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Molten salts enable numerous industrial applications, yet trace impurities such as moisture accelerate corrosion
despite the salts’ chemical stability. Existing phase stability diagrams, often useful for corrosion analyses,
disregard such impurities, underscoring the need for an impurity-aware, holistic framework. Here, we present a
computational framework for impurity-inclusive phase stability diagrams in molten salts. Using chloride melts as
model systems, we demonstrate three-dimensional stability maps with pO? and pH as the coordinate plane,

revealing how moisture and oxygenated species influence the phase stability of structural materials. Applied to
56 Fe-, Cr- or Ni-containing binary systems, these diagrams quantitatively predict that boriding or siliconizing
markedly improves the corrosion resistance of Fe and Cr, and provide explicit purification targets for molten
chlorides. The predictions are verified with electrochemical characterizations and static corrosion tests. Our
results provide a practical guide to designing molten salt-stable materials or synthesis protocols in molten salts.

1. Introduction

Molten salts with high boiling points and chemical stability support a
wide range of industrial applications including high-temperature energy
storage [1-3], molten salt nuclear reactors with enhanced safety and
efficiency [4,5], recycling of rare-earth elements [6-8] or synthesis
media for functional ceramics [9-11]. Ensuring reliable performance
across these diverse applications demands a thorough understanding of
how materials remain stable under molten salt conditions.

Efforts to assess the relative thermodynamic stability in molten salts
date back to Littlewood [12] as he developed the first diagrammatic
framework for phase stability in molten halides as a function of oxygen
ion concentrations (p02') [13]. The diagrams were soon conceptually
extended to carbonates [14], nitrates [15], and sulfates [16]. With the
development of in situ pO® measurement techniques [17] and oxygen
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electrodes [18], such diagrams helped rationalize silver corrosion in
nitrate melts [19], chromium oxide dissolution in humid
chloride-sulfate melts [20], or selective dissolution of alloy elements in
halide melts [21]. Also, modern experimental techniques and compu-
tational tools made progress toward building relevant datasets for
metallic stability in molten salts [22].

Yet, several key challenges remain. Most commercial alloys remain
susceptible to corrosion in molten chlorides [23]. Only a trace amount of
impurities such as moisture has been reported to alter the corrosion rates
by orders of magnitudes in molten salts [22,24], and statistical analyses
of historical corrosion data in molten chloride and fluoride salts simi-
larly identify salt purity as one of the primary factors governing alloy
degradation [25]. Recent electrochemical and in situ imaging studies in
LiCl-KCl have shown impurity-controlled dealloying and morphology
changes in Fe-(Cr)-Ni and Ni-Cr alloys [26,27]. However, the current
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understanding of phase stability via Littlewood diagrams essentially
neglects the effect of impurities other than oxygen ions, while the
relative phase stability changes with numerous variables including
metal ion concentrations or humidity. The phase stability of ceramics in
molten salts also remains largely unexplored. Heuristic and trial and
error-based approaches employing boronized alloys [28], aluminum
oxides [29], or yttria-stabilized zirconia coatings [30] have been re-
ported to improve corrosion-resistance in molten chlorides; however,
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the detailed thermodynamic understanding of how these coatings
remain stable or whether these coatings remain stable against impurities
remain largely unanswered. The detailed thermodynamic understand-
ing of phase stability in molten salts with impurities and the systematic
design principles for corrosion-resistant alloys or coatings remain
elusive. Compounding the limited theoretical understanding, there are
also difficulties in high-temperature experimentation [31], severe ef-
fects of low-level impurities such as moisture [32], lack of reliable in situ
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(d) The table of chemical potential schemes for different chemical species (e) The chemical potential for oxide ion estimated from the oxide formation energies (f) The

moisture decomposition schemes and moisture-derived impurities.



S. Ham et al.

characterization methods to probe interfacial phenomena, and the dif-
ficulty in accurate predictive modeling due to the limited reliable
thermodynamic data for molten salt-solid interactions.

Here, we extend Littlewood diagrams to account for major impurities
such as moisture and metal ions, demonstrating three-dimensional
phase-stability diagrams for molten chlorides. We rationalize how oxy-
gen- and hydrogen-related species, derived from water decomposition,
influence phase stability. Building on these developments, the impurity-
inclusive phase-stability diagrams are extended to provide a thermo-
dynamic framework that rationalizes the impurity-dependent corrosion
behavior and the coating design principles applied to ceramic coatings
and practical engineering alloys.

2. Methods and materials
2.1. Chemical potential computation and Pourbaix diagram construction

The framework to computationally construct molten salt stability
diagrams begins with identifying the relevant solid phases in the
compositional space using phase diagrams of the M-A-O ternary systems
(M indicates Ni, Fe, and Cr, and A indicates anion species) available in
the Materials Project (Fig. 1a) [33]. The total energies and vibrational
entropies of all listed phases were computed via harmonic approxima-
tion and phonon dispersion calculations at 298 K and 1000 K, employing
PFP universal neural network interatomic potentials as implemented in
Matlantis™software [34,35]. A force convergence criterion of 10 eV/A
was applied and the crystal u0 mode in PFP version 6.0.0 was employed
for solid phases. The computed total energy was taken as the enthalpy
[36], assuming a negligible contribution from volumetric changes.
Thermal contributions to entropy were derived from the vibrational
density of states. The free energy of each phase at 1000 K was then
estimated by adding the entropic contributions from phonon dispersion
to the O K energy and comparing these values to those of the constituent
elements at 1000 K [36].

