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Abstract: The corrosion properties of 316L stainless steel (316L SS) alloy within molten
NaCl-KCl salt were explored through a static immersion experiment carried out at 700 ◦C
under Ar flow for 25, 50, 100, 200, and 400 h. The loss in weight of the corroded 316L SS
alloy increased from 0.06 to 1.71 mg/cm2, while the maximum corrosion depth increased
from 1.71 to 14.09 µm. However, the corrosion rate initially increased from 27.54 µm/year
to 93.45 µm/year and then decreased to 47.22 µm/year as the soaking time was increased
from 25 to 400 h. The impurities in the molten salts produced corrosive Cl2 and HCl, which
corroded the 316L SS matrix. The accelerated selective Cr dissolution with small amounts
of Fe and Ni resulted in intergranular corrosion as the time of corrosion was increased. The
depletion depths for Ni, Cr, and Fe at 400 h were found to be 0.87 µm, 3.94 µm, and 1.47 µm,
respectively. The formation of Cr and Fe oxides might potentially play a vital role. The grain
boundary and outward diffusion of Mo may prevent the outward diffusion of Cr, thereby
mitigating alloy corrosion. Therefore, molten chloride salt purification and the selection
of stainless steel are crucial for developing future concentrated solar power technologies.
The findings of this study provide guidelines for the use of 316L SS in NaCl-KCl salt at
high temperatures.
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1. Introduction
Concentrated Solar Power (CSP) systems based on molten salt thermal storage hold

significant potential for providing sustainable and efficient energy solutions [1,2]. As the
performance of CSP stations depends largely on the working temperature of the molten
salt, significant improvements in thermo-electric conversion efficiency can be achieved by
raising the operational temperature of molten salts [3]. As CSP development involves both
scientific and industrial aspects, the U.S. National Renewable Energy Laboratory (NREL)
has recommended gradually increasing the working temperature of CSP [4]. The ultimate
goal is to achieve an operating temperature of 700 ◦C, thereby minimizing the associated
risks [5]. This challenge, however, lies in the limitation of current commercial molten salts
such as eutectic nitrate salts like NaNO3-KNO3 (Tm = 221 ◦C) and NaNO3-KNO3-NaNO2

(Tm = 142 ◦C), which restrict their practical use within a temperature range of 295 ◦C to
565 ◦C [6,7]. To address these limitations, molten chloride salts have emerged as more
promising candidates due to their higher melting points and superior thermal stability.
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Compared with eutectic molten nitrate salt systems, eutectic molten chloride salt
systems, such as NaCl-KCl (Tm = 657 ◦C) [8–10], NaCl-MgCl2 (Tm = 440.7, 445, and
459 ◦C) [11,12], KCl-MgCl2 (Tm = 425.8 ◦C) [13], NaCl-KCl-MgCl2 (Tm = 385.0 ◦C)
[14–16], NaCl-KCl-ZnCl2 (Tm = 203, 204, 213, 229, and 250 ◦C) [17,18] NaCl-KCl-AlCl3
(Tm = 88.9 ◦C) [19], and NaCl-KCl-FeCl3 (Tm = 138.2 and 140.2 ◦C) [20], have been consid-
ered as suitable candidates for developing future generation CSP stations owing to their
low price, excellent thermal stability at high temperature, high-efficiency heat transfer,
and good heat storage. Among all eutectic molten chloride salt systems, NaCl-KCl has
the lowest cost and is relatively easy to remove impurities (H2O and O2). In addition,
molten NaCl-KCl salt has a high boiling point (above 1400 ◦C) and low vapor pressure (1:1
molar NaCl-KCl at 1110K: 1 torr) [21], which can reduce evaporation loss and corrosion
of the structural materials caused by volatilization, lowering the potential security risks.
Moreover, NaCl-KCl has a high melting point (Tm = 657 ◦C) and can maintain a stable
molten state in ultra-high temperature environments, which can meet the high operating
temperature of future generation CSP stations [22]. Nevertheless, the corrosion of structural
materials used in CSP plants by molten chloride salts cannot be ignored and has attracted
widespread attention [23].

