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Abstract

Nickel-based alloys are promising structural materials for molten salt systems; however,
secondary-phase formation during long-term high-temperature exposure may introduce
local corrosion susceptibility because secondary phases have compositions and redox
stabilities distinct from the matrix. Here, we combine CALculation of PHAse Diagrams
(CALPHAD)-based phase prediction with redox thermodynamic analysis to assess phase-
specific corrosion susceptibility in Inconel 625 (IN625) and SA508 low-alloy steel under
molten chloride conditions. Equilibrium phase constitutions at 1000 K were predicted
using Thermo-Calc, and redox equilibrium potentials were calculated for representative-
phase dissolution reactions of major metallic elements in each phase. The dominant «
and y phases in SA508 exhibited similar Fe-ionization potentials of —1.728 and —1.768 V
vs. CI12/CI7, respectively. In IN625, the y matrix exhibited a Cr-ionization potential of
—1.964 V vs. C12/ClI~, whereas the P phase showed the most negative potential of —2.132 V
vs. C12/CI7, 0.168 V more negative than the matrix, identifying the P phase as the primary
local thermodynamic weak point. These results show that phase-specific metal-ionization
susceptibility cannot be inferred solely from nominal alloy composition or matrix behavior.
The proposed framework provides a thermodynamic screening approach for identifying
susceptible secondary phases in multicomponent alloys under molten-salt conditions.

Keywords: molten salt corrosion; Ni-based alloy; computational corrosion susceptibility
prediction

1. Introduction

Ni-based alloys have been widely considered as candidate structural materials for
molten salt reactors owing to their corrosion resistance in high-temperature molten
salts [1-9]. Their Ni-rich y matrix generally exhibits a low metal-ionization tendency
in chloride and fluoride salts, while alloying elements such as Cr, Mo, and Nb improve
high-temperature strength, creep resistance, and oxidation resistance [10,11]. During pro-
longed exposure at reactor operating temperatures, however, these elements can partition
into secondary phases, including y" precipitates, carbides, and topologically close-packed
(TCP) phases [10,12-18]. Because these phases have compositions and thermodynamic
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stabilities distinct from the matrix, their corrosion responses may also differ from that of
the surrounding y matrix. Thus, understanding the role of secondary phases is impor-
tant for evaluating corrosion-relevant heterogeneity in Ni-based alloys under molten salt
reactor conditions.

Evidence for phase-dependent corrosion effects has been reported primarily in aque-
ous corrosion studies of Ni-based alloys [19-24]. In Ni-based superalloys such as Inconel
718, precipitated phases including Laves phases, carbides, v”, and § phases can form
during thermal exposure, producing local microstructural and electrochemical hetero-
geneities [19,20]. In chloride-containing aqueous solutions, localized corrosion of Inconel
718 has been observed preferentially at interfaces between the austenitic matrix and metal
carbides, suggesting that secondary-phase/matrix heterogeneity can provide initiation sites
for localized attack [21]. In a Ni-Cr—Mo superalloy, increasing the fraction of a P-type TCP
phase in a chloride-rich aqueous solution shifted the corrosion potential negatively and
increased the anodic current density, with localized attack proceeding through selective
dissolution of the P phase [22]. These studies demonstrate that individual secondary phases
can exhibit corrosion responses distinct from those of the surrounding matrix [21-23]. Al-
though the interfacial reactions and corrosion mechanisms in aqueous solutions differ from
those in high-temperature molten salts, these observations establish that phase-specific
composition and stability can generate localized electrochemical heterogeneity within
Ni-based alloys.

Although phase-specific corrosion data for Ni-based alloys remain limited in molten
salts compared with aqueous environments, recent experimental and modeling studies
have clarified the roles of selective elemental dissolution, near-surface compositional re-
distribution, and phase evolution in molten-chloride corrosion. Experiments on Fe- and
Ni-based structural alloys have revealed selective dissolution and substantial changes
in near-surface alloy chemistry, although the responses of individual secondary phases
were not separately resolved [25]. Building on a CALPHAD-based thermodynamic—kinetic
framework originally developed to predict compositional and phase evolution in multicom-
ponent alloys [26], subsequent models reproduced experimentally observed Cr depletion
together with Mo and W enrichment in binary Ni-Cr and commercial Ni-based alloys
exposed to molten KCI-MgCl, [27,28]. These studies further showed that elemental activity
and solid-state diffusion are more informative than nominal alloy composition alone for
describing corrosion-induced compositional evolution and improving long-term corrosion
predictions [27-29]. However, because these approaches primarily predict alloy-scale com-
positional and phase evolution, they do not directly identify the intrinsic metal-ionization
susceptibility of each pre-existing matrix and secondary phase. Consequently, whether an
individual secondary phase is thermodynamically more susceptible to metal ionization
than the surrounding matrix under the same molten-salt condition remains unresolved.