Several calibration steps were incorporated to construct the stability
diagrams. First, an energy correction term was applied to the O,
chemical potential to account for its overestimated binding energy [37].
Specifically, the computed formation energies of all 23 metal oxides
selected from the study by Wang et al. were compared to experimental
values at 298 K from the HSC chemistry version 10 (Fig. 1b), and an
offset of +1.4568 eV per O molecule was employed. Thermal properties
of liquids and gases were also obtained from experimental data available
in HSC Chemistry version 10. The Pourbaix diagrams were constructed
using the Atomic Simulations Environment (ASE) package with the
computed free energies as inputs-similar approaches have been
employed for aqueous Pourbaix diagrams via computations [38].
Finally, the chemical potential of ionic phases (e.g., Fe2*in chloride
salts) was estimated from the Gibbs free energy of the corresponding salt
(e.g., FeCly) in HSC Chemistry version 10. When pure salts have melting
points above 1000 K (e.g. NaCl), supercooled states were assumed by
adjusting the energies using the experimentally obtained latent heat of
melting from the NIST-JANAF tables in Fig. 1c [39].

Chemical potentials for each species at a given temperature in a
specific molten salt were then derived from the computed energies
relative to reference energies calibrated at 298 K (Fig. 1d). The 298 K
reference reflects the calibration of oxide formation energies and Oy
correction terms. The Gibbs free energy of formation was obtained by
subtracting the sum of the reference energies of the components from
the chemical potential of the species, which was then input into the code
for the Pourbaix-like diagram construction. Additionally, the impurities
(e.g. moisture and oxide ions) and their equilibrium redox potentials
were incorporated into the phase diagrams (Fig. 1e).

2.2. Sample preparation for coated stainless specimens

Stainless steel 316 L (SS316L), an ASME BPVC-qualified austenitic
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alloy widely considered for high-temperature molten-salt reactors and
thermal-storage systems, was selected as the substrate material. It pro-
vides a realistic engineering test case compared to idealized pure Fe or
Cr model materials. The stainless steel 316 plates of 7 x 20 x 2 mm for
widths, heights, and thicknesses were first polished and pickled in a 5
vol % HF and 45 vol % HNO3 aqueous solution for 3 min before coating
preparation. The plates were cleaned in ethanol using an ultrasonic
cleaner. Some samples had a 3 mm diameter hole for partial immersion
during corrosion tests. Four types of SS316L specimens were prepared
for the molten-salt corrosion study: bare (uncoated), nitrided, silicon-
ized, and yttria-coated. The siliconized coating on SS316 was manu-
factured by pack cementation. The powder pack consisted of 30 wt %
silicon powder (Si, —325 mesh, >99 %, Sigma-Aldrich), 1 wt % sodium
fluoride (NaF, >99 %, Sigma-Aldrich) as an activator, and 69 wt % sil-
icon dioxide (SiO5, >99 %, Sigma-Aldrich) as insert fillers. The powder
and a SS316 plate were placed in an alumina crucible (inner diameter:
36 mm, height: 45 mm, wall thickness: 3.5 mm, with a lid) and sealed
with high-temperature concrete (Durabond™ 7031) in an Ar environ-
ment to prevent potential oxidation or gas leakage. The crucible was
heated at 800 °C for 12 hours in an argon-filled gas furnace (R-A1400
mini, Hantech). The nitride coating was obtained by salt bath nitriding
at a commercial plant, and the yttria coating was obtained by plasma
spray coating.

2.3. Molten salt experiments

The static corrosion tests were performed at an elevated temperature
of 800 °C for accelerated corrosion tests using a salt mixture composed
of 50 wt % KCI (>99 %, Sigma-Aldrich) and 50 wt % NaCl (>99 %,
Sigma-Aldrich). The salts were selected for their wide use as a chemi-
cally neutral chloride matrix for static corrosion evaluation of stainless
steels and Ni-based alloys [40]. For tests involving MgCly-containing
melts, we used anhydrous MgCly (>99 %, Yakuri Pure Chemicals Co.,
Ltd.) and prepared a 50.5 mol % KCl-46.6 mol % MgCl,-2.9 mol % NaCl
mixture following D’Souza et al. [28].. These MgCly-containing static
corrosion tests were performed only on bare and siliconized SS316L
specimens to probe the effect of salt composition on an unprotected and
a siliconized surface. All salts were handled and blended in an Ar-filled
glovebox and thermally dried at 600°C for 48 h using the same protocol,
then stored under Ar until used for the MgCly-containing experiments
reported in the Supplementary Information. The salts were placed in an
alumina crucible and thermally refined at 600 °C for 48 hours in an
Ar-filled glove box. The corrosion test was conducted at 800 °C for 100
hours by completely immersing each coated and uncoated specimen in a
separate salt-containing alumina crucible with a lid. The salt amount
was ensured to exceed the salt volume-to-specimen surface area ratio of
0.4 mL/mm?. After the corrosion test, the specimens were rinsed first
with ethanol and then with deionized water in an ultrasonic cleaner to
remove residual salt from the surface. The corroded surface and the
cross-section were analyzed using scanning electron microscope
(SEM)-EDS to assess the corrosion depth and any selective dissolution of
specific metallic elements.