Ni-based and Fe-based alloys, which exhibit high corrosion resistance (Rcor) in molten
chloride salts and remarkable high-temperature mechanical characteristics, can be regarded
as the most suitable structural materials for developing future CSP stations [24–27]. Com-
pared with Ni-based alloys, Fe-based alloys are the preferred structural materials for future
CSP stations owing to their lower prices. Among these Fe-based alloys, 304 stainless steel
(304SS) and 316 stainless steel (316SS) are extensively used due to their high Rcor values,
high-temperature performance, and relatively low cost. Therefore, many studies have
reported the corrosion properties and associated mechanisms of 304SS and 316SS in molten
chloride salts [28–30]. The corrosion rates (CR) of 304SS immersed within purified molten
NaCl-MgCl2 salt under Ar flow at temperatures of 500 ◦C, 600 ◦C, and 700 ◦C were de-
termined to be 74.50 µm/year, 86.13 µm/year, and 371.39 µm/year, respectively [13].
However, the CR values of 316SS measured by the same experimental method were
17.12 µm/year, 38.28 µm/year, and 205.36 µm/year at temperatures of 500 ◦C, 600 ◦C,
and 700 ◦C, respectively. These values were lower than those of 304SS [11]. The corro-
sion of 304SS within purified molten NaCl-MgCl2 salt could primarily be related to the
dissolution of Cr. The Cr diffusion process mainly occurred at grain boundaries (GBs),
and the diffusion rate at the GBs increased with temperature, resulting in intergranular
corrosion. In 304SS, the diffusion coefficient of Cr increased exponentially with an increase
in temperature, thereby enhancing the severity of intergranular corrosion. Hence, the
CR value of 304SS was higher compared to that of 316SS [11,13]. The corrosion mechanism
and properties of 304SS and 316SS within NaCl-MgCl2-KCl molten salt inside a vacuum
environment at a temperature of 700 ◦C were investigated by Liu et al. The CR values in
this work were found to be 20,148 µm/year for 304SS and 11,388 µm/year for 316SS. This
confirmed that the 316SS possessed a higher Rcor value once again [16]. They believed that
the Rcor value of stainless steels would improve with a decrease in the Cr and Fe contents
owing to the preferential dissolution of these elements. This is one reason why the 316SS
exhibited a higher Rcor value than the 304SS. In addition, they found that adding a small
amount of Mo to stainless steel was beneficial for mitigating corrosion. This is because Mo
can facilitate surface passivation by producing insoluble Mo-containing compounds that
inhibit localized corrosion. At high temperatures, Mo diffused outward to form a Mo-rich
surface, which could slow the outward diffusion of Cr and Fe and delay the corrosion
process. Therefore, it can be concluded that 316SS is more suitable than 304SS as structural
materials for the future generation of CSP plants. However, the available literature on
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the corrosion properties of 316SS in NaCl-KCl molten salt at high temperatures is limited.
Polovov et al. reported that 316L SS had a lower CR than 316Ti SS within molten NaCl-KCl
salt at a temperature of 750 ◦C for 30 h and discussed the effect of carbon content on Rcor of
stainless steels through the sensitization (precipitation of carbides along GBs) effect caused
by high temperature [31]. The corrosion characteristics of 316SS in molten chloride salts are
affected by many factors, such as the molten chloride salt system, operating temperature,
and chemical composition; however, the corresponding influencing mechanisms are not
well understood. Thus, the corrosion behavior of 316SS in molten chloride salts needs to be
investigated further.

In this study, we selected 316L stainless steel and NaCl-KCl molten salt as the system
for further investigation. According to the CSP development roadmap, new-generation
CSP would operate at 700 ◦C; thus, this temperature was chosen for the corrosion resistance
test. We conducted a series of static immersion corrosion tests to assess the corrosion rate
(Rcor) of 316L SS in NaCl-KCl molten salt under rgon (Ar) flow at 700 ◦C. The weight loss
method was used to determine the Rcor, and scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) analysis, and X-ray diffraction (XRD) were employed to examine
the microstructure, elemental distribution, and morphology of the corroded surface and
cross-section. The results indicate that 316L SS exhibits promising corrosion resistance in
NaCl-KCl molten salt, which is critical for high-temperature CSP operation. Additionally,
this study offers new insights into the corrosion mechanisms and the role of alloying
elements, such as Cr and Mo, in enhancing corrosion resistance.

The findings of this study will contribute to the development of more durable materials
for high-temperature CSP systems, thereby improving the efficiency and lifespan of future
CSP plants. Further research is needed to explore the long-term behavior of 316L SS in
NaCl-KCl molten salts, especially under operational conditions that closely resemble those
found in real-world CSP systems.

2. Experimental Procedures
2.1. Materials Reparation

NaCl-KCl binary eutectic salt with a molar ratio of 1:1 was used as the experimental
molten salt for the corrosion test. Analytical-grade NaCl and KCl obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China), were used to prepare the salt mixture. The
purchased salts were weighed according to the specified ratios. Subsequently, the salts
were mechanically milled in an agate mortar. The thoroughly mixed salts were transferred
to a quartz crucible and dried in a muffle furnace at 120 ◦C for 24 h. It should be noted that
both the drying of the salt mixture and its storage before the experiment were performed
inside a glove box under highly pure Ar gas flow (99.99%).

The chemical distribution of the experimental 316 L SS was analyzed using Spectro
Arcos SOP inductively coupled plasma-optical emission spectroscopy (ICP-OES, SPECTRO
Analytical Instruments GmbH, Kleve, Germany), as listed in Table 1. The 316L SS was
shaped into samples measuring 20 mm × 10 mm × 2 mm utilizing an electric spark cutting
machine. Subsequently, the samples were ground to a 3000-grit finish with SiC paper
and polished with 0.05 µm Al2O3 powder [32]. An Al2O3 crucible was selected as the
container for the corrosion process due to its chemically inert nature to molten chloride
salts. The polished 316L SS specimens and Al2O3 crucibles were ultrasonically cleaned
with deionized water and alcohol, followed by thorough drying.