In this study, we combine CALculation of PHAse Diagrams (CALPHAD)-based phase
prediction with redox thermodynamic assessment to compare phase-specific susceptibil-
ity to metal ionization in multiphase structural alloys under molten chloride conditions.
Inconel 625 (IN625) was selected as a representative Ni-based superalloy containing com-
positionally distinct secondary phases [30], whereas SA508 low-alloy steel was included
as a compositionally simpler Fe-based reference alloy. CALPHAD calculations provided
the phase fractions and compositions of the matrix and secondary phases [30,31], which
were used to construct representative atomic structures and calculate redox equilibrium
potentials for the ionization of their constituent metallic elements [32]. This analysis iden-
tifies the most favorable metal-ionization reaction within each phase and compares the
intrinsic redox stability of the matrix and secondary phases. The calculated potentials are
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interpreted as phase-specific thermodynamic descriptors rather than direct predictions of
corrosion rate or electrochemical mixed potential.

2. Methods
2.1. Calphad-Based Phase Prediction

The high-temperature equilibrium phase constitutions of IN625 and SA508 were pre-
dicted using Thermo-Calc 2025b [31]. The TCNI13 Ni-based alloy database was used for
IN625, whereas the TCFE14 Fe-based alloy database was used for SA508. The nominal com-
positions of IN625 and SA508 used in the calculations are listed in Table 1. The compositions
listed in Table 1 were selected as representative nominal compositions within the published
composition limits for IN625 (UNS N06625) and SA508 Grade 3 Class 1 [32,33]. They were
used as computational input compositions and do not represent measured compositions of
specific material heats. All equilibrium calculations were performed at a pressure of 1 atm.
The CALPHAD calculations were conducted in two steps. First, temperature-dependent
equilibrium calculations were performed over the range of 400-1000 °C to evaluate the
formation and evolution of secondary phases in each alloy. These calculations were used
to determine how the phase fractions changed across the operating-temperature range
relevant to molten salt reactor environments. Second, separate isothermal equilibrium
calculations were performed at 1000 K to obtain the phase-specific thermodynamic informa-
tion required for the subsequent corrosion assessment. From these calculations, the stable
phases at 1000 K, their phase fractions, and their elemental compositions were extracted
(Figure 1A). The obtained phase compositions were then used as inputs for constructing
representative atomic structures for the alloy matrix and secondary phases. Because IN625
and SA508 are multicomponent commercial alloys, their phase constitutions were calcu-
lated using the complete nominal compositions listed in Table 1 rather than simplified
ternary subsystems.

Table 1. Representative nominal chemical compositions of IN625 and SA508 selected within published
composition limits [32,33] and used as inputs for the CALPHAD-based phase prediction (wt.%).

Elements (wt.%) Fe Cr Ni Mo Nb Al Ti C
SA508 Bal. 0.25 0.50 0.50 0.01 0.025 0.015 0.25
IN625 5.00 20.00 Bal. 8.00 4.15 0.40 0.40 0.10

Elements (wt.%) Mn Si Co A" P S B Ca
SA508 1.50 0.40 - 0.05 0.025 0.025 0.003 0.015
IN625 0.50 0.50 1.00 - - - - -

2.2. Construction of Representative Phase Structures

Representative atomic structures were constructed for each alloy matrix and secondary
phase using the phase compositions predicted by CALPHAD at 1000 K. The matrix phases
were generated from their corresponding crystal structures: the face-centered cubic (FCC)
structure was used for the 'y matrix, and the body-centered cubic (BCC) structure was used
for the a matrix. For the secondary phases, phase-specific parent structures were used
instead of elemental crystal structures. The " phase was constructed based on the NizNb-
type structure, whereas the carbide phases in both IN625 and SA508 were constructed
based on the Mp3Cy structure. The P phase was constructed using an ordered Ni—-Cr-
Mo P-phase structure as the parent structure. The elemental occupations of the parent
structures were then modified to reproduce the CALPHAD-predicted phase compositions
at 1000 K as closely as possible. For matrix phases and P phase, alloying elements were
substituted over the metallic sites according to the target phase compositions. For M»3Cg
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carbides, carbon sites were kept fixed, and only the metal sublattice was substituted
with alloying elements such as Cr, Mo, Fe, and Ni. For the y” phase, the Ni and Nb
sublattices were distinguished during substitution so that the characteristic NizNb-type
site occupation was retained. Because CALPHAD-predicted compositions are continuous
values, the number of substituted atoms was rounded to integer values while minimizing
the deviation from the target composition within the finite supercell size. To account
for configurational effects associated with atomic site occupation, 200 random atomic
configurations were generated for each phase at a fixed composition and atom number.
Each configuration was structurally relaxed, and its total energy was evaluated. Because
the configurations generated for a given phase had the same composition and number of
atoms, the configuration with the lowest total energy was selected as the representative
structure of that phase. The selected representative structures were subsequently used for
representative-phase redox thermodynamic calculations. Structural relaxation and energy
calculations were performed using Matlantis. The generalized gradient approximation
(GGA)-level universal PreFerred Potential (PFP) implemented in Matlantis v8.0.0 was used
for all calculations [34]. Vibrational contributions at 1000 K were included in the Gibbs free
energies used for evaluating phase-specific dissolution reactions.

