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Abstract: A molten salt reactor is one of the fourth-generation reactors and is considered to be a
feasible replacement for current reactors due to their many advantages. However, there are a number
of issues that remain; one of which is the corrosion of the materials. Corrosion problems in molten
salt reactors have been reported since The Molten Salt Reactor Experiment at Oak Ridge National
Laboratory in the 1960s. There have been many attempts to mitigate the corrosion problem, but a
fundamental solution has not yet been achived. In this study, surface reaction-diffusion-coupled
simulations were performed to simulate the corrosion of a Ni-Cr—Fe material, a prototype of Hastelloy
N, which is being promoted as a structural material for molten salt reactors in F-Li-Na-K eutectic
salts. This surface reaction-diffusion-coupled simulation framework was developed to study which
corrosion reactions are dominant in molten salt environment corrosion where a large number of
oxidation-reduction reactions exist, the correlation between composition of alloy and corrosion rate,

and the effect of Cr depletion on corrosion.

Keywords: molten salt reactor; corrosion; surface reaction-diffusion-coupled simulation

1. Introduction

A molten salt reactor (hereafter MSR) is a fourth-generation reactor design that has
gained significant attention for its inherent safety, due to the reactor’s negative temperature
coefficient of reactivity [1-3], and its ability to eliminate the need for a pressurization
system [2,4,5], resulting in a smaller, simpler design [2,6]. Furthermore, unlike light water
reactors, there is no risk of a hydrogen explosion in the event of a LOCA (Loss Of Coolant
Accident) [7,8], and the leakage of radioactive material is much smaller compared to light
water reactors because the leaked coolant quickly solidifies [7,9,10].

The Molten Salt Reactor Experiment, conducted in the 1960s at Oak Ridge National
Laboratory [5,6], confirmed the feasibility of molten salt reactors, but also highlighted many
problems that needed improvement, one of which was the corrosion of reactor structural
materials by molten salt [11-15].

Unlike aqueous environments, where corrosion can be prevented by a passive oxide
film on the alloy surface, in molten salt environments, the oxide film is unstable and
cannot be mitigated by a passive oxide film [14,16]. Additionally, corrosion can occur
due to various impurities, such as fission products, moisture, and metal cations [8,17].
Moreover, temperature differences and differences in chemical potentials between different
materials can accelerate corrosion [8]. Material corrosion by molten salts has been studied
experimentally in stainless steels [18-22] and Ni-based alloys [21-24]. There are studies on
complex corrosion mechanisms, and some studies use electrochemical analysis to calculate
the reduction potential of the corrosion reaction [4,11]. Based on the redox potential, there
are studies on corrosion mitigation by adding chemical species to be corroded instead or
controlling impurities by purifying the molten salt online [15,25].
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It is known that the corrosion phenomenon is governed by (1) thermodynamic factors
that determine the electrode potential and (2) kinetic factors that determine the surface
reaction rate. However, elements such as Li™, Na™, and K* are not thermodynamically
expected to undergo reduction reactions [11], so it is still uncertain what the opposite
reduction reaction to the oxidation reaction of Cr or Ni is, and the reduction reaction is
assumed to be the impurity reaction, but it is still unclear which reaction is the main impu-
rity reaction [8]. However, it is understood as an impurity-driven corrosion phenomenon,
and the impurity reaction assuming the trace presence of hydrogen ions is assumed in
this study.

The corrosion phenomenon in the molten salt environment of MSRs is a multiphysical
phenomenon involving corrosion of materials [26], chemical reactions between substances—
including fission products in the fuel salt [8,11] and the flow of fuel salt [4,8]. It requires
more in-depth and extensive research for a comprehensive analysis of the phenomenon.