Table 1. Elemental distribution (wt.%) of the experimental 316L SS.

Element C Si Mn Cr Ni Mo P S Fe

Content (wt.%) 0.03 0.92 1.93 16.9 11 2.08 0.04 0.03 Bal.
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2.2. Corrosion Experiment

The static corrosion testing device is depicted in Figure 1. The prepared specimens of
316L SS were suspended across the holes in the crucible cover using a 316L SS wire. It was
ensured that the 316L SS samples did not touch the bottom of the Al2O3 crucible. A total of
100 g of solid NaCl-KCl salt was ground, mixed, and transferred to an Al2O3 crucible to
completely bury the 316L SS samples. A high-temperature glue was used to seal up the
joint between the crucible and its cover, as well as the holes in the cover of the crucible, to
ensure complete bonding. Three 316L SS specimens were placed in each Al2O3 crucible.
A glove box with a highly pure Ar gas flow was used to conduct all the above operations,
where the concentrations of O2 and H2O were below 10 ppm.
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Figure 1. Schematic of the static corrosion experiment.

The sealed Al2O3 crucibles were divided into five groups and placed in a muffle
furnace for static corrosion experiments. Each group was subjected to different heating
durations in a heating furnace. According to the operating temperature requirements of the
next generation of CSP stations, the furnace was first heated to 300 ◦C for 48 h to ensure
that the molten NaCl-KCl salt dried completely. Subsequently, the furnace temperature
was further increased to 700 ◦C and kept for 25 h, 50 h, 100 h, 200 h, and 400 h in the
five different groups, respectively. The sealed Al2O3 crucibles were allowed to cool in
the furnace. Subsequently, the 316L SS specimens were removed from the sealed Al2O3

crucibles. The obtained samples were rinsed with ethanol and deionized water to remove
residual salt and moisture and finally dried at 180 ◦C for 12 h. Photographs of the dried
316L SS samples are exhibited in Figure 2. Before the static corrosion experiment, the
surface of the 316L SS specimen was extremely flat and could produce a mirror reflection
effect, as shown in Figure 2a. The surfaces of the specimens immersed for 25 h and 50 h
were relatively light and flat, while those of the specimens immersed for 100 h to 400 h
displayed a dim metallic color and became rough. Nonetheless, no pitting, peeling, or
detachment caused by localized corrosion was observed on the surface of the specimens,
indicating no delamination. Thus, it could be considered that the corrosion of 316L SS
within molten NaCl-KCl salt was uniform.
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2.3. Characterization

In an experiment involving static corrosion, 316L SS samples were weighed before
and after the experiment using an electronic balance with a precision of 0.1 mg. The change
in weight per unit area can be calculated using the following equation [33]:

W =
m0 − m1

S
(1)

where W represents the weight loss per unit area (mg/cm2), S represents the surface area
of the alloy specimens (cm2), m0 represents the initial weight of the alloy specimens (mg),
and m1 represents the weight of the corrosion-damaged alloy specimens after cleaning and
drying (mg). The value of CR (µm/year) under uniform corrosion can be calculated using
the following equation [34]:

CR =
K × W
t × ρ

(2)

where K represents a coefficient (8.76 × 104), t denotes the time of corrosion of the specimen
in the molten salt (h), and ρ represents the density of the alloy specimen (g/cm3). The
value of ρ for the 316L SS was determined by Archimedes’ principle using a thin coating
of Vaseline to prevent water permeation, and the measured value was 7.95 g/cm3. The
weight loss and the value of CR reported herein were obtained by averaging the values for
the three separate 316L SS alloy specimens under the same test conditions.

The cross-sectional and surface images of the prepared specimens were obtained
utilizing Scanning electron microscopy (SEM, Merlin Compact; Carl Zeiss AG, Oberkochen,
Germany) system integrated with an X-Max EDS (80 mm2; Oxford Instruments, Abingdon,
UK). To analyze the concentrations of primary metal ions within the molten NaCl-KCl
salt post-corrosion, an ICP-OES system (SPECTRO Analytical Instruments GmbH, Kleve,
Germany). was employed. The crystal phases of the 316L SS on the surface before and
after corrosion were identified using a X-ray diffractometer (XRD, D8 Advance; Bruker
Corporation, Karlsruhe, Germany) with a Cu Kα radiation source (λ = 1.5406 Å). The
prepared samples were scanned from 20◦ to 90◦, operating at 40 kV and 40 mA, with a step
length of 0.02◦ (continuous PSD fast scanning mode).

3. Result and Discussion
3.1. Corrosion Properties
3.1.1. Weight Change

The weight changes and corrosion rates (CR) of the 316L stainless steel (SS) alloy after
immersion in molten NaCl-KCl salt under an Ar flow at 700 ◦C for various durations are
shown in Figure 3. The weight loss of the corroded 316L SS alloy increased with increasing
immersion time. Specifically, the weight loss was 0.06 mg/cm2 at 25 h, which sharply
increased to 1.70 mg/cm2 at 200 h. At 400 h, the weight loss reached 1.71 mg/cm2, which
was nearly the same as that at 200 h.