2.3. Representative-Phase Dissolution Model and Redox Equilibrium Potential Calculation

To evaluate the thermodynamic tendency of each alloy matrix or secondary phase to
release metallic elements into molten chloride, each representative structure was treated as
a compound-like thermodynamic unit. This approach follows the phase-stability frame-
work used in our previous molten-salt corrosion assessment [35], in which the stability
of a compound phase is compared with that of possible product assemblages consisting
of dissolved metal ions and the reference states of the remaining constituent elements.
Therefore, the calculated redox equilibrium potential represents the potential at which a
representative structure becomes thermodynamically unstable with respect to metal-ion
formation. For each representative structure S, the dissolution of a metallic element M was
expressed as (Figure 1B):

S— NuM"™" +3 .y N X' 4 Nyyre ™ (1)

where Ny is the number of atoms of element M in the representative phase, M"* is the
corresponding dissolved metal ion in the molten salt, 7 is the oxidation state of the dissolved
ion, and X;™f denotes the reference state of each remaining constituent element X;. For
example, when Cr dissolution is evaluated, Cr atoms in the representative structure are
converted into dissolved Cr"* ions, whereas the other constituent elements are retained in
their reference states. This reaction should be interpreted as a thermodynamic construction
for comparing the stability of a representative structure against metal-ion formation, rather
than as a mechanistic description of simultaneous dissolution of all M atoms from the
phase. The dissolution Gibbs free energy was calculated as the difference between the
product assemblage and the initial representative structure and normalized by the number
of M atoms in the representative structure:

Nt (M™F) + Yo Nipe(X(F) — G(S)
Nm

S +) —
AGcliss (M’Mn ) - 2)
where G(S) is the Gibbs free energy of the representative structure, (M"™) is the chemical
potential of the dissolved metal ion in the molten salt, and u(X;**f) is the chemical potential
of each remaining constituent element in its reference state. This normalization allows the
dissolution tendency to be compared on a per M atom basis among different representative
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A

structures with different compositions and numbers of atoms. Only metallic elements were
considered as possible ionized species. Non-metallic elements such as carbon in carbide
phases were retained as non-ionized constituent elements in the product assemblage and
were not evaluated as dissolved ions.

Minor elements

y ) y Predicted equilibrium phase constitution at temperature T
’ e ) Q Q ’ using CALPHAD calculation with Thermo-Calc
| |

Nominal alloy composition

Secondary Phase A

’ Secondary Phase B

Secondary Phase C

SA508

(Fe-based alloy)

Secondary phase B

B Metal matrix ()
Corrosion ym

. and dissolution ?

O ® .

. Ered,eq
® °
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@ ® - D Y

I
Secondary phase A Secondary phase C

G(Representative structure S) G(Product assemblage)

Figure 1. Schematic illustration of the computational workflow used for phase-specific corro-
sion thermodynamic assessment. (A) CALPHAD calculations using Thermo-Calc were performed
based on the nominal compositions of SA508 and IN625 to predict the equilibrium phase consti-
tution, including stable phases, phase fractions, and phase-specific compositions at temperature T.
(B) Representative atomic structures were constructed for the alloy matrix and secondary phases.
Each representative structure was treated as a compound-like thermodynamic unit, and its stability
was compared with product assemblages consisting of dissolved metal ions and the reference states
of the remaining constituent elements. The resulting dissolution Gibbs free energy was normalized
by the number of dissolving metal atoms and converted into the redox equilibrium potential, Eyeq eq,
to compare the thermodynamic tendency for metal ionization among different phases.