The electrochemical characterization and measurements on bare,
nitrided, siliconized, and yttria-coated SS316L specimens were con-
ducted using approximately 10 g of eutectic LiCl-KCl salt mixture (99.99
%, AnhydroBeads™, Sigma-Aldrich) at 500 °C. The eutectic salts were
selected for testing at a lowered temperature to ensure the sensor and
reference electrode stability [41,42]. This eutectic composition was
chosen because the Ag/AgCl reference electrode used in this work was
calibrated in LiCI-KCl, which enables accurate conversion of the
measured potentials to the Cly/Cl scale. A quartz cylinder tube with an
outer diameter of 30 mm and a thickness of 1.5 mm, with one end
finished in a hemispherical shape, was used to contain the molten salt. A
Biologic SP-240 potentiostat was used for the open circuit potential,
Tafel, cyclic voltammetry, and potentiostatic polarization measure-
ments. A Ni wire (99.99 %, Nilaco) with a diameter of 0.5 mm was used
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to connect the specimen, which served as the working electrode, to the
potentiostat. In this setup, the Ni wire was not immersed in the molten
salt, ensuring that it did not cause any electrochemical interference. A
tungsten rod (99.95 %, Nilaco) with a diameter of 1.5 mm was used as
the counter electrode. The reference electrode was an assembly con-
sisting of a 1 mm Ag wire (>99.9 %, Nilaco) and a mixed salt containing
1 wt % AgCl in LiCl-KCl, enclosed within a borosilicate glass tube. The
measured potentials were converted from the Ag/AgCl reference (1 wt.
% AgCl) to the Cly/Cl scale by applying a constant offset of —1.210 V,
based on three-electrode calibration data obtained under the same
LiCl-KCl conditions and consistent with independent Ag/AgCl to Cly/Cl”
determinations in the literature [43-45]. Furthermore, this empirical
offset is theoretically consistent with the activity of AgCl dissolved in the
melt; using the activity coefficient (y5zq = 2.516) reported by Zhang
et al. [45]. for 1 wt. % AgCl, the calculated activity (aagc1 = 9.8 x 107%)
closely matches the measured potential difference. Unless otherwise
noted, all electrochemical potentials in this work are reported versus
Cly/Cl scale using this empirical calibration, with the Cly/Cl" couple
serving as a convenient reference zero for the potential scale rather than
as a controlled equilibrium state in the experiments.

After partially immersing the specimen in the molten salt, the im-
mersion state was recorded through the quartz crystal window attached
to the electrical furnace to monitor whether the experiment was con-
ducted properly under the planned conditions. Before initiating all ex-
periments, the specimen was gently re-immersed to remove any
remaining bubbles on the surface (Supplementary Fig. 1a). The open
circuit potentials were measured for 30 min. The scan rate of 1 mV/s was
set for the Tafel plot and that of 100 mV/s for cyclic voltammetry. The
surface areas of the immersed specimens were obtained by measuring
the trapezoid area of the front and back surfaces after the corrosion
experiments (Supplementary Fig. 1b). The surface area of the roughened
siliconized specimen was obtained using a confocal laser scanning mi-
croscope (Supplementary Fig. 1c).

All static corrosion and electrochemical experiments were conducted
using high-purity alumina crucibles. Although recent studies have sug-
gested that alumina crucibles may act as an oxide-ion source in U-con-
taining molten chlorides [46], previous corrosion and electrochemical
studies performed in alkali chloride melts without uranium chlorides
have consistently reported alumina to be chemically inert, with no
observable crucible degradation or crucible-derived oxide film forma-
tion on alloy surfaces. In the present work, no significant oxide phases
were detected on the coated specimens after corrosion tests, as
confirmed by SEM-EDS and XRD analyses (Supplementary Fig. 13). On
this basis, alumina crucibles were considered to be effectively inert
under the present experimental conditions, namely NaCl-KCl or LiCl-KCl
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melts without UCl,.
3. Result and discussion
3.1. Framework for phase stability assessment

A modeled molten salt electrochemical system with ceramic working
electrode is illustrated in Fig. 2a. Since the salt constituent ions are
electrochemically stable, the primary interactions originate from three
major impurities, namely hydrogen ions (H™) from moisture hydrolysis,
dissolved oxygen species (O3 or 0%) or corroded metal ions (M™"). H*
ions promote oxidation by being reduced to Hy, while O or 0% oxidizes
solids (MOg and AOyEn) or dissolves oxides by forming oxyanion species.

That is to say, we expect the HCl/H, and 0,/0% equilibria and the
metal/dissolved metal ion equilibria are expected to govern the primary
corrosion in chloride melts with these impurities. We also assume that
the chlorine activity is low enough that Cly does not directly control
corrosion reactions; this justifies the electrode potential referenced to
the standard Clp/Cl couple as the conventional Littlewood diagrams do.
The standard Cly/Cl™ couple is used only to define the zero of the po-
tential axes.

In this picture, the Littlewood diagram can be extended into multi-
dimensions, incorporating the above-mentioned impurities and poten-
tially other variables affecting the chemical potentials as individual axes
(Fig. 2b). In this work, we demonstrate three-dimensional derivatives
with two of the three above-mentioned impurities as the coordinate
plane. An illustrative example of Fe in molten LiCl at 1000 K is shown in
Fig. 2¢, with pO% and [Fe™ ] as the base axes. At low [Fe"*], Fe exhibits
no passivity and corrodes into either Fe?* or FeO3, depending on pO?%.
With increased [Fe™ "], regions with iron oxides appear as the equilib-
rium shifts towards reduced [Fe™"]. The decreased tendency to corrode
at increased [Fe"'], as evidenced by the increasing corrosion potential
for Fe/Fe?*boundary, suggests that corrosion may be self-slowing after
extended corrosion and that sufficient volume of molten salts is required
for accurate corrosion assessment [47]. Also, the solubility of iron oxides
increases with both increasing or decreasing p02' from pOZ'zlo, similar
to experimentally observed iron oxide solubility [20].