The observed weight change in the corroded 316L SS specimens during static corrosion
can be attributed to two primary factors: (i) weight loss due to the selective dissolution of
elements in the 316L SS, such as chromium (Cr), and (ii) weight gain from the formation of
corrosion products, such as Cr2O3 and Fe2O3, on the corroded surface. It is important to
note that the NaCl and KCl salts used in this experiment contained impurities, including
O2 and H2O, which likely reacted with the 316L SS alloy to form compounds like Cr2O3

and Fe2O3. These products could have a significant impact on the corrosion behavior of
the alloy [35]. All corroded 316L SS specimens exhibited weight loss after static corrosion
over different time intervals. Therefore, it can be concluded that selective dissolution was
the dominant mechanism driving corrosion in this study.
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The value of CR was determined by tracking the variation in weight based on uniform
static corrosion [36]. The calculated CR values for the corroded 316L SS alloy specimens
initially increased and then decreased with an increase in the immersion time. The CR value
for the corroded 316L SS alloy reached a maximum value of 93.45 µm/year at an immersion
time of 200 h, which was about 3.4 times its value at 25 h. However, the value of CR for
the corroded 316L SS alloy decreased to 47.22 µm/year at 400 h, which was about half of
the CR value at 200 h. The increase in the value of CR at the initial stage of static corrosion
might be related to the oxidizing impurities within the molten NaCl-KCl salts [16,37]. In
general, metal materials can corrode easily owing to the presence of trace amounts of H2O
molecules within molten chloride salts, resulting in the dissolution of alloying elements and
accelerating corrosion [24]. In addition, oxidized impurities, HCl and Cl2, are produced
due to the decomposition of molten NaCl-KCl salt at high temperatures [38]. The produced
HCl and Cl2 could react with the alloying elements (Ni, Fe, and Cr) within the 316L SS
specimen and increase the CR value. The CR value decreased when impurities within
the molten chloride salts were almost consumed. The CR values for the 316 SS alloys in
various eutectic molten chloride salt systems, as found in previous studies, are listed in
Table 2 [11,18,23,38]. It was evident that the CR value for the 316 SS specimen within the
molten NaCl-KCl salt system was lower in comparison to that in other molten chloride salt
systems, while also demonstrating a remarkably high value of Rcor at high temperatures
within this particular salt system.

Table 2. The obtained CR values for the 316 SS alloy in various chloride salts in an inert environment.

Molten Salts System Temperature (◦C) Time (h) CR (µm/year)

NaCl-MgCl2 700 240 205.36 [11]
NaCl-KCl-MgCl2 700 100

400
261 [23]
51.3 [38]

NaCl-KCl-ZnCl2 500
120
240
350

291 [17]
198 [17]
191 [17]

NaCl-KCl 700 100
400

83.61 (this work)
47.22 (this work)

3.1.2. Elemental Distribution and Surface Morphology

The SEM-EDS image of the 316L SS specimen is shown in Figure 4. The sizes of
500 grains were measured using the Nano Measurer 1.2 software (College of Chemistry
and Chemical Engineering, Fudan University, Shanghai, China) to determine the average
grain size. The mean grain size of the experimental 316L SS alloy was approximately
23.92 µm, with an error range of ±17.94 µm. In addition to a small amount of δ phase, no
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significant precipitated phases were observed along the grain boundaries (GB). However,
a few discontinuous sub-micron precipitates were clearly visible within the grains. These
sub-micron precipitates were identified as the M23C6 phase [3].
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Figure 4. SEM image of 316L stainless steel before corrosion.

The surface morphologies of the 316L SS specimens immersed in molten NaCl-KCl
salt at 700 ◦C for various durations are shown in Figure 5. After 25 h of immersion,
slight scratches from grinding and pits caused by corrosion were observed on the surface,
indicating that the alloy primarily underwent pitting corrosion. As the immersion time
increased from 50 h to 400 h, significant intergranular corrosion developed. The extent of
corrosion at the grain boundaries (GBs) increased with longer immersion times, and after
200 h and 400 h, the GBs were nearly completely corroded, resulting in the loosening of
grains. After 400 h of immersion, some cracks between the grains widened to over 4 µm,
indicating severe intergranular corrosion. Additionally, white particles with diameters less
than 2 µm appeared on the surface of the 316L SS specimen after 100 h of immersion, as
shown in Figure 5e–j. These particles are likely to be corrosion products or precipitates
originating from the salt.
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The elemental compositions of the corroded 316L SS specimens, as well as the areas
marked A, B, C, and D in Figure 5, were analyzed using SEM-EDS, and the results are
presented in Table 3. The elemental distribution varied among the specimens corroded for
different durations. Notably, the Cr content in all the corroded specimens was lower than
that in the non-corroded 316L SS specimen (see inset in Figure 4), while the Mo content
on the surface increased with immersion time. This suggests that the 316L SS experienced
de-Cr corrosion in the NaCl-KCl molten salt. Generally, the loss of Cr tends to result in
a high carbon content around the corrosive pits [38], as shown in Figure 5b and Table 3.
Furthermore, it was confirmed that Mo exhibits better corrosion resistance than Cr in
NaCl-KCl molten salts.