The structural Gibbs free energy G(S) was evaluated from the relaxed representative
structure obtained using Matlantis, with vibrational contributions included at 1000 K. The
chemical potential of the dissolved metal ion was calculated following the molten-salt
phase-stability framework reported in our previous work [35]. For each metallic element
M, a pure-element bulk structure containing approximately 100-150 atoms was constructed
and structurally relaxed using the same Matlantis/PFP calculation framework employed
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for the representative phase structures. The Gibbs free energy of the relaxed bulk structure,
G(Mpyix), was divided by the total number of atoms, Ny, to obtain the per-atom bulk
reference chemical potential, #(Mpyk) = G(Mpuik)/Nm. The standard Gibbs free energy
of formation of the corresponding metal chloride, MCl,, at 1000 K, AG¢* (MCl,;), was
obtained from HSC Chemistry version 10.0.8.0. No explicit bulk carrier-salt composition
was specified because HSC Chemistry was used only to obtain the standard thermochemical
data for MCl,,, rather than to perform a multicomponent molten-salt solution calculation.
The standard chemical potential of the metal ion in the molten salt was then defined as:

p® (M) = p° (Mpui) + AG° (MCly) 3)

The chemical potential of the metal ion under the dilute molten chloride condition
was calculated by applying the Nernst equation:

p(M') = i (M) + RTIn[a(M")] @

where R is the gas constant, T is the temperature, and a(M"™) is the activity of the dissolved
metal ion in the molten salt. In this study, ideal dilute behavior was assumed, and the
activity of all dissolved metal ions was set to 10~°. Solvent-specific activity coefficients and
complexation effects were not considered. The dissolution Gibbs free energy was converted
into the redox equilibrium potential using the oxidation state of the dissolved metal ion
and the Faraday constant:

Eredeq(M/M"™) = —AGG, (M/M") /nF (5)
where F is the Faraday constant. The metal chloride species and oxidation states used to
define M"* were selected following the same convention as in the previous molten-salt
phase-stability framework [35]. For each representative structure, separate metal-ionization
reactions were evaluated for all metallic elements present in the structure. The redox
equilibrium potential, Esred,eq/ was calculated for each candidate element under the same
temperature and dissolved-ion activity conditions. The element yielding the most nega-
tive Esred,eq was identified as the thermodynamically preferred ionizing element for that
phase, and the corresponding potential was used to represent the highest metal-ionization
susceptibility of the structure. This approach follows the conventional thermodynamic
ranking used in molten-salt corrosion assessments, in which the relative redox potentials
of constituent metallic elements are compared to identify the element most susceptible to
oxidation and dissolution [6]. This selection provides a thermodynamic ranking of possible
ionization reactions and does not imply that only the selected element can dissolve under
actual corrosion conditions. All redox equilibrium potentials were reported with respect to
the Cly /Cl™ reference electrode. The calculated potentials were used as thermodynamic
descriptors for comparing the tendency of specific metallic elements in each phase to
dissolve into the molten salt, rather than as direct predictions of corrosion rate or mixed
corrosion potential.

3. Results and Discussion
3.1. Calphad-Derived Phase Constitution and Representative Phase Structures

CALPHAD calculations were first performed to predict the high-temperature equi-
librium phase constitutions of SA508 and IN625. The purpose of this step was to identify
which alloy matrix and secondary phases can exist under high-temperature conditions
relevant to molten salt systems and to obtain phase-specific compositions for constructing
representative atomic structures. Figure 2A,B show the temperature-dependent phase
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volume fractions of SA508 and IN625 over the range of 400-1000 °C, with the highlighted
region indicating the operating-temperature window commonly considered for molten salt
reactor systems. Figure 2C,D summarize the equilibrium phase constitutions at 1000 K. This
temperature was selected as the reference temperature for the subsequent representative-
structure construction and redox thermodynamic assessment.

A . B . .
1 1
1 1
—~~ 1 — 1
S SA508 : S IN625 :
— 1 —_— 1
S 08- v Y O 08- o
> : > Y (Alloy matrix) |
S~ : ~ 1
5 o (Alloy matrix) \} o :
35S 0.6+ ! = 0.6 !
O O 1
@© T=1000 K : © T=1000 K !
(= 0, Y= o
o (727 °C) ~ (727 °C) i
E 04+ i E 04+ i
=) : 2 :
o 1 (@] I
> ! > i
) : ) :
@ 02- : @ 024 " |
£ : & | G
Carbide | | Carbide | /\
0.0 ——t—— 0.0 . — T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

Temperature (°C)

7
44.0%

Carbide 0.2%

Temperature (°C)

Carbide 2.4%

P
15.6%

Alloy matrix v” 10.9%

55.8% Alloy matrix

71.1%

Figure 2. CALPHAD-predicted equilibrium phase constitutions calculated using the complete
nominal multicomponent compositions of SA508 and IN625. (A,B) Temperature-dependent phase
volume fractions of SA508 and IN625 over the range of 400-1000 °C. The highlighted region in-
dicates the operating-temperature window commonly considered for molten salt reactor systems.
(C,D) Equilibrium phase constitutions of SA508 and IN625 predicted at 1000 K.

