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Abstract

Thermal energy storage (TES) systems are widely employed in concentrated solar power
(CSP) applications as a means of storing and dispatching energy. Typical thermal fluids
used in TES systems include molten salts, such as solar salt (a KNO3;-NaNOj eutectic),
as well as other inorganic salts currently under consideration. While these molten ni-
trate, chloride, sulfate, and carbonate salts offer favourable thermal properties, they can
induce significant corrosion of metallic containment materials, leading to reduced sys-
tem efficiency and component lifetime. Despite extensive post-exposure studies, in situ
electrochemical understanding of corrosion mechanisms in molten solar salt remains lim-
ited, particularly for emerging alloys such as FeCrAl. In this study, the in situ corrosion
behaviour of structural alloys in molten solar salt was investigated using electrochemi-
cal impedance spectroscopy (EIS). Complementary post-exposure characterization was
performed using destructive techniques, including scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX), to assess microstructural and chemical
changes. The materials evaluated were stainless steel S5316 and comparatively underex-
plored Kanthal FeCrAl alloys, exposed to molten solar salt (40 wt% KNO3-60 wt% NaNO3)
at 545 °C. The electrochemical and microstructural analyses indicate that FeCrAl exhibits
superior corrosion resistance associated with the formation of a more stable and protective
oxide scale, compared to 55316 under the investigated conditions. This study provides new
electrochemical evidence supporting the suitability of FeCrAl alloys for TES applications,
while also indicating that 55316 may develop improved corrosion resistance over extended
exposure durations, highlighting the importance of long-term performance assessment.

Keywords: concentrating solar power (CSP); thermal energy storage (TES); molten salt
corrosion; electrochemical characterization; solar salt

1. Introduction

To address the challenges of environmental sustainability and global warming, concen-
trated solar power (CSP) has emerged as a promising clean energy technology. CSP instal-
lations are expected to generate a total of 2244.4 MW of electricity worldwide in 2024 [1].
A typical CSP plant consists of solar concentrators, receivers, heat transfer and storage
media, and power conversion systems [2]. Among these components, thermal energy
storage (TES) has become a critical element of CSP plants and the broader renewable energy
infrastructure [3]. TES enables CSP facilities to generate electricity during periods of high
solar irradiance and to continue power production after sunset by maintaining elevated
operating temperatures. This capability mitigates intermittency associated with solar re-
sources and allows CSP plants, when integrated with TES, to function as near-continuous
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power generation systems. Furthermore, CSP systems equipped with TES offer greater op-
erational flexibility compared to other renewable technologies, such as solar photovoltaics,
by compensating for short-term fluctuations in energy availability [4].

Molten salts play a central role in TES applications due to their favourable thermal
properties and suitability for high-temperature operation. In active TES systems, molten
salts are commonly used as heat transfer fluids (HTFs), circulating through the system
to enable charging and discharging of stored thermal energy, while in passive storage
systems, the HTF transfers heat to a dedicated storage medium [2]. Active TES systems
can be further classified into direct and indirect configurations. In direct systems, the
HTF also serves as the storage medium and is heated directly within the solar field. In
contrast, indirect systems utilize the HTF solely for heat transport, with thermal energy
transferred to the storage medium via a heat exchanger. In both configurations, cold and
hot storage media are typically separated into two dedicated tanks or into two distinct
regions within a single tank [5]. Among these designs, two-tank molten salt systems have
demonstrated greater thermal stability and have been successfully implemented in several
commercial CSP plants, particularly in parabolic trough configurations. However, the
operating temperatures of these systems are generally limited to below 600 °C, primarily
due to materials and corrosion constraints [5].

Molten salts are used as the sensible or latent heat media for the TES applications.
Nitrate salts have been commonly applied as an efficient working fluid for CSP systems,
which can increase electrical efficiency and reduce the levelized cost of electricity (LCOE) [6].
The binary mixture of 60% NaNOj + 40% KNOj can store solar energy for up to 15 h for
commercial CSP plants [7-10].

The melting point of traditional solar salt is around 240 °C and the thermal stability
limit is approx. 565 °C; the protective gas that reduces the decomposition loss can increase
the operation temperature limit to 600 °C [11-14]. Research has been set out to find the
decomposition of sodium and potassium nitrates [15]. Yang et al. [16] studied NOy emis-
sions of the ternary molten nitrate salts (HITEC) used in TES. Moreover, Cristina et al. [17]
studied the influence of the decomposition of the solar salt from the impurity magnesium.
These studies aimed at the effect of solar salt in contact with the container material.