Employing the typical Pourbaix formalism with fixed metal ion
concentrations of 107 M and gaseous partial pressures of 107° atm, we
construct a three-dimensional phase-stability diagram for the Fe/FeB
system in LiCl at 1000 K with pH, pOZ', and the electrode potential (E) as
the axes (Fig. 3a). This 3D diagram is obtained by first computing a
series of two-dimensional phase-stability diagrams at fixed pO? or fixed
pH and then combining these slices. All of the diagrams in Fig. 3 are
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Fig. 3. Phase stability diagrams for iron borides along with impurities’ redox potentials. (a) The constructed 3D phase stability diagram with pH, pO? and E axes at
1000 K in LiCl. The equilibrium redox potentials for impurities are drawn as green (05/0%) and red (HCl/H,) planes intersecting the 3D diagram. (b) The E-pO?%
diagram obtained by slicing the 3D diagram at pH = 6 and (c) the E-pH diagram by slicing at pO* =6. (d) The E-P(H,0) diagram obtained by slicing along a fixed line

[H]:[0%]=2:1.

generated from the same underlying thermodynamic dataset. It is
possible to section the three-dimensional diagram into E-pO? planes at a
given pH (essentially the Littlewood diagram) or E-pH planes at a given
pOZ’ (Figs. 3b-c). These cross-sections provide a readable view of the
phase boundaries. The quantitative stability thresholds are discussed in
terms of these cross-sections throughout Section 3.1.

In these diagrams, the equilibrium potentials of 0,/0% and HCl/H,
are shown as green and red planes, respectively. Regions above the
green plane involves oxygen gas evolution from oxidation of oxide ions
and thus are not considered in detail. Regions below the red plane
reduce HCI into Hy gas, accompanying oxidation of solids if its redox
potential lies below this plane. Bare iron has the redox potential just
below the red plane, with active corrosion expected in this potential
regime. Forming Fe,B pushes the redox potential above the red plane at
pO? below 3.78, improving corrosion resistance. In this sense, the redox
potential gap between HCl/H> and a solid phase quantifies the corrosion
tendency of the solid phase. Similarly, the red dotted line in the E-pH
diagram crosses the FeB/Fe?" phase boundary at pH = 5.25; when [H*]
exceeds this threshold, FeB is expected to corrode. E-pO? diagrams show
the stable phase boundaries and oxide stability, while they do not cap-
ture the effects of H" on corrosion as pH remains fixed. In contrast, the E-
pH diagram effectively captures the HCl/H, redox potential as a func-
tion of pH, yet is ill-suited for assessing the phase stability except for the
unlikely hydrides in molten salts at a fixed pO®. Essentially a three-
dimensional construct is required to examine the comprehensive
corrosion behavior by moisture. Also, if moisture is the sole source of
[H'] and [02'], sectioning the three-dimensional diagram along the line
for [H*]:[0%]'=2:1 allows for assessing the effect of moisture partial
pressure (P(H20)) on the phase stability (Fig. 3d). The red plane in-
tersects the FeB/Fe?" boundary at 10°3° atm H,0. A more general
approach is possible with equilibrium constants for water dissociation,

and the obtained critical moisture or impurity contents for corrosion
analyses may serve as guidelines for salt purification that suppresses
corrosion.

While this equilibrium framework provides clear baselines for sealed
and static environments, its applicability to open or flowing molten-salt
systems warrants further discussion. In practical flowing systems
comprising a hot leg and a cold leg, temperature gradients inevitably
induce spatial variations in local redox conditions and mass transport.
Within such dynamic environments, our framework is best interpreted
as a local thermodynamic map: once the local temperature and effective
redox state at a specific location are specified, it can evaluate the local
equilibrium phase assemblage and corrosion driving forces. However, a
fully quantitative prediction of system-level degradation would require
coupling this equilibrium framework with transport-reaction models.
Furthermore, in open systems where the salt interacts with reactive at-
mospheres, the effective Clp/Cl" equilibrium can drift over time,
potentially shifting the corrosion mechanism away from the ion-
dissolution pathways assumed in this static framework. Therefore, it is
necessary to extend this static framework to encompass spatially varying
redox gradients in flowing loops and shifting redox equilibria in open
systems.

3.2. Effects of impurities according to the salt type

Adopting Littlewood’s method, we first compute the formation en-
ergy of oxide ions (AGf(Oz')) and chemical potential (;4(02')) in indi-
vidual chloride salts [12]. The choice of salt type alters the oxide ion
chemical potential, influencing both phase boundaries and impurity
redox planes. In practice, the oxide ion chemical potentials are
computed from the oxidation reactions of the metallic species present in
the salt constituents [22], and the chemical potentials of oxide ions at



S. Ham et al.

1000 K for various salts are provided in Table 1. The phase boundaries in
E—pOZ’ and E-pH diagrams shift in the pOz’ or pH direction as ,u(Oz')
varies across different salts. Although the relative positions of phase
boundaries with respect to impurity redox lines do not readily change,
the critical pO% or pH levels for corrosion shift horizontally among
chloride salts in an order similar to oxide stability
(MgO>Ca0>Li;0>Nay0>K50) (Supplementary Figs. 2-3).