For SA508, the Fe-rich « alloy matrix was predicted to be the dominant phase at
lower temperatures, accompanied by a small amount of carbide phase. As the temperature
increased, the volume fraction of the y phase increased progressively, whereas that of
the o alloy matrix decreased. The carbide phase remained a minor phase throughout the
calculated temperature range and decreased to a very small fraction at high temperatures.
At 1000 K, SA508 consisted mainly of the o alloy matrix and 'y phase, with volume fractions
of 55.8 and 44.0 vol.%, respectively, while the carbide phase accounted for only 0.2 vol.%
(Figure 2C). These results indicate that the high-temperature equilibrium phase constitution
of SA508 consists predominantly of Fe-rich matrix phases, with carbide present only as a
minor secondary phase.
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In contrast, IN625 exhibited a Ni-rich v alloy matrix as the dominant phase throughout
the temperature range considered, together with substantial fractions of secondary phases.
At lower temperatures, the P and v” phases occupied relatively large fractions. The BCC
phase, represented by the purple line in Figure 2B, was predicted to be stable only in the low-
temperature range and was no longer present above 500 °C. With increasing temperature,
the fractions of these phases decreased, while an additional o phase was stabilized in the
higher-temperature range. At 1000 K, the equilibrium phase constitution of IN625 consisted
of 71.1 vol.% y alloy matrix, 15.6 vol.% P phase, 10.9 vol.% y” phase, and 2.4 vol.% carbide
phase (Figure 2D). Therefore, unlike SA508, which consisted mainly of Fe-rich matrix
phases with only a trace amount of carbide, IN625 cannot be treated simply as a single
Ni-rich vy matrix but should be considered as a multiphase alloy containing secondary
phases with non-negligible phase fractions. This contrast suggests that corrosion-relevant
heterogeneity should be assessed not only in terms of phase fractions but also in terms of
phase-specific compositions that define the local dissolution environments.

Figure 3 shows the phase-specific elemental compositions of the alloy matrices and
secondary phases predicted at 1000 K. For SA508, the « alloy matrix was predicted to
be an Fe-rich phase containing approximately 97 wt.% Fe. The vy phase was also Fe-rich,
containing approximately 94 wt.% Fe, 2.4 wt.% Mn, and 2.2 wt.% C. Thus, the two major
phases in SA508 were compositionally similar, and both were dominated by Fe. In contrast,
the carbide phase exhibited a composition clearly distinct from those of the matrix phases,
consisting of approximately 51 wt.% Fe, 25 wt.% C, 21 wt.% Mo, and 3 wt.% Cr. Although
the carbide phase accounted for only 0.2 vol.% at 1000 K, its enrichment in Cr, Mo, and
C indicates that a local chemical environment distinct from the Fe-rich matrix can form
within SA508. However, because of its very small volume fraction, the carbide phase is
expected to have a limited contribution to the overall alloy-level thermodynamic response
of SA508.

(Wt.%) C 2.2% (Wt.%) Cr3% (Wt.%)
e

©

BN ¢
M Blc Bl
94% C 25% I vo Mn
-/ e = o=
-

Fe

Alloy matrix in SA508 v phase in SA508 Carbide phase in SA508

(wt.%) (wt.%) (wt.%) (wt.%)

50
<& i sy
()

Cr

.,

Alloy matrix in IN625 M,;C¢ phase in IN625 v’ phase in IN625 P phase in IN625

Figure 3. CALPHAD-predicted phase-specific elemental compositions at 1000 K. (A) Elemental
compositions of the alloy matrix, y phase, and carbide phase in SA508. (B) Elemental compositions
of the v alloy matrix, carbide, v” phase, and P phase in IN625.