Corrosion in molten nitrates usually stems from the corrosive ions in the molten
salt, such as oxides and nitrites, which separate from the nitrate anions [18]. Molten
nitrate salts, particularly eutectic mixtures such as NaNO3;-KNOs (solar salt), are widely
used as heat transfer and thermal energy storage media in concentrated solar power
(CSP) systems due to their favourable thermophysical properties. However, at elevated
operating temperatures (typically above 500-550 °C), these salts undergo partial thermal
decomposition, leading to the formation of chemically reactive species that significantly
influence corrosion behaviour of structural alloys. The primary decomposition pathway of
nitrate ions involves their reduction to nitrite ions with the release of oxygen gas [14,19-21].

2NO3~ — 2NO, ™ + Oy @)

As temperature increases further, nitrite ions themselves become thermodynamically
unstable and decompose according to

2NO, ™ — 2NO + O, (2)

In addition to gaseous nitrogen oxides, nitrite decomposition contributes to the forma-
tion of oxide ions within the molten salt

2NO,~ — O*~ + NO + NO, 3)
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The generation of oxide ions (O?7) is particularly important from a corrosion per-
spective, as it increases the basicity of the molten salt. Elevated oxide activity alters the
oxygen chemical potential of the melt and promotes destabilization of protective oxide
scales formed on metallic components. Despite the extensive literature on molten nitrate
corrosion, most studies rely on ex situ techniques such as mass change measurements and
post-exposure characterization. While informative, these approaches do not capture the
dynamic electrochemical and oxide scale evolution occurring during high-temperature
exposure. Consequently, in situ electrochemical insight into corrosion mechanisms under
CSP-relevant molten salt conditions remains limited. Structural alloys exposed to molten
nitrate salts typically rely on the formation of protective oxide layers, such as Cr,O3 on
stainless steels or Al,O3 on FeCrAl alloys. However, oxide ions present in the molten salt
can chemically interact with these protective layers through basic fluxing mechanisms,
leading to scale thinning or dissolution. Representative reactions may be expressed as:

Cr,03 + O~ — 2CrO,;~ 4)

ALO3; + 0%~ — 2A10, (5)

Such reactions result in the dissolution of the oxide scale into the molten salt, thereby
reducing its protective effectiveness and exposing the underlying metal to continued
oxidation and corrosion. The presence of nitrogen oxides (NO and NO,) further contributes
to fluctuations in local oxygen partial pressure, which can disrupt scale adherence and
promote non-protective oxide growth.

The corrosion rate of structural alloys in molten nitrate salts is primarily governed
by the nitrate-nitrite equilibrium and the stability of the protective oxide scale formed on
the alloy surface [22]. In nitrate melts, oxide scales can dissolve via fluxing mechanisms,
resulting in the progressive depletion of thermodynamically stable oxide-forming elements
such as chromium and aluminum [23]. Numerous studies have reported significantly
higher corrosion rates for low-chromium steels exposed to molten solar salt when compared
with austenitic stainless steels [23-26]. Low-carbon chromium steels, in particular, exhibit
distinctive corrosion behaviour characterized by the rapid onset of breakaway corrosion,
leading to the formation of thick, multi-layered, and non-protective oxide scales. These
corrosion products predominantly consist of sodium ferrite (NaFeO,) and hematite (Fe,O3),
which provide limited protection against further degradation [20].

Overall, high-temperature corrosion processes in molten salt environments are com-
plex and strongly influenced by dynamic chemical equilibria within the melt. Conventional
corrosion rate measurement techniques typically rely on ex situ mass change analysis
following predetermined exposure periods [23-27]. While informative, such approaches
are time-consuming and do not capture the evolving chemistry and kinetics occurring
during active corrosion. Consequently, increasing attention has been directed toward elec-
trochemical techniques to establish correlations between in situ electrochemical signals and
corrosion state. Most recent studies have focused on the relationship between polarization
behaviour and corrosion rate in molten salt systems [28,29].