The development of a surface reaction-diffusion-coupled corrosion simulation frame-
work will be an important step in the development of multiphysics simulation tools that can
predict the corrosion behavior in molten salt reactors, including various physical phenom-
ena such as flow and temperature gradients. Previous study of electrochemical reactions in
molten salts using the COMSOL corrosion module has been conducted to analyze a metal
electrolysis study [27], which confirmed the ability to link surface electrochemical reactions
with transport equations. In this study, we performed surface reaction-diffusion-coupled
corrosion simulation to evaluate the corrosion rate in Ni-Cr—Fe alloys exposed to molten
FLiNaK by the composition of the alloy. Wang et al. predicted molten salt environment
corrosion of Ni-based 625 alloy by performing probabilistic predictions based on cellular
automata rather than solving interface reaction or diffusion equations directly [28]. Li et al.
predicted the molten salt environment corrosion of a material based on first principle
molecular dynamics, utilizing the Berzins—Delahay equation, which utilizes the correla-
tion between exchange current density and impedance, instead of Butler—Volmer, which
correlates the current and potential for surface reactions [29]. Bhave et al. proposed a
simulation framework to predict the corrosion behavior of Ni—Cr alloys in F-Li-Be molten
salts using the linearized Butler-Volmer equation [30]. Feng et al. simulated the corrosion
behavior of 625 alloy in a molten salt environment with a cellular automata method and
made progress in incorporating grain size effects [31]. In this study, we extended the
material composition to the Ni-Cr-Fe ternary system, allowing us to consider the reduction
reactions of Fe ions, and made significant progress in predicting surface reactions utilizing
the full Butler-Volmer equation. The comparison between current work and previous
work [30] is shown in Table 1.

Table 1. Comparison between previous works [28-30] and current work.

Alloy Molten Salt Microstructure Surface Reaction
Wang et al. [28] 625 NaCl-MgCl,—-CaCl, N/A Stochastic approach
Lietal. [29] Ni-Cr-Fe-Mn-Co NaCl-MgCl, N/A Berzins-Delahay
Bhave et al. [30] Ni-Cr FLiBe Grain Boundary Simplified Butler-Volmer
Feng et al. [31] 625 Chloride Grain Boundary Stochastic approach
Current work Ni-Cr-Fe FLiNaK N/A Butler-Volmer

In this paper, we begin by describing the model in Section 2, including the model
geometry, simulation strategy, and boundary and initial conditions. In Section 3, we present
the results from the model. In Section 4, we fit the mass loss of Cr with a polynomial
and observe the Cr depletion effect in the simulation. Both general corrosion [8,32] and
localized corrosion, such as pitting corrosion [8,32] occur in the structural materials of
molten salt reactors. Among them, pitting corrosion is highly influenced by microstructural
inhomogeneities such as grain boundaries [33], and this inhomogeneity is not reflected in
this study, so only general corrosion is considered in this study.
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2. Model Description
2.1. Model Geometry
The model geometry is two-dimensional rectangular geometry, as shown in Figure 1.

The blue shaded area is the electrolyte region (molten salt), and all reactions are set to occur
at the bottom of that region, at the interface with the electrode (alloy).

Alloy
(Electrode)

Figure 1. Schematic geometry of the model. The blue region is the molten salt (electrolyte), the grey

region is the alloy (electrode), and the red region is the alloy surface where the reactions occur.

The mesh of the geometry is shown in Figure 2. The mesh size of the bulk region is
0.01 m square and interface with molten salt and the alloy region is 0.0005 m.
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Figure 2. The mesh used for our simulations, where the system area is 10~* m? and the element size
is5x107*m
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2.2. Simulation Strategy

We solve the Nernst-Planck equation that mainly analyzes the mass transfer of chemi-
cal species in the molten salt, and the Butler—Volmer equation that predicts the electrochem-
ical reaction at the alloy surface. To simulate the mass transfer and electrochemical reaction,
the implicit finite element method is applied using the COMSOL (6.2 version, COMSOL
Inc., Burlington, MA, USA) corrosion module.

The Nernst-Planck equation, which satisfies the conservation of mass for chemical
species j is provided by

(Z?>+V-E+u~ij:Rj (1)
where cjis the concentration of each chemical species j (mol/ m3), t is the time (s), T] is the
flux of chemical species j (mol/m?-s), u is the velocity of the molten salt (m/s), and Rjis
the source of the chemical species j (mol/m3-s).

The flux is calculated by diffusion and electromigration of the chemical species in the
molten salt, and the effect of convection is included in Equation (1) as u - V¢;. So, the flux
is provided by .

]] = 7D]?IVC]' — zjum,]-chngl, (2)

where D¢ is the diffusion coefficient of the j chemical species in the salt (m?s™1), zj
is the charge of j chemical species, uy,; is the electromigration mobility of j chemical
species (s - mol/kg), F is Faraday’s constant (C/mol), ¢; is the electrolyte potential (V),
and the first term on the right-hand side corresponds to diffusion and the second term
to electromigration.