For IN625, the vy alloy matrix consisted mainly of Ni, with approximately 66 wt.%
Ni, 20 wt.% Cr, and 7 wt.% Fe, reflecting the typical composition of a Ni-rich matrix.
However, the secondary phases exhibited compositions markedly different from those of
the vy matrix. The carbide phase was strongly enriched in Cr and Mo and contained only
a minor amount of Ni, with approximately 72 wt.% Cr, 19 wt.% Mo, and 5 wt.% C. The
v" phase was identified as a Ni-Nb-based intermetallic phase containing approximately
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66 wt.% Ni and 29 wt.% Nb, whereas the P phase was a Cr-Mo-rich intermetallic phase
containing approximately 37 wt.% Ni, 34 wt.% Mo, and 28 wt.% Cr. These results show
that the compositions of the secondary phases differ substantially from the nominal IN625
composition, with Cr and Mo preferentially concentrated in the carbide and P phases
and Nb concentrated in the y” phase. The CALPHAD-predicted phase compositions are
qualitatively consistent with previously reported phase chemistry. The Ni-rich y matrix
and Nb-enriched y” phase agree with the elemental partitioning reported for Alloy 625 [15],
whereas the Cr-rich carbide and Cr—Mo-rich P phase follow the established compositional
characteristics of these secondary phases [11,36]. The Fe-rich « and y phases predicted for
SA508 are also consistent with the Fe-balanced composition of this low-alloy steel. These
comparisons provide a qualitative consistency check rather than direct validation for a
specific material heat.

Phase-dependent compositional partitioning can influence molten chloride corrosion
susceptibility because secondary phases provide local chemical environments distinct
from those of the vy matrix. Therefore, secondary phases with compositions distinct from
the matrix may exhibit different dissolution behavior in molten chloride. In IN625, the
P phase combines a non-negligible phase fraction with strong Cr and Mo enrichment,
while the carbide phase represents a smaller but highly Cr-enriched secondary phase. By
contrast, the y” phase is mainly composed of Ni and Nb and contains little Cr, suggesting
that its dissolution behavior may differ from those of the Cr-containing phases. These
results indicate that phase fraction and phase-specific composition must be considered
together when assessing corrosion-relevant heterogeneity in multiphase alloys. Therefore,
the CALPHAD-derived phase compositions shown in Figure 3 provide the basis for con-
structing representative atomic structures and evaluating phase-specific redox equilibrium
potentials for representative-phase dissolution reactions.

3.2. Phase-Specific Redox Equilibrium Potentials of Alloy Matrix and Secondary Phases

Figure 4 summarizes the resulting phase-specific redox equilibrium potentials for
SA508 and IN625. In this work, Eeqeq Was used as a thermodynamic descriptor for
comparing the tendency of a metallic element in a given phase to dissolve into molten
chloride as a metal ion. A more negative Ejeq ¢q indicates a greater thermodynamic ten-
dency for metal ionization under the same dilute molten chloride condition. For each
phase, Figure 4 shows the most negative E,q oq value selected from the set of dissolution
reactions considered for that phase. The reported value therefore provides a phase-specific
measure of the highest thermodynamic tendency for metal ionization under the present
calculation condition.

For SA508, Fe dissolution was identified as the most susceptible dissolution reaction
for the o alloy matrix, y phase, and carbide phase (Figure 4A). The calculated Eedeq
values for Fe dissolution from the « alloy matrix, y phase, and carbide phase were —1.728,
—1.768, and —1.684 V vs. Cl,/Cl™, respectively. The full spread among these values is
approximately 84 mV, and the two dominant phases, the o alloy matrix and y phase, differ
by only approximately 40 mV. This indicates that the dominant phases in SA508 have
broadly comparable Fe-dissolution tendencies under the present calculation condition.
The CALPHAD-derived compositions shown in Figure 3A provide a compositional basis
for this result, as the « alloy matrix and y phase were both dominated by Fe. Therefore,
although SA508 forms more than one phase at 1000 K, its major phases show similar
Fe-rich compositions and comparable Fe-dissolution potentials. The carbide phase also
exhibited Fe dissolution as its most susceptible reaction; however, its Eeqeq value was
the most positive among the SA508 phases. This indicates that Fe ionization from the
carbide phase is thermodynamically less favorable than that from the « alloy matrix and
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Eieqeq VS. Cl,/CI

W

Eeqeq VS- Cl/CI

Y phase under the present calculation condition. Therefore, the carbide phase could, in
principle, represent a less susceptible local phase in SA508. Nevertheless, because the
carbide phase accounts for only approximately 0.2 vol.% of SA508 at 1000 K (Figure 2C),
such a beneficial contribution is expected to be negligible at the alloy scale. Instead, the
thermodynamic dissolution susceptibility of SA508 is expected to be dominated primarily
by Fe dissolution from the o alloy matrix and y phase. In this sense, SA508 serves as a
useful Fe-based reference alloy in which the phase-specific redox response is relatively
homogeneous among the dominant phases.