In particular, FeCrAl alloys remain comparatively underexplored in molten nitrate-
based TES systems when compared with conventional austenitic stainless steels such as
55316. The Al,O3-based protection mechanism in FeCrAl differs fundamentally from the
Cr,O3-dominated behaviour of stainless steels, yet their relative electrochemical perfor-
mance in molten solar salt has not been systematically evaluated. This study addresses
this gap through in situ electrochemical impedance spectroscopy (EIS) supported by post-
exposure microstructural analysis.
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2. Materials and Methods
2.1. Salt Preparation

The solar salt mixture was prepared by blending potassium nitrate (KNO3) and sodium
nitrate (NaNOj3). KNO3 (>99.0% purity) was procured from Sigma-Aldrich (Burlington,
MA, USA), and NaNOj3 (>99.0% purity) was supplied by Thermo Scientific (Waltham, MA,
USA). To simulate a typical thermal energy storage (TES) molten salt used in concentrated
solar power (CSP) applications, the salt composition was fixed at 40 wt% KNOj3; and
60 wt% NaNOs.

According to the literature [14], solar salt with this composition exhibits a melting
point of approximately 240 °C and a thermal stability limit in the range of 530-565 °C, with
a specific heat capacity of approximately 1.5 k] kg~! K~1.

Prior to testing, the salts were thoroughly mixed and dried in air at 120 °C for 12 h
to remove moisture and water of crystallization. Approximately 8 g of the dried salt
mixture was then transferred into an alumina crucible. The crucible containing the salt was
kept in the drying oven at 120 °C until the start of the corrosion experiments to minimize
moisture uptake.

2.2. Alloy Preparation

In this study, stainless steel 316 (SS316) and FeCrAl alloys, supplied by Goodfellow Ad-
vanced Materials, (Huntingdon, UK) were evaluated for 80 h exposure in molten solar salt.
The chemical compositions and dimensions of the alloys are summarized in Tables 1 and 2
respectively. Figure 1 shows the molten salt corrosion rig after machining, which was used
for in situ corrosion testing.

Table 1. Composition of SS316 and FeCrAl alloy.

Composition [wt%]

Alloy
Fe Ni Cr Mn Mo Si Al
SS316 67.71 9.55 18.87 1.14 1.53 1.20
FeCrAl 67.55 - 21.44 - - - 11.01
Table 2. Size and surface area of the tested sample.
Size P t
Alloy ize Parameter [mm Surface Area [cm?]
Length Width Thickness (Average)
SS316 11.66 12.60 3.03 441
FeCrAl 12.37 11.16 2.03 3.72

Crucible
socket

Figure 1. Molten salt corrosion rig for in situ electrochemical tests.

Each sample was mounted as the working electrode (WE) in a three-electrode elec-
trochemical setup. Electrical connection was established using a 0.5 mm Nig/Cryg wire
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(a)

.

Potentiostat
(VersaSTAT 3F)
RE OCE OWE

(Goodfellow Advanced Materials), which was insulated with application of silicon dioxide
cement CEMEX, (Rugby, UK) shown in Figure 2 to define the exposed surface area and
eliminate the influence of the connecting wire.

Figure 2. Applying cement coating to the sample to cover the wire connection.

Prior to testing, the sample surfaces and wires were polished using silicon carbide
(5iC) sandpaper to achieve a smooth, uniform finish. The working electrode, along with
the counter (CE) and reference electrodes (RE), was assembled in a custom-designed
rig. Electrochemical measurements were performed using a three-electrode configuration.
The alloy sample served as the working electrode. A platinum wire mounted at the
tip of a Ni-80Cr—20 (Nichrome) lead was used as a quasi-reference electrode, while a
separate platinum wire of larger surface area, similarly mounted on a Ni-80Cr-20 lead,
was employed as the counter electrode.

2.3. Electrochemical Test

Figure 3 provides an overview of the corrosion rig: panel (a) shows the complete
three-electrode setup with supporting rig components, while panel (b) presents a close-up
of the counter, reference, and working electrodes fully immersed in the prepared molten
salt contained within an alumina crucible prior to the start of the experiment.

Figure 3. (a) Schematic of the three-electrode electrochemical setup with potentiostat, showing the
RE (reference electrode), CE (counter electrode), and WE (working electrode) (b) Photograph of the
assembled molten salt sample prior to exposure, showing electrodes and wires inserted into the salt
within the crucible, housed in an alumina three-bore tube.

