layer and the intergranular corrosion. Different from the
alloy development strategy in molten fluorides, alloy modifications in molten chlorides should not only consider the alloy depletion
but more importantly the influence on the oxide layer properties. Cr additions benefit the formation of protective oxide layers but
accelerate the Cr depletion in the alloy. The optimized Cr content is approximately between 7 wt% and 22 wt%. Nickel-based alloys
showed better corrosion resistance than iron-based alloys probably because iron forms highly volatile chlorides which destabilizes the
oxide layers. Mo should also be minimized due to the formation of low-melting MoO3. Si content should be limited below the
solubility to avoid the formation of segregation phases which initiate cracks in the oxide layer. Al additions in the alloys form more
protective and stable a-Al,O3 which improves the corrosion resistance. The resistance of alumina forming alloys can be further
improved by high-temperature pre-oxidation treatment. The intergranular corrosion in molten chlorides perhaps follows the same
mechanism as in aqueous solutions. Hence the resistance to the intergranular corrosion can be improved by the decrease of the C
content and/or the addition of strong carbides forming elements.
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