Table 3. Chemical compositions of various regions in Figure 5 (at.%).

Regions C Si Mn Cr Ni Mo Fe O

Figure 5a 15.70 0.36 0.32 8.70 9.06 1.23 61.89 2.75
Figure 5c 15.53 0.26 0.40 8.56 9.73 1.24 62.32 1.96
Figure 5e 19.24 1.04 0.10 6.08 11.09 1.92 52.12 8.42
Figure 5g 27.45 1.19 0.24 5.86 10.20 2.05 44.23 8.79
Figure 5i 13.72 1.65 0.08 5.60 13.39 3.48 58.64 3.44

A 30.25 0.37 0.54 8.80 7.01 0.96 49.21 2.86
B 23.85 5.38 0.35 2.90 6.99 16.34 33.96 10.24
C 21.92 5.62 0.34 2.15 8.45 14.82 32.53 14.18
D 26.97 5.68 0.18 2.71 6.85 16.28 32.12 9.21

The areas marked A, B, C, and D in Figure 5 were found to be enriched in C and
O, indicating that these regions might contain carbides and oxides. The plots of the
change in Gibbs free energy (∆G) of the corresponding carbides and oxides with tem-
perature are presented in Figure 6. The value of ∆G was determined using the equation
∆GT = ∆HT + T∆ST, utilizing the thermodynamic software of HSC Chemistry 6.0 (Metso
Outotec, Espoo, Finland), where ∆GT denotes the value of ∆G at T K, and ∆ST and ∆HT

represent the differences in entropy and enthalpy of the reaction to the reactants at T K,
respectively [39]. For a true comparison, the Ellingham−Richardson diagram was used,
and it was computed from thermodynamic calculations, as shown in Figure 6 [40,41].
Combined with Table 3 and Figure 6, the region marked with A was a corrosive pit, and
the corrosive products covered in the pit might have been Cr2O3. The bright particles
marked B, C, and D in Figure 5 gathered Si and Mo, and the contents of C and O were also
significantly higher compared to those in other regions. According to the calculated value
of G, it could be concluded that the bright particles might be molybdenum/silicon oxides.
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The elemental distributions of the corroded 316L SS specimens were captured using
SEM-EDS, as shown in Figure 7. For the specimens immersed in molten NaCl-KCl salts at
700 ◦C for 25 h and 50 h, the elements Fe, Ni, Mo, Cr, Si, C, and O were relatively evenly
distributed across the surface, indicating that the 316L SS specimens experienced uniform
corrosion. However, after immersion for 100 h, Cr depletion and Mo enrichment began to
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appear at the grain boundaries (GBs). Furthermore, the severity of Cr depletion and Mo
enrichment at the GBs increased with longer immersion times. These observations suggest
that Mo could diffuse from the grains to the corroded GBs during the corrosion process.
A similar phenomenon was reported by Luo et al. when the Inconel 617 alloy was corroded
in LiF-MgF2-KF molten salts [42]. They suggested that Cr depletion leads to the formation
of numerous vacancies, and the concentration gradient of vacancies between the grains
and corroded regions serves as the driving force for Mo diffusion. Consequently, the Mo
content was higher near the corroded regions. Sun et al. also reported that small amounts
of continuous Mo-rich carbides (marked B, C, and D in Figure 5) along the GBs tend to
reduce corrosion [34]. Additionally, noticeable depletion of Fe, Ni, and O at the GBs was
observed, suggesting that the corroded 316L SS specimens were covered with Fe, Ni, and
Cr oxides.
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Figure 7. Elemental mapping images of 316L SS specimens immersed in molten NaCl-KCl salts at
700 ◦C for different time durations: (a1–a8) 25 h, (b1–b8) 50 h, (c1–c8) 100 h, (d1–d8) 200 h,
(e1–e8) 400 h.
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3.1.3. Crystalline Structure

The obtained XRD spectra of the 316L SS specimen prior to and following corrosion in
molten NaCl-KCl salts at a temperature of 700 ◦C for various time durations are shown
in Figure 8. The Cr0.19Fe0.7Ni0.11 phase (PDF card 33-0397, face-centered cubic structure,
a = 3.5911 Å) was the main crystalline phase for the 316L SS specimen before corrosion
and was also detected after corrosion. Compared with the diffraction peak intensity of
the Cr0.19Fe0.7Ni0.11 phase for the 316L SS sample prior to corrosion, the diffraction peak
intensity for the 316L SS sample following corrosion was weaker, which could be linked
to the formation and coverage of corrosive products. New peaks of 2θ at around 44.65◦,
64.98◦, and 82.28◦ were observed on the surface of the corroded 316L SS specimens, which
were consistent with the characteristic signal of the Fe-Ni phase (PDF card 37-0474, body-
centered cubic structure, a = 2.8681 Å). In addition to the Cr0.19Fe0.7Ni0.11 and Fe-Ni phases,
the diffraction peak of Cr2O3 (PDF card 85-0730) was also observed after immersion for
100 h. When the 316L SS specimen was immersed in the NaCl-KCl molten salt for 400 h,
Fe2O3 (PDF card 54-0489) was observed in the XRD pattern. The obtained XRD results
agreed with the thermodynamic calculations of the oxides and elemental analysis of the
corroded samples.
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3.1.4. Elemental Distribution and Cross-Sectional Morphology