Electrolyte potential (¢;) is the potential that appears in the electrochemical potential
of a species in the solution. Also, we cannot determine the electrolyte potential using only
the Nernst-Planck equation. The number of Nernst-Plank equations is j and the number
of variables is the concentration of j chemical species plus the potential of the electrolyte,
totaling j + 1. Finally, an electroneutrality condition is considered to reduce the number of
dependant concentration variables by one. The electroneutrality condition is provided by

ZZ]’C]' =0, (3)
)

which follows from the dimensional analysis of Gauss’s law. In a typical molten salt solution,
it is accurate over lengths greater than a few nanometers. Using the electroneutrality
condition eliminates the need to represent one of the charge carriers, reducing the number
of dependent concentration variables of the chemical species by one.
The diffusion coefficient in Equation (2) was determined using the Stokes—Einstein

equation [34]:

o _ kpT

I 6mur;’

(4)

where kp is the Boltzman constant (J /K), T is the absolute temperature (K), y is the dynamic
viscosity (Pa - s), and 7; is the radius of particle (m). The superscript el means that the value
is the elemental diffusion coefficient in the molten salt. Equation (4) is used to determine
the diffusion coefficient of a species in a fluid with a low Reynolds number, assuming that
the particles of the species are spherical. The mobility in Equation (2) is calculated from the
diffusion coefficient using the Nernst-Einstein relation:

el
Dj

Up,j = RT’ ®)
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where R is the gas constant (J/K - mol). It is assumed that the current in the molten salt
flows only by the movement of ions, such that the current density vector in the molten salt
i; (A/m?) is the sum of the fluxes of all chemical species:

i =FY_z];, (6)
]

which satisfies the conservation of charge. It is computed only for chemical species j in the
molten salt.

Thus far, the equations only consider mass transfer in the molten salt. Now, the
governing equation for the electrochemical reaction on the alloy surface is presented. The
stoichiometry coefficients for the electrochemical reaction at the alloy surface are defined
as follows:

Z |UOX|SOX tne < Zvredsred/ 7)

0x red
where S,,; is the reduced chemical species and is the product of the reduction reaction.
Sox is the oxidized species and is the reactant in the reduction reaction. v,y and v,,; are
the stoichiometry coefficients of the respective species and v,y is defined as negative to
distinguish whether the species is oxidized or reduced. At the surface, the oxidation
reaction of the alloy and the reduction reaction of the alkali metal and impurities in the
molten salt can occur, as shown in Table 2.

Table 2. Reactions occurring on the electrode surface.

Oxidation Reaction Reduction Reaction
Cr(s) & Cr¥t 4 2¢~ Lit + e~ < Li(s)
Cr(s) & Cr3t + 3¢~ Na™ 4 ¢~ < Na(s)
Fe(s) < Fe?* +2¢~ K* +e~ < K(s)
Fe(s) < Fed* 43¢~ HF(g) +¢~ & %Hz(g) +F~
Ni(s) < Ni2t + 2¢~

The stoichiometry coefficient and the number of electrons participating in the reaction
are determined by substituting each reaction into Equation (7), as demonstrated in Table 3.

Table 3. Example of the stoichiometry coefficient and the number of electrons participating.

Zox |on|sox +ne < Zred vredsred
Cr(s) < Cr?t +2¢~

n=2
ng = CI‘2+ UCr2+ =-1
Sreq = Cr(s) OCr(s) = 1

The molar flux (R;, mol/ m?-s) of j chemical species perpendicular to the alloy-molten
salt interface is calculated as the sum of the fluxes generated by all of the electrode reactions,

ie., .
Z)‘, 1 y
Rj:Z( jm ocm), (8)

— nmF

where i}, ,, is the local current density of the m reaction (A/ m?), which is calculated by the
mass action law Butler—Volmer equation:

. . g mF e F
= [op (2512 ) g 21|, o
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where ij,, is the exchange current density of the m reaction, &g, (tcn) is the transfer
constant, and #,, is the overpotential. The exchange current ip,, includes a term for
concentration and is provided by

on = 5400 | TT (fif)<w> I1 (Cfif)(
]

>0 Cj jivj<0

&a,mv;

')
} (10)

is the reference exchange current density. The overpotential is provided by

f

.re
where iy,

Mm = ¢s — P — Eeq,m/ (11)

where ¢s is the electrode potential, E,g,; is the equilibrium potential of the m reaction, and
the equilibrium potential is calculated by the Nernst equation:

RT ¢\
Eeq,m = Eg;fm(T) - ﬁlnl—[ (Tif> ’ (12)
iNG

f

where c]r.e is reference concentration of j species and EZZ{M(T) is the reference equilibrium

ef

The model can be run in two ways with respect to the concentration of elements in the
alloy. It can be assumed that there are an infinite supply of elements in the alloy, such that
their concentrations are constant with time. Alternatively, the effect of alloy depletion from
the alloy can be represented by assuming that the elements in the alloy dissolve into the
salt from the surface according to equation using the local current density:

Jor = ¥ (”nFm) (13)

m

potential at T temperature and c;. concentration.