Changes in x(0?) also lead to variations in impurity concentrations
derived from moisture under identical P(H,0O) condition. The relation-
ship among equilibrium pO?%, pH and P(H,0) follows from the equilib-
rium of H»O dissolution in molten chlorides, as expressed in Egs. (1) and
(2), where AG* stands for the free energy of H,O dissolution at the salt
temperature.

H,0(g) + 2X~ < 2HX + 0* (€))

logP(H,0) + 2pH + p0?*™ = Rﬁ—glo 2)

At a fixed pH of 6 (or pO® of 6) and the moisture vapor pressure of
107 atm (a typical value for glovebox-controlled atmosphere), the
equilibrium concentration of pO? (or pH) derived from moisture are
shown in Supplementary Table 1. These pO® and pH values are shown
as gray dotted lines in the E-pO® (Supplementary Fig. 2) and the E-pH
(Supplementary Fig. 3) diagrams.

To simplify the analyses on impurity effects, we next assume that
moisture is the sole source of [H*] and [0%] (fixed at [HT]:[0%*] = 2:1)
and present the data in Table 2 and Fig. 4. Table 2 summarizes the
equilibrium [H™] and [02'] concentrations at 1000 K in each chloride
melt for P(H,0) = 107% atm, obtained by combining the oxide-ion
chemical potentials in Table 1 with the water-dissolution equilibria in
Eq. (1). These values show that, even at the same moisture level, the
dissolved impurity concentrations span several orders of magnitude
depending on the chloride salt. Using the same dissolution equilibria, we
then convert each P(H,0) level into the corresponding impurity redox
potentials and plot them on the E-P(H,0) diagrams in Fig. 4 to evaluate
the redox-potential gap and the associated corrosion thresholds.

To compare the corrosion driving force among different salts, we first
focus on P(Hy0) = 10°° atm (the gray line in Figs. 4a-e), which is
representative of a typical well-controlled moisture environment such as
a glovebox. At this moisture level, the redox potential gap between the
oxidation boundary for Fe (or FeB,) and the HCl/H; equilibrium redox
potential shows that the redox potential gap of —0.479 V for MgCl,,
—0.026 V for CaCly, +0.050 V for LiCl, +0.432 V for NaCl, and +0.792 V
for KCl. A negative redox potential gap indicates spontaneous corrosion
or oxidation, whereas a positive gap indicates a non-spontaneous reac-
tion at P(H,0) = 107° atm. We then use the E-P(H,0) diagrams in
Figs. 4a-e to determine, for each salt, the moisture pressure at which the
HCl/H; redox potential just intersects the Fe (or FeB,) oxidation
boundary. These threshold P(H20) values are summarized in Fig. 4f,
showing that MgCl, requires moisture pressure below 107322 atm to
suppress HCl-driven corrosion of FeB, whereas for NaCl and KCl, this
threshold increases to 10%%3 and 107 atm, respectively.

Although KCl has the least-stable oxide ion (largest x(0%")) among
the chlorides considered, the NaCl melt exhibits a slightly higher P(H;0)
threshold than KCl in our framework. This apparently counterintuitive
ordering can be rationalized in terms of oxo-acidity. In the more oxo-
basic KCl melt, the elevated chemical potential of O% promotes
further oxidation of iron to higher-valence oxyanionic species (e.g.,

Table 1
The chemical potential of O% in various chloride melts at 1000 K.
Chloride MgCl, CaCl, LiCl NaCl KCl
salt
u(0%) —1.6339 —0.2764 0.1344 1.8070 2.8872
eV eV eV eV eV
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Table 2

The equilibrium [0%] and [H*] concentrations in various molten chlorides at
1000 K under P(H,0) = 107° atm, assuming that the ions originate only from
moisture and maintain the fixed ratio of [H1:[0%*] = 2:1.

Chloridesalt ~ MgCl, CaCl, LiCl NaCl KCl
[0%] 102605 104886 105576 M 108386 M 10°10-200
[HY] 10296\ 10518 M 10587 M 10867 M 10710501

FeO3, FeO3) at increased pOZ', leading to corrosion that is dominated by
the formation of FeOF rather than dissolution as Fe®". As a result, the
effective stability fields of Fe/FeB, plus oxyanion phases are shifted to
more positive potentials relative to the HCl/H; line, and the intersection
with this redox boundary occurs at a lower P(H20) in KCI than in NaCl.
These results quantitatively demonstrate that impurity concentration
strongly depends on the salt type and that the corrosion behavior (phase
stability) varies with salt composition, even under the same P(H30)
level. Therefore, we use equilibrium P(H,0) values as a reference to
compare the effects of impurities on phase transitions and salt purifi-
cation criteria in different molten chlorides. This aligns well with highly
corrosive MgCls salts, although the model does not fully consider the
hydroxides and oxychlorides present in MgCl,-based melts [48].