The cross-sectional morphologies of the 316L SS specimens immersed in the NaCl-KCl
molten salt at a temperature of 700 ◦C for various time durations are illustrated in Figure 9.
The cross-sectional surface of the corroded 316L SS alloy after immersion for 25 h was flat,
with no obvious corrosion. The maximum corrosion depth was as low as 1.71 µm. It must
be emphasized that the maximum corrosion depth in this work was obtained by measuring
the distance between the surface and the deepest attack on the corroded 316L SS alloy
during corrosion. The maximum corrosion depth increased as the corrosion time increased.
The surface of the corroded 316L SS alloy became uneven after immersion for 50 h, and
the maximum corrosion depth increased to 2.56 µm. Its value reached 8.55 µm when the
value of t was extended to 100 h, and intergranular corrosion was observed. The surface of
the corroded 316L SS alloy deteriorated as the time duration was increased to 400 h. The
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corrosion degree increased substantially, and the value of the maximum corrosion depth
increased to 14.09 µm.
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Figure 9. The obtained cross-sectional SEM images of the 316L SS specimens immersed in molten
NaCl-KCl salt at a temperature equal to 700 ◦C for varying time durations: (a) 25 h, (b) 50 h, (c) 100 h,
(d) 200 h, and (e) 400 h.

The cross-sectional SEM-EDS mappings of the primary elements for the 316L SS
specimen immersed in molten NaCl-KCl at 700 ◦C for 400 h are shown in Figure 10. It
was clearly observed that the specimen experienced Cr depletion, which predominantly
occurred along the grain boundaries (GBs). In addition, Fe depletion was also detected at
the GBs. To assess the compatibility of the 316L SS specimen with molten NaCl-KCl salt, the
depletion depths of Cr, Ni, and Fe were measured, as shown in the insets in Figure 10b–d.
The depletion depths were found to be 1.47 µm for Fe, 3.94 µm for Cr, and 0.87 µm for
Ni. These results further confirm that the corrosion of the 316L SS specimen in NaCl-KCl
molten salt was primarily due to selective Cr dissolution, accompanied by the dissolution
of small amounts of Fe and Ni. The Cr depletion depth can be used as an indicator of
intergranular corrosion penetration.
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Figure 10. Elemental distribution and EDS line scanning of the cross-section for the 316L SS specimen
following corrosion within the NaCl-KCl molten salt at a temperature equal to 700 ◦C for 400 h:
(a) secondary electron image, (b) Fe, (c) Cr, (d) Ni; inserts show Fe, Cr, and Ni line scanning.

3.1.5. Cr and Fe Concentration in the Molten Salt After Corrosion

The variation in concentration values of Cr and Fe in the molten NaCl-KCl salt
with immersion time is depicted in Figure 11. The figure clearly shows an increase in
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the concentration of both elements with an increase in immersion time. From 50 h to
100 h of immersion, there was a sharp increase in the Fe and Cr concentrations, indicating
a significant loss of Fe and Cr from the 316L SS specimens. Subsequently, the concentration
of Fe within the molten salt slowly increased as the immersion time was extended from
100 to 400 h, whereas the concentration of Cr increased almost linearly with immersion
time. Since the concentration values of Ni, Cr, Mo, and Fe within the 316L SS specimen
were much higher than those in the NaCl-KCl molten salt, the concentration difference
resulted in the diffusion of these elements from the 316L SS specimen to the molten salt.
However, among these elements, Cr was the element that corroded most easily, whether
in molten chloride or fluoride salts, because Cr exhibits the fastest diffusion rate and the
highest chemical activity [33]. Hence, the dissolution and loss of Cr was the most serious,
followed by that of Fe. It should be pointed out that the amount of dissolution and loss of
Ni and Mo from the 316L SS specimen was so small that the Ni and Mo concentrations in
the molten salt could not be determined using ICP-OES.
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3.2. Corrosion Mechanism Analysis

According to the XRD results, it is certain that Fe and Cr in the 316L SS specimens
participated in the reaction to generate the corresponding oxides. It had been confirmed that
the corrosion of the 316L SS specimens within the molten chloride salts at high-temperature
values was related to the contaminants present within the molten salts, such as O2 and
H2O [43,44]. O2 and H2O would react with Cl− from molten chloride salts to produce Cl2,
HCl, and O2−, and the reactions can be written as follows:

2Cl− + O2(g)= Cl2(g) + O2− (3)