Although, Cr in alloy diffuses from bulk region of alloy to the surface according to
Fick’s first law:
J&” = -0 Ve (14

The superscript “alloy” means that it is the parameter in the alloy.

2.3. Model Parameters and Initial Conditions

In the model, the temperature of the molten salt is 1023.15 K. The design temperature
of the Molten Salt Reactor Experiment is 1300° F; therefore, we set a higher temperature
to be conservative. The viscosity of molten salt is 0.01 Pa - s. The diffusivity of Cr in the
alloy is 4.53 x 10 um?s71, considering grain boundary diffusion [30]. The backward
differentiation formula (BDF) method is used for the time integration. The time step length
from 0to 10sis 0.1s, from 10s to 3600s is 10s and from 3600s to 100h is 1 h.

The initial concentrations and properties of the various species are shown in Table 4.
The initial concentration of the molten salt is the concentration of the eutectic FLiNaK
salt (46.5%LiF-11.5%NaF-42%KF). The initial concentration of HF is set to 100 ppm to
conservatively calculate the concentration after purification [35]. The initial concentration
and reference concentration of the alloy elements (Cr?*, Cr®", Fe?t, Fe®",Ni? ") are from
the Redox potential in Figure 8 of [15]. The reference concentration of F~ is 1000 mol/ m3.
The reference concentration of HF(g) and H(g) is the concentration of ideal gas at 1 mol,
latm, 1023.15K.

The reference properties for each reaction are shown in Table 5. The reference equi-
librium potentials for each reaction are calculated using the redox potential in Figure 8
of [15] at 1023.15K. The reference equilibrium potential of the HF(g) reduction reaction
is calculated using the standard Gibbs free energy change of each reactant. The reference
exchange current density of Cr and Fe are measured experimentally [36], but the reference
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exchange current density of Ni is not available in the FLiNaK molten salt; hence, the
reference exchange current density of Cr is used. The reference exchange current density of
the halogen elements (Lit,Na™, K") are used as the default values in COMSOL because
the halogen oxidation reactions are inhibited such that no reaction occurred. The reference
exchange current density of the HF reaction is not found; hence, the reference exchange
current density of Fe, which is the larger value of Cr and Fe, is used. The anodic transfer
coefficient for Cr and Fe are taken from experiments [36], and the default values for the rest
of the reactions are taken from COMSOL.

Table 4. Species initial conditions and properties, including the initial concentration c}) and the
reference concentration in the molten salt and alloy used in Equations (10) and (12), and the radius r;
used in Equation (5).

Species j c;.’ (mol/m3) C]'.ef (mol/m3) rj A)
F- 59,674.26 1000 1.33
Lit 38,342.39 38,342.39 0.76

Nat 5861.198 5861.198 1.02
Kt 15,470.68 15,470.68 1.38
Crt 103 1073 0.87
Cr3t 103 1073 0.755
FeZt 103 103 0.75
Fe3t 103 1073 0.69
Ni2+ 103 1073 0.70
HF(g) 5.9674 11.91 1.55
Ha(g) 1073 11.91 0.1
Cralloy 138,461.5385 138,461.5385 -

Table 5. Reaction properties, including the reference equilibrium potential E;;J; used in Equation (12),

ef

the reference exchange current density ig j used in Equation (9), and the anodic transfer coefficient

%, ; used in Equation (9).