3.3. Design of corrosion-resistant coatings

Building on the impurity-dependent stability diagrams developed in
Sections 3.1 and 3.2, we use the constructed phase stability diagrams to
aid in designing corrosion-resistant ceramic coatings for Cr-containing
alloys, as Cr has the lowest redox potential among Cr, Fe, and Ni [22].
Fig.s 5a-c present the constructed E-pO% diagrams at a fixed moisture
content of 10~ atm for bare Cr, CrB, and CrSi. The redox potential of Cr
lies 0.32 V below that of HCl/Hj, indicating a strong tendency toward Cr
dissolution. CrpO3 does not appear in the diagram, indicating active
dissolution into oxoanions at elevated pOZandlow metal ion concen-
trations. Upon forming CrB, the equilibrium potential for partial CrB
dissolution into Cr** andBOj rises by 0.01 V above the HCl/H, equi-
librium potential, indicating a notably reduced corrosion tendency. The
observation is consistent with the experimentally measured corrosion
resistance of boronized Cr-containing alloys [28]. The solid-phase
boundary intersects the HCl/H line corresponding to CrB/Cr** at
pO? = 4.90, equivalent to 1087 atm of moisture partial pressure. The
corrosion potential of this phase boundary (corrosion potential) de-
creases as pO? increases. In other words, if the oxide ion concentration
remains below 10490 M, CrB remains resistant to corrosion under these
environmental conditions. Similarly, the equilibrium potential for CrSi,
lies 0.06 V above that of HCl/H; line at pO% > 4.98, thereby enhancing
corrosion resistance compared to bare Cr [28]. However, at higher pOZ'
condition, the E-pO? diagrams in Figs. 5b-c show that the redox po-
tential of the CrB/Cr?" phase boundary eventually exceeds that of
CrSip/Cr?*, so borides become the more noble and corrosion-resistant
phase. This behavior reflects the different oxo-acid characteristics of B
and Si in chloride melts: BO3 becomes thermodynamically stable already
at relatively low pO%, which promotes the decomposition of CrB into
dissolved Cr?*/Cr®" and BO3 even when only modest amounts of 0% are
present, whereas SiO3 is stabilized only under strongly oxidizing (high
pOz') conditions. As a result, for P(H,0) = 107® atm, which is typical of
glovebox-controlled conditions, chromium silicide remains stable over a
wider pO% window than chromium boride and is therefore predicted to
provide better corrosion resistance in chloride melts that are purified but
not extremely dried (i.e., around P(H50) =~ 10°° atm). In contrast, bo-
rides are favored in more reducing, low moisture environments. Phos-
phides, arsenides, and antimonides of Cr and Fe are not thermally stable
at 1000 K, and therefore provide no protection against Cr corrosion. The
formation of chromium carbide, nitride, or germanide compounds
slightly increases the redox potential at the phase boundary between
each ceramic compounds and chromium ions. However, this effect is
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Fig. 4. The E-P(H;0) diagrams for the Fe-B-O ternary system showing impurity redox potential in molten (a) MgCly, (b) CaCly, (c) LiCl, (d) NaCl, and (e) KCI at 1000
K, and (f) a design plot summarizing the P(H50) threshold required to prevent corrosion in each molten chloride. The concentrations of ionic species are fixed at 10°°

M, and the partial pressures of gaseous phases were also fixed as 10 atm.

insignificant, and the phase boundary remains below HCI reduction line.
Notably, nitrides hurt the corrosion resistance because N> jons form at
lower potentials than Cr?*(Supplementary Fig. 4) [49].

Similarly, in iron-based ternary systems, carbon, nitrogen, arsenic,
and antimony do not form binary compounds with iron; their corrosion
potentials are identical to that of pure Fe (—1.732 V), which positioned
below the HCl reduction line (Supplementary Fig. 5). Although the iron
phosphide system contains a stable FesP phase, its stability is restricted
to low redox potential regions. FesP begins to decompose into pure Fe
and P>* jons at redox potentials below the Fe/Fe?* phase transition,
resulting in corrosion resistance identical to that of pure Fe metal. In
contrast, boron, silicon, and germanium form binary compounds with
Fe, enhancing its corrosion resistance against molten chlorides. In the
Fe-B-O ternary system, the corrosion potentials of Fe;B and FeB phases
exceed the HCI reduction line at pO% > 3.79 and pO* > 4.43, respec-
tively. The maximum corrosion potential of FeB is —1.496 V. For the
iron silicides, the corrosion potential of FesSi and FeSi exceed the HCl
reduction line at pO% > 3.14 and pO* > 3.41, respectively; FeSi pos-
sesses a maximum corrosion potential of —1.524 V. Similarly, in the iron
germanide system, the FeGe phase remains resistant to corrosion over
the pO? range relevant to P(H,0) = 10°® atm in our diagrams, and the
maximum corrosion potential of FeGe is —1.636 V. Among those
considered, iron silicides exhibit the highest corrosion potentials at P
(H,0) = 107°® atm, and thus the best predicted corrosion resistance,
followed by iron borides and FeGe. Under strongly reducing, low
moisture conditions, however, the iron borides recover the broadest
stability fields and become the preferred Fe-based ceramic phase.

Nickel exhibits higher corrosion resistance against chlorides than
any Cr- or Fe-based ceramic, making it a suitable base element for
structural alloys in molten chloride environments (Supplementary
Fig. 6). The corrosion potential of pure nickel metal is —1.404 V, which
is clearly higher than the HCI reduction potential. Carbon, nitrogen, and
arsenic do not form binary compounds with nickel, and nickel phos-
phide fails to provide protection because it decomposes into P>* ions.

Ni-based boride, silicide, germanide, and antimonide compounds also
exhibit enhanced corrosion resistance in molten chlorides. However, the
increase in corrosion potential due to compound formation is less sig-
nificant for nickel compared to chromium and iron. Among these sys-
tems, only antimony increases the corrosion potential by more than
+0.1V.

