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ABSTRACT

Concentrated solar power (CSP) systems commonly use solar salt as a high temperature heat transfer and storage medium. This
study examines the effect of oxygen (O,) and nitrogen oxide (NO) gas concentrations on solar salt thermal stability and 310N
stainless steel corrosion at 600°C up to 1224 h. The impact of the gas atmosphere (5-80vol% O,, 400-600 ppm NO) on salt
chemistry, including nitrate, nitrite, oxide, and chromate ions, was analyzed, and corrosion behavior was evaluated through

weight change, corrosion rate, and microstructural analysis. The results show that introducing NO gas concentrations

> 400 ppm with at least 5 vol% O, stabilizes salt decomposition by controlling nitrite and oxide ion formation and promotes the

development of a protective corrosion layer on the steel surface. Once this protective layer is formed, variations in oxygen

concentration (5-80vol%) in the presence of > 400 ppm NO gas have a minimal long-term effect on the corrosion behavior of
stainless steel in solar salt. These findings underscore the importance of maintaining minimum O, and NO levels to optimize
salt chemistry that effectively mitigates steel corrosion in solar salt systems.

1 | Introduction

Use of renewable energy is important for long term and sus-
tainable energy supply. One of the advancements in the
renewable energy storage is storing solar radiation as thermal
energy in molten salt system coupled with concentrated solar
power (CSP) plants and using them later for dispatchable
electricity production. Molten salt systems are state-of-the-art
technology for CSP applications. Solar salt, which is a non-
eutectic mixture of 60 wt% NaNO; and 40 wt% KNOj; is used
almost exclusively [1]. This salt mixture is primarily used for
thermal energy storage (TES), but also as a heat transfer fluid
(HTF). While it is widely used in CSP systems, its application is
not only limited to this domain. It can also be utilized for
high-temperature process heat applications [2].

Solar salt has an operating temperature range of 290°C to
565°C. The upper working temperature limit of solar salt is
governed by the thermal stability of solar salt, that is, the
thermal decomposition of solar salt is considered to be a several
step process. The first and widely understood decomposition
reaction is the decomposition of nitrate ion to form nitrite ion
and oxygen gas as given by Equation (1) [3-5].

1
NO3; 2 NO; + EOZ(g) (€]

The decomposition equilibrium reaction is dependent on the
temperature and oxygen vol%. Under typical operating condi-
tions in an air atmosphere with an oxygen gas concentration of
20vol% at 560°C, an equilibrium nitrite concentration of
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4.5mol% based on anion composition was observed after 500 h
[6]. This concentration increased to 8 mol% at 600°C, demon-
strating the effect of temperature on nitrite formation [7].
Additionally, at 560°C, increasing the oxygen gas concentration
to 50 vol% at ambient pressure led to a decrease in nitrite con-
centration to 3.1 mol%, highlighting the crucial role of oxygen
gas concentration in controlling the nitrate-nitrite decomposi-
tion reaction (Equation (1)) [7]. This relation, showing an
overall decrease in equilibrium nitrite concentration and
increase in nitrate concentration with increasing oxygen vol%,
has been summarized by Steinbrecher et al. [8].

It should be noted that at temperatures above 500°C, nitrite ions
can further decompose into several decomposition products,
such as nitrogen oxide gases, nitrogen gas, and oxide ions
[9-12]. However, the exact stoichiometry of the equilibrium
decomposition reaction is not fully known, leading to the sim-
plified Equation (2) below.

NO; 2 N,O,(g) + 0%~ (2

In Equation (2), N,Oy represents various nitrogen oxide gases
such as nitrogen oxide (NO), nitrogen dioxide (NO,) that may
form during salt decomposition. The term O,°~ denotes oxide
ions such as (0,7, 0,7, O®7) or other oxygen containing
anionic species present in the molten salt. Previous research
indicates that, in the absence of nitrogen oxide gases, this
reaction can proceed in the forward direction, producing more
oxide ions and reach up to a value of 0.04 mol% at 600°C after
1000 h [7, 10].