Reaction Species j E:eqf,; ) i(rf’f (mA/cm?2) &g

Cr(s) < Cr?t +2¢~ Cr2* -39 0.88 0.22
Cr(s) & Cr3t +3e~ Cr3t —3.55 0.88 0.22
Fe(s) < Fe?t + 2¢~ FeZt —-35 6.15 0.11
Fe(s) < Fedt 43¢~ Fe3 -3.1 6.15 0.11
Ni(s) < Ni2t + 2~ Niz+ —3.05 0.88 0.22
Lit + e~ < Li(s) Lit —5.45 0.05 0.5

Nat 4+ e~ < Naf(s) Nat —-5.1 0.05 0.5

Kt +e~ < K(s) KT —49 0.05 0.5
HF(g) + e~ ¢ 1Ha(g) + F~ HF(g) —2.89 6.15 0.5

We performed sensitivity analysis for 100 h to check the effect of assumed parameters
ref

io Niv iBfIJ;F, ®;Ni, and «, gg. As shown in Table 6, the assumed parameters increase and
decrease by 50%, and the mass loss of Cr decreases by 0.00001~0.00002 mg/cm?, which is
marginal. As a result, the sensitivity of the assumed parameters to the simulation results is
not considered to be high.

f

Table 6. Sensitivity analysis results for 100 h of assumed parameters ingi, i&fm, Xy Nis &g HE-

i(r,i(“ (mA/cm?)  a,nN; Mass Loss of Cr (mg/cm?) i{f{m (mA/cm?)  a,ur Mass Loss of Cr (mg/cm?)

0.44 0.11 0.20856 3.075 0.25 0.20857
0.88 0.22 0.20858 6.15 0.5 0.20858
1.32 0.33 0.20856 9.225 0.75 0.20857
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3. Results

We begin by verifying our model against an analytical solution. We compare mass
loss from a Cr wt% 5%, Fe wt% 5% alloy exposed to FLiNaK at 1023.15 K to the analytic

solution [30,37]:
| Dyt
AMcy = 2<C0 - Csurf)palloy T[r ’ (15)

where AMc;, is the mass loss per unit area at some time ¢, cg is the initial mass fraction of
Cr in the alloy, paoy is the density of the alloy, D¢, is the diffusivity of Cr in the alloy, and
Csurf 1S the mass fraction of Cr at the surface of the material in the surface stable state when
no further mass loss is occurring. The simulation was performed for 2000 days and both
the mass loss and the surface concentration of Cr were predicted over time.

The progression of the corrosion is clear from the Cr concentration at the surface over
time, as shown in Figure 3a. There is rapid Cr depletion at first, but it slows with time. After
1500 days, there is little corrosion progression and at 2000 days, the surface Cr concentration
reaches 398.51 mol/m?3, or a mass fraction of 0.002878; we used this value as the steady
state cgyrf in the analytical model. p,)0y is assumed to 8.7 g/ cm?, which is the Ni-5Cr alloy
density [30]. The Cr mass loss by the surface reaction-diffusion-coupled simulation is
visualized in Figure 3b along with the analytical prediction by Equation (15). The mass loss
of Cr with simulation is 13% larger than the analytic solution on average. The root mean
square error between two curves is 0.016 99 mg/cm?, indicating reasonable accuracy.

Mass loss of Cr for 100 hours
0.22
Cr concentration of alloy surface for 2000 days 0.2

Crwt% 5%, Fe wt% 5% —+—
analytic solution —=—

7000.

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

6000

5000

4000

3000

2000

Mass loss of Cr (mg/cm?)

Cr concentration (mol/m3)

1000

OO 500 1000 1500 2000 0 2 4 6
Time (day) Time'2 (hour/2)

(a) (b)
Figure 3. Simulation of corrosion of a 5% Cr, 5% Fe by weight alloy exposed to FLiNaK at 1023.15 K.
The surface concentration of Cr over time is shown in (a). The mass loss over time from the simulation
and from Equation (15) are shown in (b).

Having verified the performance of our model, we apply it to quantify the impact of
the initial alloying element concentrations on the corrosion by molten FLiNaK at 1023.15 K.
We vary the initial weight percentages of Cr and Fe from 5% to 20% in 5% increments
and simulate the mass change after 1 h and 100 h. To determine whether the behavior of
the corrosion during the initial transient period is different from the behavior after the
transient, the corrosion behavior after 1 h is evaluated and shown in Figure 4, and the
corrosion behavior after 100 h is evaluated and shown in Figure 5. The mass loss for Cr
and the mass gain for Fe after 1 h are shown in Figure 4, and the mass loss for Cr and the
mass gain for Fe after 100 h are shown in Figure 5. Our results show that mass loss of
Cr increases slightly with the weight percent of Cr and is fairly insensitive to the weight
percent of Fe. The mass gain of Fe decreases with the increase in weight percent of Fe, but
increases with the increase in weight percent of Cr.