Electrochemical measurements were performed using a VersaSTAT 3F potentiostat
system (TN, US), including open-circuit potential (OCP) monitoring and electrochemical
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impedance spectroscopy (EIS). The samples were exposed to molten solar salt at 545 °C,
representing the typical operating temperature of molten solar salt in CSP thermal energy
storage systems under an argon atmosphere for 80 h, with EIS data collected every 20 h
throughout the exposure period. The measurements correspond to a single continuous
exposure experiment for each alloy, and the results presented in this work are representative
time-resolved data acquired at 20, 40, 60, and 80 h. EIS measurements were carried out
at OCP at exposure times using a frequency range from 100 kHz to 100 mHz with an
AC perturbation amplitude of 10 mV. One data point per decade was recorded across the
investigated frequency range.

Nigy/Crp wires served as long conducting leads drawn into alumina tube bores, with
platinum used at the tips as the counter (CE) and reference (RE) electrodes. Stainless steel
316 (S5316) and FeCrAl alloys were used as the working electrodes (WE). At each electrode
junction—including Pt and Nigy/Cryg for the CE and RE, and Nigy/Crpo connected to
the target working electrode (55316 or FeCrAl)—cement was applied to prevent cross-
contamination between different metal chemistries.

The test conditions, including temperature, furnace environment, and intervals of
electrochemical data acquisition via EIS, are summarized in Table 3: Molten salt corrosion
test matrix.

Table 3. Molten salt corrosion test matrix.

Parameter Setting/Period
Testing Temperature 545 °C
Testing Environment Argon
1st EIS Measurement 20 h (total time 20 h)
2nd EIS Measurement 20 h (total time 40 h)
3rd EIS Measurement 20 h (total time 60 h)
4th EIS Measurement 20 h (total time 80 h)

Electrochemical techniques commonly employed in molten salt corrosion studies
include potentiodynamic polarization (PDP), open-circuit potential (OCP) monitoring,
and electrochemical impedance spectroscopy (EIS). These methods have been widely
reported for in situ corrosion assessment and online degradation monitoring, notably
in studies by Vidal et al. at NREL (USA) [3] and Bonk et al. at DLR (Germany) [10].
Among these techniques, EIS is particularly valuable for probing corrosion mechanisms
through impedance responses associated with charge-transfer processes and the integrity
of protective surface layers.

In the present work, the focus is placed exclusively on EIS measurements as an initial
investigation following the development of a custom-designed molten salt corrosion rig
at Cranfield University (UK). The primary objective is to analyze Nyquist impedance
responses and their evolution as a function of alloy composition and exposure duration in
molten salt environments. Changes in impedance characteristics are interpreted in terms
of corrosion degradation behaviour, including charge-transfer resistance and the possible
breakdown of passive or semi-protective surface layers.

The relationship between EIS-derived parameters and corrosion rate is a key aspect
of in situ molten salt corrosion monitoring, providing insight into time-dependent degra-
dation processes under high-temperature conditions. Accordingly, this study reports EIS
results as an indicator of relative corrosion resistance for different alloys over extended
exposure periods.
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Further work will expand this electrochemical framework by incorporating poten-
tiodynamic polarization testing to generate Tafel plots and extract quantitative corrosion
parameters, enabling a more comprehensive evaluation of corrosion kinetics and mecha-
nisms in molten salt environments.

2.4. Microscopy Analysis

Following electrochemical testing, polished cross-sectional sample mounts were pre-
pared for destructive post-exposure analysis. Sample preparation involved mounting,
sectioning, grinding, and polishing using standard metallographic procedures.

The polished cross sections were first examined at the macroscopic scale to evaluate
corrosion morphology using a digital microscope Keyence VHX-7000 (Milton Keynes, UK)).
High-resolution microstructural characterization of the cross sections was subsequently
performed using scanning electron microscopy (SEM). SEM analyses were conducted
using a TESCAN VEGA3 microscope (Kohoutovice, Czech Republic) equipped with a
backscattered electron (BSE) detector and energy-dispersive X-ray spectroscopy (EDX),
operating at an accelerating voltage of 20 kV.