SA508 alloy, T = 1000 K, [M™] = 106 M

-1.0

-1.5

-2.0 H

-2.5

-1.0

Fe dissolution

Fe dissolution Fe dissolution

o alloy matrix Y phase Carbide phase

IN625 alloy, 7= 1000 K, [M™*] =106 M

-1.5 4

-2.0

-2.5

Nb dissolution

Cr dissolution

Cr dissolution

Cr dissolution

2132V

. ' .
v alloy matrix P phase v”’ phase Carbide phase

Figure 4. Phase-specific redox equilibrium potentials of the alloy matrix and secondary phases at
1000 K under a dissolved metal-ion activity of 10°. (A) Redox equilibrium potentials calculated for
the o alloy matrix, y phase, and carbide phase in SA508. (B) Redox equilibrium potentials calculated
for the vy alloy matrix, P phase, v” phase, and carbide phase in IN625. All potentials are reported
with respect to the Cl, /Cl~ reference electrode.

The behavior of IN625 is markedly different from that of SA508. For the y alloy
matrix of IN625, Cr was identified as the most thermodynamically susceptible dissolving
element, with an Eyeq ¢q value of —1.964 V vs. Cl,/Cl™ (Figure 4B). This result indicates
that, despite the Ni-rich composition of the y matrix, Cr is the metallic element most prone
to ionization from this phase under the present calculation condition [8,30,37]. Among the
secondary phases in IN625, the P phase exhibited the most pronounced thermodynamic
susceptibility, showing Cr dissolution with the most negative Ejeqeq value of —2.132 V
vs. Clp/CI™. This value is approximately 0.168 V more negative than that of the y matrix,
indicating that the Cr-dissolution reaction defined for the P-phase representative structure
is thermodynamically more favorable than that defined for the y-matrix representative
structure. Because the P phase exhibits the most negative Cr-dissolution potential and
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accounts for a substantial phase fraction of approximately 15.6 vol.% at 1000 K, it may
increase the overall thermodynamic dissolution susceptibility of IN625 in molten chloride.
This result is notable because the P phase contains a substantial amount of Mo, but within
the set of representative-phase dissolution reactions considered in the present calculation,
Mo dissolution was less thermodynamically favorable than Cr dissolution [9,38]. Thus,
the high thermodynamic susceptibility of the P phase cannot be explained simply by
elemental enrichment but instead reflects the phase-specific thermodynamic stability of the
representative structure relative to Cr-ion formation.

In contrast, the carbide phase showed a Cr-dissolution potential of —1.884 V vs.
Cl,/Cl~, which is approximately 0.080 V more positive than that of the y matrix. This
positive shift indicates that the Cr-rich carbide phase is not thermodynamically more
susceptible to Cr ionization than the y matrix under the present calculation condition,
despite its strong Cr enrichment and distinct local composition [39]. The y” phase exhibited
a distinct dissolution response from the Cr-dissolving vy matrix, P phase, and carbide
phase. In this phase, Nb dissolution was identified as the most susceptible dissolution
reaction, with an Eyeq eq value of —1.408 V vs. Clp/Cl™. This value is substantially more
positive than the Cr-dissolution potentials of the y matrix, P phase, and carbide phase,
indicating that the " phase has a lower thermodynamic tendency for metal ionization.
This result can be understood from the phase-specific composition shown in Figure 3B,
where the v phase is mainly composed of Ni and Nb and contains little Cr. Accordingly,
the v” phase can be interpreted as a Nb-controlled dissolution response rather than a
Cr-controlled one. This change in the dominant dissolving element explains the relatively
positive Ereq eq Value of the v phase, because Nb ionization was less thermodynamically
favorable than Cr ionization within the set of dissolution reactions considered in the present
calculation. Therefore, compared with the P phase, which exhibits the most negative Cr-
dissolution potential among the IN625 phases, the v phase is unlikely to act as the primary
thermodynamic weak point in IN625.

These results demonstrate that the molten chloride corrosion susceptibility of IN625
cannot be inferred solely from the behavior of the Ni-rich y matrix. Although the Ni-rich vy
matrix exhibits a relatively low thermodynamic tendency for metal ionization, the equi-
librium phase constitution of IN625 includes secondary phases whose local compositions
and redox responses differ substantially from those of the matrix. Therefore, the corrosion
susceptibility of IN625 cannot be assessed from the Ni-rich matrix alone but must account
for the phase-specific dissolution tendencies of secondary phases such as the P phase,
carbide phase, and y” phase. In the present calculation, the P phase was identified as
the most thermodynamically susceptible phase for Cr dissolution, whereas the carbide
phase showed a Cr-dissolution potential slightly more positive than that of the y matrix
despite its strong Cr enrichment. In addition, the y" phase exhibited a Nb-controlled
dissolution response with a substantially more positive Eyeq oq value. These results indicate
that secondary phases in IN625 do not contribute uniformly to corrosion susceptibility;
instead, their effects depend on the phase-specific redox stability of the dissolving element.