Among the corrosion-resistant metals, alloy 800H is a Ni-Fe-Cr alloy, like the material
in our simulation model. Therefore, we performed simulation for 500 h with an alloy
composition of 35Ni—40Fe-25Cr. The Cr mass change of the 35Ni—40Fe-25Cr condition is
—0.493 64 mg/cm?. In Table 1 of the corrosion experiment reference [38], Olson’s experi-
ment results [39] for alloy 800H and 500 h are —0.15mg/cm? to —51.4mg/cm?. Olson’s
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experimental data vary depending on the type of container and whether the salt is purified
or not, but our result is within the range of Olson’s experimental data. Therefore, we
considered it to be quantitatively consistent.

(a) Accumulated mass loss of Cr for 1 hour (b) Accumulated mass gain of Fe for 1 hour
. 0.000020:
0.0222 Fe wt% 5% —+— g
Fe wt% 10% —*— —
P Fo wi% 15% / (?0,000018
£ 0.022( LW 0e P £
E e wt% 20% ’ 50.000016
5 s}
€ 0.0218 £0.000014
S £0.000012
+ 0.0216 —
° ©0.000010
[} C
%) ‘©
20.0214 Y ©0.000008
3 3
3 ©0.000008) (5 \ios 5%
=0.0212 = 0.0000041 CT Wt% 10% —x—
N g Crwt% 15%
Cr wt% 20%
0.021—%¢ § 10 12 14 16 18 2o 000000275 8 10 12 14 16 18 20
Cr wt% Fe wt%

Figure 4. Mass loss for 1 h (a) mass loss of Cr by Cr wt%, (b) mass gain of Fe by Fe wt%.

(a) Accumulated mass loss of Cr for 100 hours (b) Accumulated mass gain of Fe for 100 hours
. 2 0.00024
0.22 Fe wt% 5% —+—
Fe wt% 10% —x— /
& Fe wt% 15% " &
IS 0.218 Feo wt% 20% € 0.00022
L L
(o)) (o))
£ 0.216 / £ 0.0002
5 2
5 0.214 5 0.00018
[} C
1] ‘©
2 0.212 o 0.00016
[} 1]
g 3 Crwt% 5% —+—
r wt% 5%
= o021 = 0.000141 o \wios 109% —s¢
Cr wt% 15%
s Cr wt% 20%
0.208— § 10 12 14 16 18 20 0000125 8 10 12 14 16 18 20
Cr wt% Fe wt%

Figure 5. Mass loss for 100 h (a) mass loss of Cr by Cr wt%, (b) mass gain of Fe by Fe wt%.

4. Discussion

We fitted the mass loss of Cr for different wt% Cr and Fe using the expression
AMcy =~ at? + ct? + et/ (16)

where 4, ¢, and e are the fitting coefficients and b, d, and f are the fitting exponents. AMc;
has units of mg/cm? and the time ¢ has units of hours. The coefficients of Equation (16) for
different Cr and Fe wt% obtained via least mean square fitting are shown in Table 7. All of
the fits, visualized in Figure 6, are very accurate, with errors less than 0.0004036 mg/cm?.

To observe the effect of Cr depletion on mass loss, the concentration of the surface Cr
is fixed at 5% and we simulate the corrosion behavior for two cases:

*  Case A: Cr concentration is fixed within the material.
*  Case B: Cr depletion takes place due to corrosion and Cr atoms diffuse within the material.