3. Result and Discussion
3.1. Electrochemistry Analysis

Open-circuit potential (OCP) represents the mixed potential spontaneously estab-
lished at the metal-electrolyte interface and reflects the dynamic balance between anodic
oxidation and cathodic reduction reactions occurring on the metal surface. As such, OCP
measurements are widely used to assess corrosion tendency and interfacial stability. A
shift of the OCP towards more negative values generally indicates surface activation, often
associated with the destabilization or rupture of passive films, leading to enhanced anodic
dissolution and increased corrosion susceptibility. In contrast, a shift towards more positive
potentials is typically linked to the formation or stabilization of protective surface layers
and/or enhanced cathodic reactions, resulting in improved corrosion resistance. When the
OCP attains a stable value, it suggests that the interfacial electrochemical processes have
approached a quasi-steady-state condition.

As shown in the OCP evolution in Figure 4, both 55316 and the FeCrAl alloy exhibit
a rapid initial shift towards more negative potentials upon exposure to the molten salt,
indicating pronounced surface activation and the onset of corrosion reactions. This initial
transient behaviour is followed by potential fluctuations, reflecting a dynamic interplay
between oxide layer breakdown and reformation as the metal-salt interface evolves. After
approximately 50 h of exposure, the OCP values of both materials (measured versus the Pt
reference electrode) stabilize, signifying the establishment of steady interfacial conditions.
Notably, FeCrAl reaches this stable potential more rapidly and maintains comparatively
less negative OCP values than S5316, consistent with the formation of a more stable and
protective Al- and Cr-rich surface layer. In contrast, the delayed stabilization observed for
55316 suggests prolonged surface activation and reduced corrosion resistance under the
tested molten salt conditions.

Figure 5 shows the EIS plots of the SS316 and FeCrAl The two materials exhibit similar
frequency response trends in their signal behaviour. The Nyquist plots can be equivalent to
the internal resistance of molten salt and two interfaces representing the oxide—electrolyte
interface and metal-electrolyte interface. In the EIS plots, the size of the semicircle for both
materials decreases as the testing time increases, which is reflected in the equivalent circuit
in which the equivalent resistance of the oxide—electrolyte interface and metal—electrolyte
interface shows a resistance decrease as time goes by. By comparing the variation trends of
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300

the semicircle sizes in the EIS plots of the two materials, it can be roughly estimated that
the semicircle size in the EIS plot of FeCrAl decreases at a faster rate.

—— SS316 80h
FeCrAl Alloy 80h

Potential vs Pt (V)

-0.15

-0.20

~0.25 PR TR NP (R S NP S SR R
0 10 20 30 40 50 60 70 80 90

Elapsed time (h)

Figure 4. Open-circuit potential (OCP) evolution of SS316 and FeCrAl alloys measured versus a Pt
quasi-reference electrode during 80 h exposure in molten solar salt at 545 °C under argon atmosphere.

300

(a) re w2 & $S316 20 (b) o N o FeCeAl 20h
[ cpe2 ———SS316 20h (Fit Result) FeCeAl 20h (Fit Result)
$S316 40h ) Sy Sy FeCeAl 40h
250 —— 5316 40h (Fit Result) 250 FeCeAl 40h (Fit Result)
$8316 60h FeCeAl 60h
——SS316 60h (Fit Result) FeCeAl 60h (Fit Result)
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Figure 5. Nyquist plots obtained from electrochemical impedance spectroscopy (EIS) measurements
of (a) SS316 and (b) FeCrAl alloys after 20, 40, 60, and 80 h exposure in molten solar salt at 545 °C.
Symbols represent experimental data and solid lines indicate fitted results using the equivalent
electrical circuit shown.

Table 4 shows the data of the components in an equivalent circuit diagram. R;
represents the internal resistance of molten salt, R, represents the resistance of the
oxide—electrolyte interface, and Rj represents the resistance of the metal-electrolyte in-
terface. It can be found that during the 80 h test, the resistance of the metal-electrolyte
interface of the FeCrAl alloy is greater than S5316, which means in this period FeCrAl
alloy has a better corrosion resistance than S5316. However, by analyzing the tendency of
the Nyquist plots, it can be discovered that the resistance change in the metal—electrolyte
interface of the FeCrAl alloy (86 Q-cm?) is greater than 55316 (70.9 Q-cm?). Hence, a longer
period experiment, for example, more than 800 h exposure experiment, should be set up to
verify if the FeCrAl alloy has a better corrosion resistance than SS316.
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Table 4. The Component Data of the Equivalent Circuit in 80 h Exposure Test.