Examining eight different anion species on Cr, Fe, or Ni and plotting
the equilibrium potentials at p02’25.03 (equivalent to P(H,0)=10"°
atm at pH=6) reveals that borides and silicides increase the equilibrium
potentials the most for Cr and Fe, while antimony shows the most
enhancement for nickel as shown in Fig. 5d In terms of the critical
moisture pressures at which the HCl/H; redox potential line crosses the
solid border as shown in Fig. 3d, similar trends are observed among the
anions considered (Supplementary Fig. 7). Forming silicides or borides
increases the moisture level at which HCl-driven corrosion stops by over
two orders of magnitudes for Cr, pushing the critical moisture level to
practical ranges. When similar analyses are applied to intermetallics
containing Cr, Fe, or Ni, along with 10 other common metallic elements,
the intermetallics exhibit little effect on the corrosion potential for Cr
(Supplementary Fig. 8). The chemical systems that ensure equilibrium
potential higher than that of HCl/Hj; include Cr-B, Cr-Si, Fe-B, Fe-Si, Fe-
Ge and all nickel-based ceramics.

3.4. Experimental verification of coatings

To connect the theoretical framework to practical engineering alloys
and to experimentally validate the coating-design principles, we prepare
stainless steel 316 L (SS) specimens with bare, nitrided, siliconized and
yttria-coated surfaces (Supplementary Fig. 9). As noted in Section 2.2,
SS316L is an ASME BPVC-qualified austenitic alloy widely considered
for high-temperature molten-salt systems, so using coated SS316L rather
than pure Fe or Cr allows us to assess how the proposed coatings behave
on a structurally relevant substrate. Yttria is selected as an inert coating
[50] that does not readily interact with SS, nitride as potentially harmful
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coating due to nitrogen’s electrochemical activity in molten chlorides
(Supplementary Fig. 4d and [49]), and silicides as corrosion-resistant
coating according to the computed results in Fig. 5. Although our cal-
culations indicate that Cr-, Fe-, and Ni-borides also offer very high
thermodynamic stability and corrosion resistance, we do not include a
boride-coated specimen because available boronizing routes (e.g.
D’souza et al. [28].) rely on proprietary processing that we cannot
faithfully reproduce in our facilities; instead, we focus on a siliconized
layer whose non-proprietary pack-cementation process is readily
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implemented in our laboratory. The samples are both electrochemically
characterized (followed by potentiostatic polarization) and statically
corroded to confirm the predicted corrosion resistance. The Tafel mea-
surements show the lowest corrosion current density for siliconized
specimens, followed by yttria-coated, bare, and nitrided specimens
(Fig. 6a). The slopes of the anodic Tafel curves are notably decreased for
siliconized and yttria-coated specimens, compared to bare and nitrided
ones. The corrosion potentials of siliconized specimens from Tafel
measurements are shifted to a more negative region by 0.17 V,
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Fig. 6. Electrochemically characterized corrosion resistance of ceramic coatings on SS316L. (a) Tafel plots showing reduced corrosion current and corrosion po-
tentials for siliconized SS316L compared to bare, yttria-coated or nitride specimens (b) The cyclic voltammetry scanned at 100 mV/s showing enhanced corrosion
resistance of siliconized SS316L compared to bare, yttria-coated or nitride specimens.
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indicating potentially different electrochemical interfaces formed
compared to SS316L. Reduced corrosion potentials due to modified
electrochemical interfaces despite significantly reduced corrosion rates
have also been reported for corrosion-resistant high-entropy coatings
[51]. Repeated Tafel measurements show stable corrosion potentials for
bare SS316L and siliconized specimens, compared to unstable corrosion
potentials for nitride and yttria-coated specimens (Supplementary
Fig. 10).

The cyclic voltammetry scanned from the open circuit potential
(around —1.75 V vs. Cly/Cl, Supplementary Fig. 11) to highly oxidizing
conditions at —0.9 V and reducing conditions at —2.7 V show a similar
corrosion trend, with the lowest redox activity for the siliconized spec-
imen, followed by bare SS316L, yttria-coated specimens and nitrided
specimens (Fig. 6b). The measured currents in the reduction directions
for bare SS316L show a peak around —1.55 V, close to the reported
values for Fe?*/Fe [52]. Post-experimental energy dispersive spectros-
copy (EDS) results also confirm Fe dissolution (Supplementary Fig. 12),
while the statically corroded SS316L shows Cr-depleted surfaces and
grain boundaries (Supplementary Fig. 13). Nitrides exhibit significantly
increased redox activity. The reduction peaks near —1.65 V, —2.05 V,
and below —2.7 V indicate corroded species of Fe?*, cr?t and N%,
respectively [49,52]. The cross-section image of the nitrided sample
under static corrosion shows the incomplete coverage of CrN and severe
corrosion in the interior, with Cr, Fe and Ni corroded in the nitride re-
gion (Supplementary Fig. 14). Yttria-coated specimens exhibit partially
broken regions and two major reduction peaks with increased currents
for Cr?* and Fe?*, indicating that inert coatings may involve expediated
localized corrosion on broken regions (Fig. 6b). Yttria coating forms a
relatively continuous layer, whereas the nitride and siliconized coatings
contain localized thickness variations and regions with incomplete
coverage (Supplementary Fig. 9). Such non-uniform areas can locally
expose the stainless-steel substrate and generate small anodic sites sur-
rounded by more noble coated regions, giving rise to micro-galvanic
cells. These micro-galvanic couples promote pit-like initiation at the
exposed sites and lead to transient increases in local anodic current,
which manifest as drift and negative spikes in the open-circuit potential
as well as increased noise and run-to-run scatter in the Tafel plots for the
nitride- and yttria-coated specimens (Supplementary Fig. 10). For
instance, the corrosion potential of the yttria-coated specimen tends to
decrease during repeated measurements, which can be attributed to
progressive micro-damage increasing the fraction of the exposed active
substrate. Conversely, the nitrided specimen exhibits an increasing
corrosion potential, likely driven by the preferential dissolution of the
more active nitride phase and subsequent cathodic depolarization by
accumulating metal ions in the melt. In this sense, the non-uniformity of
the coatings primarily affects the detailed electrochemical response (e.
8., Ecorr fluctuations and current noise) but does not alter the overall
ranking of corrosion resistance, which is governed by the intrinsic phase
stability and the ability of the coating to maintain an effectively
continuous barrier under molten-salt conditions.