As shown in Figure 7, after 1 h, the Cr mass loss for Case A is 0.025% larger than that
for Case B on average. After 100 h, the Cr mass loss of Case A is 0.387% larger than Case B
on average. The effect of Fe concentration on the amount of Cr corrosion was relatively
insignificant. As shown in Figure 8, the average Cr concentration over the surface decreased
by 8.9% over 100 h from the start of corrosion, while the effect of Fe concentration in the
material was not noticeable.
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(a) Accumulated mass loss of Cr for 100 hours at Fe wt% 5% (b) Accumulated mass loss of Cr for 100 hours at Fe wt% 10%
0.25 0.25
—~ ot — -
(\AE 02 /-" (\AE 02 /
L L2
g g
~ 0.15 ~ 0.15
o o
° )
w0 Cr wt% 5% w0 Cr wt% 5%
3 . fitted curve Cr wt 5% —— 3 . fitted curve Cr wt 5% ——
- Cr wt% 10% - Cr wt% 10%
3 y fitted curve Cr wt 10% 3 fitted curve Cr wt 10%
2 o005 / Cr wi% 15% S o.0sf £ Cr wi% 15%
fitted curve Cr wt 15% - fitted curve Cr wt 15% -
Crwt% 20% -+ Crwt% 20% -
o fitted curve Cr wt 20% ———— 0 fitted curve Cr wt 20% ————
20 40 60 80 100 20 40 60 80 100
Time(h) Time(h)
(c) Accumulated mass loss of Cr for 100 hours at Fe wt% 15% (d) Accumulated mass loss of Cr for 100 hours at Fe wt% 20%
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Figure 6. Fits of the mass loss of Cr versus time (a) 5 wt% Fe; (b) 10 wt% Fe; (c) 15 wt% Fe; (d) 20 wt%
Fe. Maximum error of the fits is 0.0004036 mg/cm?.

Table 7. Coefficients of the fitting curve by alloy compositions.

Cr/Fe wt% a b c d e f
5% /5% —0.305326 0.225155 0.291936 0.217424 0.0343678 0.451575
5%/10% —0.305521 0.227901 0.291763 0.220085 0.0347356 0.450973
5%/15% —0.305128 0.225001 0.292124 0.217476 0.0339732 0.452563
5% /20% —0.305243 0.225154 0.292016 0.217501 0.0341976 0.452018
10% /5% —0.304331 0.215228 0.293086 0.208162 0.0328337 0.457936
10%/10% —0.30419 0.215345 0.293223 0.208408 0.0325575 0.458842
10%/15% —0.305004 0.221413 0.292455 0.213831 0.0341366 0.454917
10%/20% —0.305047 0.222266 0.292413 0.214658 0.0342247 0.454917
15%/5% —0.304488 0.214879 0.292953 0.207615 0.0334026 0.457576
15%/10% —0.304517 0.215966 0.292929 0.208682 0.0334617 0.457616
15%/15% —0.304812 0.217429 0.292649 0.209875 0.0340312 0.456204
15%/20% —0.304681 0.217078 0.292775 0.209652 0.0337759 0.456869
20% /5% —0.302105 0.190926 0.295258 0.185882 0.0288744 0.470715
20%/10% —0.304236 0.212926 0.293203 0.205823 0.0330726 0.45927
20%/15% —0.303769 0.209021 0.293649 0.202366 0.0321552 0.451467
20%/20% —0.304003 0.211595 0.293427 0.204724 0.0326191 0.460399
(a) Accumulated mass loss of Cr for 1 hour (b) Accumulated mass loss of Cr for 100 hours
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Figure 7. Mass loss of Cr for 1 h (a) and 100 h (b) at 5% Cr weight percent.
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Figure 8. Surface concentration of Cr with respect to time at 5% Cr weight percent.

5. Conclusions and Future Works

We developed a corrosion simulation model that couples surface reaction and diffusion
processes under molten salt conditions. The model simultaneously analyzes multiple
phenomena, including diffusion, mass transfer, and electrochemical reactions. This model
was used to predict the corrosion behavior of Ni-Cr—Fe alloys in F-Li-Na—-K molten salt,
both with and without considering the diffusion of Cr within the material. The results
were compared to analytical solutions. The reduction reaction assumed that gaseous HF
accepts electrons and decomposes into hydrogen gas and F~ ions. When Cr diffusion was
accounted for, it resulted in Cr depletion at the surface, which reduced the corrosion rate
compared to the case where diffusion was not considered. As the Cr concentration in the
alloy increased, the mass loss due to Cr corrosion increased, while the mass loss from Fe
corrosion decreased. Conversely, increasing the Fe concentration led to greater mass loss
from Fe corrosion, but the Cr corrosion remained unaffected. This study did not consider
any microstructural inhomogeneities other than the Cr concentration gradient, and we
believe that it is necessary to reflect defects such as grain boundaries for a more realistic
simulation. In particular, the grain boundary is an important pathway for Cr depletion,
which is known to be an important corrosion mechanism, and the simulation of corrosion
phenomena, including grain boundary diffusion and grain-boundary—solute interaction, is
considered an important future work. Also, from a system perspective, to simulate a more
realistic molten salt reactor environment, we believe it is essential to incorporate the effects
of molten salt flow and temperature gradients in both the material and the molten salt.
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