ET/h  Ry/Q-cm? Ry/Q-ecm? R3/Q-cm?  CPE1/F-cm?-s @1-D al CPE2/F-cm?-s @21 a2

20 11.28 69.47 267.7 2.730 x 1073 0.43 3.416 x 1073 1
FeCrAl 40 10.90 20.36 264.3 2934 x 1073 0.45 1.664 x 1073 0.65
Alloy 60 8.99 21.43 239.1 5.363 x 103 0.40 2112 x 1073 0.74
80 8.35 2.778 181.7 1.726 x 102 0.25 2.189 x 1073 0.56
20 18.78 98.71 2284 5042 x 1073 0.82 1.126 x 1073 0.90
ss316 40 17.31 75.33 194.4 1.151 x 1073 0.86 4903 x 1073 0.76
60 15.82 64.10 161.5 1.401 x 1073 0.85 6.805 x 1073 0.73
80 14.2 45.95 157.5 2.236 x 1073 0.78 7.884 x 1072 0.65
3.2. Microscopy and Damage Measurement
The microstructural and compositional evolution of SS316 and FeCrAl alloys after
exposure to molten solar salt at 545 °C was evaluated using SEM coupled with EDS.
Figure 6 shows the cross-sectional SEM images and corresponding EDS elemental maps,
while Tables 5 and 6 present the quantitative atomic percentages of selected regions (spectra)
for each alloy.
(a)
(b)
Figure 6. SEM cross-sectional images and corresponding EDS elemental maps of (a) SS316 and
(b) FeCrAl alloys after 80 h exposure to molten solar salt at 545 °C. The highlighted regions indicate
areas selected for EDS analysis provided in Figures 6a and 6b in Tables 5 and 6 respectively.
Table 5. EDX elemental composition (at.%) of SS316 measured for selected regions after 80 h exposure
to molten solar salt at 545 °C.
Spectra Label (0] Na Si K Cr Mn Fe Ni Mo Total
1 53.23 0.55 1.48 0.08 8.05 0.48 31.16 4.35 0.63 100.00
2 53.88 0.55 5.45 0.09 6.55 043 28.96 4.02 0.63 100.00
3 1.11 0.05 1.51 - 18.18 1.10 68.13 8.72 1.20 100.00
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Table 6. EDX elemental composition (at.%) of FeCrAl measured for selected regions after 80 h
exposure to molten solar salt at 545 °C.

Spectra Label N (0) Na Al Si K Cr Fe Total
4 21.83 62.53 11.53 - 0.01 3.91 0.05 0.15 100.00
5 1.90 50.67 0.77 0.16 0.08 11.12 8.53 26.76 100.00
6 0.05 3.74 0.03 9.25 0.28 0.07 20.22 66.36 100.00

3.2.1. 55316 Alloy

The SEM image of SS316 (Figure 6a) reveals the presence of surface pits, as highlighted
by arrows, which are indicative of localized corrosion. The EDS maps show significant
oxygen enrichment near the surface, accompanied by Fe, Cr, and Ni, suggesting the
formation of a mixed oxide layer. Sodium and minor silicon are detected along the surface
edges, consistent with residual molten salt deposits.

Quantitative EDX analysis (Table 5) confirms these observations. Spectra 1 and 2,
corresponding to the surface oxide, contain high oxygen content (53.23-53.88 at.%) and
notable Fe (/=29-31 at.%), Cr (~6-8 at.%), and Ni (=4 at.%). In contrast, spectrum 3,
representing the bulk substrate, shows minimal oxygen (1.11 at.%) and a composition
dominated by Fe (68.13 at.%), Cr (18.18 at.%), and Ni (8.72 at.%). The presence of Na
(~20.55 at.%) and Si (up to 5.45 at.%) in the surface oxide indicates partial salt penetration,
which can destabilize the oxide and contribute to pitting. These results suggest that the
surface oxidation of SS316 is relatively heterogeneous and provides limited protection
against continued corrosion. Similar behaviour has been reported in previous studies on
austenitic stainless steels in molten salt environments [3,6].