Overall, there is a common consensus that oxide ions present in
solar salt at high temperatures accelerate the corrosion of
metallic components in contact [13-16]. Several strategies in
molten nitrate salt systems have been explored to mitigate
corrosion [17], including protective coatings [18, 19], additives
or nanoparticles [20, 21], and the control of cover gas to
manipulate salt chemistry [22]. Among these approaches, con-
trol of the gas atmosphere plays a critical role, as it directly
governs salt decomposition and the formation of corrosive oxide
species [8]. Our earlier study also demonstrated that the oxide
ion concentration increases to 3.5mol% due to solar salt
decomposition in a nitrogen-purged atmosphere with 0vol%
oxygen, leading to a significant increase in the corrosion rate,
which is nearly ten times higher compared to that in an air
atmosphere with 20vol% oxygen at 600°C [23]. These previ-
ously reported results serve as the control reference for the
present study. Earlier studies have also shown that increasing
oxide ions by adding sodium peroxide (0.1-1 mol% of Na,0,) to
nitrate salt or sodium oxide (1 wt% of Na,O) to nitrate/nitrite
salt mixtures significantly increases the corrosion rate of AISI
316 stainless steel above 550°C [24, 25]. In some cases, the
corrosion rate is found to increase by up to 30 times for stainless
steel, reaching 965 pm/year at 650°C after 14 days, and a similar
trend at 530°C [24]. In line with these studies, our recent
findings demonstrated that the increase in oxide ions by addi-
tion of either sodium oxide (Na,O) or sodium peroxide (Na,0,)
in solar salt, above 0.20wt% (0.25mol% oxide ion), leads to
increased corrosion of 316 L at 600°C in a purged synthetic air
atmosphere (20 vol% oxygen). This is accompanied by a corre-
sponding increase in the dissolution of major alloying elements
(e.g., Cr) and the formation of a porous, disintegrated corrosion

layer as the oxide ion concentration rises [26, 27]. Recent
studies have shown that the presence of NO gas even in small
amounts can suppress the oxide ion formation in the salt at
elevated temperature above 550°C, by stabilizing nitrite
decomposition (Equation(2)) [8, 10, 28]. Moreover, Bonk et al.
[22] also demonstrated that solar salt decomposition at 620°C,
that is, the formation of nitrite and oxide ions can be effectively
controlled with a purged gas atmosphere containing 400 ppm
nitrogen oxide NO and 80 vol% oxygen. The limited availability
of oxide ions due to NO gas leads to slower corrosion reaction
kinetics for the formation of the corrosion layer, for example, a
sodium iron oxide top layer, and this results in a denser, stable,
and non-porous protective corrosion layer on 316 SS, compared
to an atmosphere with 20 vol% oxygen [22]. In summary, earlier
studies have shown that an oxygen free atmosphere (0vol%
oxygen) increases salt decomposition and higher corrosion rates
compared to synthetic air containing 20vol% oxygen, while
80vol% oxygen in the presence of NO gas has been found to
suppress salt decomposition and further decreases corrosion.
Moreover, in current CSP systems, the systems operate under
ambient air conditions with approximately 21 vol % O,. How-
ever, it is well established that increasing the oxygen partial
pressure stabilizes the solar salt chemistry and reduces its cor-
rosivity [22, 29]. Therefore, precise control of the gas atmo-
sphere represents a promising strategy to further improve the
chemical stability and durability of next-generation CSP-TES
systems. Despite these advances, to the best of our knowledge
there is still a lack of systematic research at a temperature of
600°C on how the oxygen volume fraction influence the solar
salt chemistry and also the corrosion rate, particularly in the
presence of suppressed oxide ions in the salt melt with NO
containing cover gas.

To address the gap, the current study significantly extends the
scope by analyzing the impact of both oxygen and NO gas
concentration variation on the corrosion of 310N SS in solar
salt, compared to previous similar work without variation of the
oxygen concentration [22, 28]. Alloy 310N was selected as a
representative nitrogen-alloyed, high-chromium and nickel
austenitic stainless steel developed for its suitability at higher
temperatures with improved resistance to creep strength and
corrosion resistance as compared to other grades like 316 and
316 L [30]. The main objective of this study is to examine how
corrosion in solar salt is influenced by variations in nitrate and
nitrite ion concentrations, which are controlled by adjusting the
oxygen vol%, particularly under conditions where NO gas
reduces oxide ion formation. For this purpose, the oxygen vol%
was varied from 5vol% to 80 vol%, and NO gas concentrations of
400 and 600 ppm were purged into solar salt containing 310N
stainless steel for up to 1224 h. These concentrations were
chosen based on the minimum requirement identified by
Steinbrecher et al. [31], who showed that 200 ppm NO gas
together with 5vol% O, is necessary for salt stabilization,
although oxide-ion concentrations still tend to increase under
these conditions. Therefore, a higher concentration of 400 ppm
NO was selected in the present study to limit any possibility of
oxide-ion accumulation, and 600 ppm NO was additionally
applied to compare the effect of increasing NO gas concentra-
tion. Due to the growing interest in raising the operating tem-
perature of CSP systems beyond 565°C to increase energy
storage density and cost reduction, this study investigates the
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resulting changes in corrosion behavior and salt chemistry at
600°C. The impact of changing gas atmosphere on both the salt
chemistry and the corrosion of 310N stainless steel was ana-
lyzed. The salt chemistry was examined for nitrate, nitrite,
chromate, and oxide ions. The 310N stainless steel corrosion
was evaluated through weight change, mass loss by descaling,
and analysis of corrosion layer morphology and cross-sections.
Overall, by providing deeper insights into the complex inter-
actions between gas atmosphere, salt chemistry, and steel cor-
rosion, this research offers a path forward for developing
corrosion mitigation and optimization strategies, extending the
lifespan of stainless-steel components, and reducing operational
costs in CSP-TES systems and other high-temperature energy
storage applications.