H2O + 2Cl−= 2HCl(g) + O2− (4)

Moreover, the O2 would also react with the 316L SS alloy matrix to form an oxide
layer. The produced Cl2 could react with the 316L SS alloy matrix to generate chlorides.
HCl gas obtained by the hydrolysis of molten chloride salts would dissolve into the NaCl-
KCl molten salts and corrode metal elements such as Fe, Ni, and Cr. Therefore, O2, HCl,
and Cl2 would have crucial effects on the corrosion behavior of 316 L SS alloys within
molten NaCl-KCl salts, which can be evaluated using a thermodynamic technique. The
Gibbs free energies for the possible reactions were obtained using HSC Chemistry 6.0
thermodynamics software, and the obtained values are provided in Table 4. The results
showed that the value of ∆G for the formation of (Fe, Cr, Ni)Cl2 increased in the order
CrCl2 < FeCl2 < NiCl2. This tendency indicates that Cr has the worst stability against
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the NaCl-KCl molten salt compared with Fe and Ni. Thus, it can be deduced that Cr is
preferentially attacked by molten chloride salts, followed by Fe and Ni [45]. These findings
suggest that the primary corrosion chemical reactions of the 316L SS specimens in the
NaCl-KCl molten salt were as follows:

Cr + Cl2(g)= CrCl2 (5)

Cr + 2HCl(g)= CrCl2 + H2(g) (6)

Table 4. The obtained values of G for the probable reactions occurring at 700 ◦C.

Reaction ∆G (kJ/mol)

Fe + Cl2(g) = FeCl2 −221.23
Cr + Cl2(g) = CrCl2 −275.97
Ni + Cl2(g) = NiCl2 −159.71

4Fe + 3O2(g) = 2Fe2O3 −1131.89
4Cr + 3O2(g) = 2Cr2O3 −1756.17

2Ni + O2(g) = 2NiO −301.81
Fe + 2HCl(g) = FeCl2 + H2(g) −19.9
Cr + 2HCl(g) = CrCl2 + H2(g) −74.6
Ni + 2HCl(g) = NiCl2 + H2(g) 41.6

4FeCl2 + 3O2(g) = 2Fe2O3 + 4Cl2(g) −246.98
4CrCl2 + 3O2(g) = 2Cr2O3 + 4Cl2(g) −652.28

2NiCl2 + O2(g) = 2NiO + 2Cl2(g) 17.61

Hence, the 316L SS underwent selective Cr dissolution, producing soluble CrCl2 in
the molten NaCl-KCl salt, which led to the formation of subsurface voids and consequently
weight loss. Conversely, Cr and the formed CrCl2 could be oxidized to form Cr2O3,
which adhered to the surface of the 316L SS specimen, causing weight gain. However,
the CrCl2 content was much higher than the Cr2O3 content due to the limited amount of
O2 in the molten salt, resulting in an overall weight loss of the 316L SS specimens during
static corrosion.

Similarly, Ni and Fe could also be selectively attacked, forming soluble NiCl2 and
FeCl2 in the NaCl-KCl molten salt. This process contributed to the depletion of Ni and Fe
in the cross-section of the 316L SS specimens. Based on the calculated Gibbs free energy
(∆G) values, the amount of NiCl2 formed was smaller than that of FeCl2, indicating that
Fe experienced more significant dissolution than Ni. Therefore, the depletion of Ni was
less pronounced than that of Fe, suggesting that Ni underwent only slight dissolution. The
possible chemical reactions for the dissolution of Fe and Ni are as follows:

Fe + Cl2(g)= FeCl2 (7)

Fe+2HCL(g)= FeCl2 + H2(g) (8)

Ni + Cl2(g)= NiCl2 (9)

The calculated Gibbs free energies of O2 reacting with Cr and CrCl2 to form Cr2O3

were −1756.17 kJ/mol and −652.28 kJ/mol, respectively, which were larger than that of O2

reacting with Ni to form NiO (−301.81 kJ/mol). The calculated ∆G value of O2 reacting
with NiCl2 to form NiO was 17.61 kJ/mol, indicating that this chemical reaction could not
occur. Hence, Cr2O3 was preferentially formed, followed by Fe2O3 and finally NiO. The
possible chemical reactions are as follows:

4Cr+3O2(g)= 2Cr2O3 (10)

4Cr+3O2(g)= 2Cr2O3 (11)
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4Fe+3O2(g)= 2Fe2O3 (12)

4FeCl2+3O2(g)= 2Fe2O3+4Cl2(g) (13)

2Ni + O2(g)= 2NiO (14)