3.2.2. FeCrAl Alloy

In contrast, the FeCrAl alloy exhibits a more uniform and adherent surface oxide
(Figure 6b). The EDS maps indicate aluminum enrichment within the oxide layer, along
with oxygen, confirming the formation of a protective alumina-rich scale. Residual Na and
K are present only at trace levels on the extreme surface.

Table 6 shows that spectrum 4, corresponding to the outermost layer, contains high
oxygen (62.53 at.%) and nitrogen (21.83 at.%), exhibits to the surface region containing
residual molten salt deposits, which contributes to the elevated nitrogen signal. Spectrum 5,
representing the intermediate oxide, has substantial oxygen (50.67 at.%) and contributions
from Fe (26.76 at.%), Cr (8.53 at.%), and minor Al (0.16 at.%), indicating the formation of a
stable Fe-Cr—Al mixed oxide. The substrate (spectrum 6) remains largely unoxidized, with
low oxygen (3.74 at.%) and high Fe (66.36 at.%), Cr (20.22 at.%), and Al (9.25 at.%).

This composition confirms that aluminum plays a critical role in stabilizing the oxide
layer, resulting in effective passivation and suppression of further corrosion, consistent with
electrochemical measurements showing a more positive corrosion potential than 55316.
Similar protective behaviour of FeCrAl alloys in high-temperature molten salts has been
documented in the literature [30,31].

4. Comparative Discussion

The combined SEM and EDX results demonstrate a clear difference in corrosion
behaviour between the two alloys. While both alloys form surface oxides, the 55316 oxide is
heterogeneous, partially contaminated with residual salts, and prone to pitting. In contrast,
the FeCrAl alloy develops a dense, aluminum-assisted oxide layer that limits oxygen
ingress and improves overall corrosion resistance. These microstructural observations are
consistent with electrochemical measurements; open-circuit potential (OCP) shows that

https://doi.org/10.3390/ cryst16030200


https://doi.org/10.3390/cryst16030200

Crystals 2026, 16, 200

11 0f 13

FeCrAl exhibits a more positive corrosion potential and lower corrosion current densities
than SS316.

Furthermore, EIS results provide additional insight into the protective nature of the
oxide layers. The FeCrAl alloy exhibits higher charge-transfer resistance (R_ct) and larger
impedance modulus at low frequencies compared with 55316, indicating a more compact
and adherent passive layer that effectively impedes ion transport. In contrast, the lower
impedance and less capacitive response of SS316 reflect its heterogeneous, porous oxide,
which is less effective at preventing electrolyte penetration and localized corrosion. The
EIS analysis therefore quantitatively supports the SEM/EDS observations, confirming that
aluminum enrichment and the formation of a stable Fe—-Cr—Al oxide layer are critical for
enhanced corrosion resistance in molten solar salt environments.

5. Conclusions

According to the electrochemistry and SEM results after an 80 h solar salt corrosion
test can draw out these conclusions as follows.

e  After 50 h of exposure to molten solar salt at 545 °C, FeCrAl stabilized at ~+22 mV,
whereas SS316 reached —39 mV, indicating a more noble and corrosion-resistant
surface for FeCrAl.

e  FeCrAl exhibits higher charge-transfer resistance throughout the 80 h test compared
with S5316, reflecting superior passivation. The observed decrease in resistance over
time suggests that neither alloy reached a fully stable oxide layer, highlighting the
need for longer-term studies.

e  SEM/EDS observations show both alloys form thin surface oxide layers during ex-
posure. S5316 shows heterogeneous oxides and pronounced pitting, whereas FeCrAl
develops a dense, aluminum-assisted oxide that effectively limits oxygen ingress and
substrate degradation.

e  Aluminum plays a critical role in forming a protective Fe-Cr—Al oxide layer, which
accounts for the superior corrosion resistance of FeCrAl under high-temperature
molten salt conditions.

e  Theseresults indicate that FeCrAl and other aluminum-containing alloys are promising
candidates for structural materials in high-temperature concentrated solar power (CSP)
and thermal energy storage applications.

Further work should include longer exposure durations to assess long-term passiva-
tion stability, incorporation of additional Tafel plots and EIS studies over time, evaluation
of other candidate alloys, and testing across broader salt compositions and temperature
ranges to simulate more realistic operational conditions.
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