The comparison between SA508 and IN625 further highlights the value of phase-
resolved redox thermodynamic assessment. In SA508, the major phases are compositionally
similar Fe-rich phases, and their Fe-dissolution potentials are also similar. As a result, the
nominal alloy composition can capture the dominant Fe-dissolution behavior as a first
approximation. In IN625, however, the nominal Ni-based composition masks the presence
of secondary phases whose redox responses differ markedly from that of the y matrix.
Therefore, a nominal-composition-based or pure-element-based assessment would fail to
identify the P phase as a local thermodynamic weak point, while also missing the distinct
but less susceptible behavior of the carbide and y” phases. The qualitative trends predicted
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in this study are consistent with previous observations of preferential Cr depletion in
Ni-based alloys exposed to molten chloride salts [8,9,30,37,39] and selective dissolution
associated with P-type TCP phases in chloride-containing aqueous environments [21,22].
Although aqueous chloride solutions and high-temperature molten chlorides involve
different corrosion mechanisms, these studies support the broader conclusion that phase-
specific composition and stability can produce different local corrosion susceptibilities.

The present framework, which combines CALPHAD-predicted phase constitution
with representative-structure-based redox thermodynamics, provides a means to identify
both the phases and metallic elements that are thermodynamically susceptible to dissolu-
tion in molten chloride. This approach can serve as a thermodynamic screening tool for
multiphase alloys, particularly when secondary phases are expected to form or persist un-
der high-temperature service or heat-treatment conditions. For IN625 and related Ni-based
alloys, suppressing or controlling the formation of the P phase may be important for reduc-
ing local thermodynamic dissolution susceptibility because this phase exhibits the most
negative Cr-dissolution potential among the phases considered in this work. Although the
phases are electrically connected in an actual multiphase alloy, the independently calculated
phase-specific Ejeq eq Values can provide a first-order thermodynamic ranking at the initial
stage of corrosion, before substantial corrosion-induced changes in phase composition and
surface state occur. Thus, the separated-phase assessment is useful for identifying which
phase and constituent element have the greatest initial tendency for metal ionization. As
corrosion proceeds, however, selective dissolution may substantially alter the compositions
and surface states of the individual phases, while interphase charge transfer may estab-
lish a common mixed potential. Consequently, subsequent corrosion behavior becomes
difficult to predict quantitatively using the present fixed-composition framework. The
present calculations do not explicitly include polarization kinetics, phase-area ratios, phase
or grain boundaries, interphase galvanic coupling, or elastic and coherency interactions
among neighboring phases. Accordingly, the calculated Eeq eq values should be interpreted
as initial-stage thermodynamic screening descriptors rather than as direct predictions of
corrosion rate, galvanic current, electrochemical mixed potential, or corrosion morphology.
Actual molten-salt corrosion behavior may also be influenced by salt chemistry, impurity
concentration, mass transport, and interfacial kinetics [40]. Nevertheless, the present re-
sults demonstrate that secondary-phase constitution and phase-specific redox stability can
contribute significantly to the thermodynamic component of corrosion susceptibility in
Ni-based alloys under molten-chloride conditions. The proposed framework therefore pro-
vides a thermodynamic basis for identifying susceptible secondary phases whose behavior
cannot be inferred from nominal alloy composition or matrix properties alone.

4. Conclusions

CALPHAD-based phase prediction and representative-structure redox thermodynam-
ics were combined to compare phase-specific susceptibility to metal ionization at 1000 K
under a common idealized molten-chloride condition. The dominant Fe-rich & and y phases
in SA508 exhibited similar Fe-ionization potentials, indicating limited phase-to-phase varia-
tion. In IN625, the P phase exhibited the most negative potential, governed by Cr ionization,
and therefore the highest thermodynamic susceptibility among the phases considered. In
contrast, the Cr-rich carbide was less susceptible than the y matrix, while the y” phase exhib-
ited a less susceptible Nb-controlled response. These results show that the thermodynamic
susceptibility of Ni-based alloys to metal ionization cannot be inferred solely from nomi-
nal alloy composition or matrix behavior; phase constitution, phase-specific composition,
and the dominant ionizing element must instead be considered together. The calculated
redox equilibrium potentials should be interpreted as thermodynamic descriptors rather
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than direct predictions of corrosion rate or electrochemical mixed potential. Nevertheless,
the proposed framework provides a useful screening approach for identifying secondary
phases with relatively high metal-ionization susceptibility in multicomponent alloys under
molten-salt conditions.
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