The electrochemically polarized yttria specimen shows Cr-depleted
surfaces beneath broken yttria coating (Supplementary Fig. 15), while
the statically corroded specimen shows corrosion stability under 100 hr
tests (Supplementary Fig. 16). Siliconized specimens exhibit a wide
electrochemical window until —1.1 V with minimal redox activities. A
minimal reduction peak for Cr?* is observed around —1.9 V while the
oxidation peak is at —1.3 V, indicating significant overpotential for Cr
oxidation and minimized Fe corrosion by siliconizing. The corroded
siliconized samples both electrochemically and statically show a robust
siliconized layer with partial oxides, after minimal corrosion (Supple-
mentary Figs. 17-18). When the static corrosion tests were repeated
with molten salts containing MgCly, bare specimens exhibit increased
corrosion depths (Supplementary Figs. 19-20) while siliconized speci-
mens exhibit robust coated surfaces (Supplementary Figs. 21-22). Yet,
we also observe Mg incorporated into siliconized layers, indicating the
need for intricate coating designs with respect to the salt composition.
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The potentiostatic polarization at —1.35 V (approximately the potentials
for U3+ reduction potential [53]) shows an identical order of oxida-
tion amount, with minimal corrosion for siliconized specimens (Sup-
plementary Fig. 23). These results align well with the predicted phase
stabilities in Fig. 5, which indicate that boride and silicide coatings are
difficult to dissolve in molten chloride salts and, when present as
compact, adherent layers, serve as barriers that protect the metal
substrate.

We note that, while the thermal drying protocol employed in this
work reduces the moisture content and volatile contaminants, thermal
drying alone rarely removes all HO from highly hygroscopic molten
chlorides, such as MgCly. In the absence of more aggressive chemical
purification steps, residual moisture or hydroxyl species are typically
expected to remain, alongside other nonvolatile species such as dis-
solved metal chlorides and oxide/oxychloride impurities. As a result, the
absolute corrosion potentials and corrosion rates reported here are
specific to the impurity inventory associated with our drying conditions
and may differ from values obtained in other highly purified or
contaminated melts. Specifically, residual oxygen-bearing impurities,
such as hydroxide species generated from residual moisture, increase the
oxidizing power of the melt and provide additional cathodic reduction
pathways. This effect elevates the absolute corrosion currents, as pre-
viously demonstrated by the linear dependence of reduction peak cur-
rents on MgOH+ concentrations [54]. However, all static corrosion tests
and electrochemical measurements for a given salt composition were
carried out using salts subjected to the same thermal pretreatment, so
the influence of residual impurities is expected to be largely common to
all specimens. Thus, while the absolute electrochemical values should be
interpreted in the context of this impurity level, we do not expect these
residual impurities to alter the relative ranking of corrosion resistance
among the coatings or the mechanistic trends inferred from the
impurity-inclusive phase-stability diagrams.

Beyond corrosion and thermodynamic stability, mechanical robust-
ness under thermal and mechanical shock is an important practical
concern when proposing these materials as potential coatings, because
many ceramic or ceramic-rich layers can be intrinsically brittle. In this
work, we focus on phase stability and molten-salt corrosion behavior.
Yet, our preliminary results from nano-indentation and progressive-load
scratch tests on siliconized SS316L show reduced hardness and modulus
relative to bare SS316L [55] and a residual scratch depth of only ~45 %
of the maximum penetration (i.e., ~55 % elastic recovery). These results
clearly indicate that the diffusion-formed, graded Si layer does not
behave as an extremely brittle ceramic film [56,57]. At the same time,
intralayer defects and microstructural heterogeneity within
diffusion-formed coatings may act as local stress-concentration sites
under severe loading. Accordingly, in the present paper we restrict
ourselves to this brief qualitative discussion; a systematic mechanical
and thermal-shock qualification of these coatings is therefore required
for practical deployment, and this more comprehensive assessment will
be reported in follow-up work.

4. Conclusion

Here, we present the framework for multidimensional thermody-
namic stability diagrams in molten salts and apply them to design
corrosion-resistant ceramic coatings in molten chlorides. This frame-
work incorporates the effects of critical impurities such as water into
assessing phase stability in molten salts. The critical impurity levels,
translated into effective moisture content through dissociation equilib-
rium, potentially serve as guidelines for salt purification. The predicted
ceramic coatings are validated experimentally in terms of corrosion
resistance. The framework is formulated for purified chloride melts in
sealed or quasi-sealed configurations, and its extension to flowing or
open systems-with spatially varying redox conditions and explicit con-
trol of the Cly/Cl" couple-is left for future work. The framework opens
avenues for understanding how metals and ceramics interact with
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molten salt in realistic service conditions where hydrogen/tritium may
originate from transmutation or adventitious impurities, and aid in
developing industrial applications with molten salts.
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