However, NiO was not detected in the corroded specimens using XRD, as shown in
Figure 8. This can be explained by the following two reasons: (i) the NiO content was so
low that the diffraction peak was too weak to be detected, and (ii) there was not enough O2

to participate in the reaction (14) and form NiO.
Based on the above analysis, schematic diagrams illustrating the corrosion mechanism

of the 316L SS alloy in molten NaCl-KCl salt are presented in Figure 12. The selective
dissolution of Cr was identified as the primary cause of the corrosion of 316L SS alloys
in molten chloride salts. Specifically, Cr atoms located on the surface and along the grain
boundaries (GBs) preferentially dissolved. Consequently, the diffusion rate of Cr atoms
played a crucial role in the corrosion behavior of the 316L SS alloy. Smith et al. observed
that the diffusion rate of Cr atoms along the GBs in 316L SS was faster than that in the
lattice [46]. The GBs of the 316L SS alloy preferentially corroded in NaCl-KCl molten salt,
resulting in intergranular corrosion. Additionally, the δ phase and M23C6 phase (as shown
in Figure 4) within the 316L SS alloy might dissolve in the NaCl-KCl molten salt, causing
pitting corrosion. Corrosion pits can act as stress concentrators, potentially exacerbating
the propagation of intergranular corrosion. Moreover, small amounts of Mo content in
stainless steels may suppress pitting corrosion [34]. Therefore, both intergranular corrosion
and pitting corrosion were observed in the 316L SS alloy within the NaCl-KCl molten salt
environment; however, intergranular corrosion was the predominant corrosion mechanism.

Crystals 2025, 15, x FOR PEER REVIEW 15 of 18 
 

 

4Cr + 3O2(g) = 2Cr2O3 (10)

4Cr + 3O2(g) = 2Cr2O3 (11)

4Fe + 3O2(g) = 2Fe2O3 (12)

4FeCl2 + 3O2(g) = 2Fe2O3 + 4Cl2(g) (13)

2Ni + O2(g) = 2NiO (14)

However, NiO was not detected in the corroded specimens using XRD, as shown in 
Figure 8. This can be explained by the following two reasons: (i) the NiO content was so 
low that the diffraction peak was too weak to be detected, and (ii) there was not enough 
O2 to participate in the reaction (14) and form NiO. 

Based on the above analysis, schematic diagrams illustrating the corrosion mecha-
nism of the 316L SS alloy in molten NaCl-KCl salt are presented in Figure 12. The selective 
dissolution of Cr was identified as the primary cause of the corrosion of 316L SS alloys in 
molten chloride salts. Specifically, Cr atoms located on the surface and along the grain 
boundaries (GBs) preferentially dissolved. Consequently, the diffusion rate of Cr atoms 
played a crucial role in the corrosion behavior of the 316L SS alloy. Smith et al. observed 
that the diffusion rate of Cr atoms along the GBs in 316L SS was faster than that in the 
lattice [46]. The GBs of the 316L SS alloy preferentially corroded in NaCl-KCl molten salt, 
resulting in intergranular corrosion. Additionally, the δ phase and M23C6 phase (as shown 
in Figure 4) within the 316L SS alloy might dissolve in the NaCl-KCl molten salt, causing 
pitting corrosion. Corrosion pits can act as stress concentrators, potentially exacerbating 
the propagation of intergranular corrosion. Moreover, small amounts of Mo content in 
stainless steels may suppress pitting corrosion [34]. Therefore, both intergranular corro-
sion and pitting corrosion were observed in the 316L SS alloy within the NaCl-KCl molten 
salt environment; however, intergranular corrosion was the predominant corrosion mech-
anism. 

 

Figure 12. Schematic diagram illustrating the mechanism of corrosion of 316L SS in molten NaCl-
KCl salt. 

4. Conclusions 
The corrosion behavior of the 316L SS alloy immersed in molten NaCl-KCl salt was 

investigated under Ar flow at 700 °C for various time durations. The study revealed that 
the corrosion depth and weight loss of the corroded 316L SS alloy increased with an in-
crease in the value of t. However, the CR value of the corroded 316L SS alloy reached a 
peak value of 93.45 µm/year at 200 h and decreased significantly to 47.22 µm/year at 400 

Figure 12. Schematic diagram illustrating the mechanism of corrosion of 316L SS in molten
NaCl-KCl salt.

4. Conclusions
The corrosion behavior of the 316L SS alloy immersed in molten NaCl-KCl salt was

investigated under Ar flow at 700 ◦C for various time durations. The study revealed that the
corrosion depth and weight loss of the corroded 316L SS alloy increased with an increase in
the value of t. However, the CR value of the corroded 316L SS alloy reached a peak value of
93.45 µm/year at 200 h and decreased significantly to 47.22 µm/year at 400 h. The molten
NaCl-KCl salt exhibited the weakest corrosivity on the 316 SS alloy compared to molten
NaCl-MgCl2, NaCl-KCl-MgCl2, and NaCl-KCl-ZnCl2 salts. The selective dissolution of the
matrix alloying element to form soluble chlorides in the molten salt was primarily caused
by the impurities of O2 and H2O from the molten NaCl-KCl salt, which resulted in the
generation of subsurface voids and weight loss. The main mechanism of corrosion for
the 316L SS alloy within molten NaCl-KCl salt was intergranular corrosion owing to the
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dissolution of Cr and small amounts of Fe and Ni on the GBs. These findings provide useful
values and guidelines for molten salt and material selection that may aid in developing
next-generation CSP stations.
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