2 | Materials and Methods

The following sections describe the experimental setup
(Subsection 2.1), procedure (Subsection 2.2), and post-
experimental salt and steel analysis (Subsection 2.3).

2.1 | Experimental Setup

The corrosion study was conducted in a modified convection
furnace with four holes on the top of the furnace, designed to
securely hold four alumina crucibles. The alumina crucibles are
positioned 30 mm outside the furnace to prevent salt creeping,
as hot solar salt tends to creep beyond the furnace due to its
high temperature. To control the atmosphere inside the cruci-
bles, the top of each alumina crucible is fitted with a stainless-
steel flange assembly, with holes for both gas inlet and outlet.
The outlet hole of the flange is also used for periodic temper-
ature measurements using a K-type thermocouple. This setup is
described in detail elsewhere [14]. To eliminate any possibility
of metallic interaction with the solar salt, an alumina sample

holder is used to hold the steel samples inside the salt. For
precise control of the gas flow, a set of three calibrated mass
flow controllers (MFCs) are used for each crucible to regulate
the flow of oxygen (grade 5.0, Linde Gas, Germany), nitrogen
(grade 5.0, Linde Gas, Germany), and nitrogen oxide (2000 ppm
mixed with N,, Linde Gas, Germany). The total gas flow rate in
each crucible is maintained at 100 mL/min. The variation in gas
flow composition of each experiments are described in the
section below (see Table 2).

2.2 | Procedure

For the corrosion study the solar salt was produced from pro
analysis grade NaNO; (purity > 99.5%, Merck, Germany) and
KNO; (purity > 99.5%, Merck, Germany) at a 60/40 wt% ratio.
The corrosion tests were conducted using AISI 310 N stainless
steel (Salzgitter Mannesmann Forschung GmbH (SZMF),
Germany), and the chemical composition of the steel (in wt%) is
listed in Table 1. The steel samples are prepared in the size of
20 X 10 X 3 mm, followed by grinding with SiC paper down to
P600 grit to remove impurities and ensure uniform surface
roughness across all samples. After grinding, the samples are
thoroughly washed with deionized water and acetone. A total of
32 steel samples were prepared for the two experiments, with
four samples per crucible: two for 600 h exposure and two for
1224 h. This arrangement maintained a minimum spacing of
10mm between samples to ensure uniform exposure to the
molten salt, also to avoid mutual influence on corrosion behav-
ior. For each exposure time, one sample was used for weight gain
and mass loss measurements, while the other was used for cor-
rosion morphology analysis. The 400 ppm NO gas test is referred
to as Test 1, and the 600 ppm NO gas test as Test 2, as shown in
Table 2. The oxygen, and nitrogen gas flow rates are adjusted
according to the required vol % of oxygen in each crucible.

The crucibles with salts were heated to 600°C and kept for 600 h
or 1224 h. During the test, initial salt samples were drawn at

TABLE 1 | The nominal elemental composition in wt.% of the 310N austenitic steel.
Alloy C Cr Ni Mn Si P S N Fe
310N <0.10 24.00-26.00 19.00-22.00 <2.00 <15 <0.045 <0.015 <0.11 Balance
TABLE 2 | Test matrix depicting each crucible atmospheric condition and post-analysis techniques carried out for 600-1224 h exposures at

600°C in solar salt.

NO gas

concentration Oxygen
Crucible ID (ppm) (vol%) Salt post analysis Steel post analysis
Testl_O5 400 5 IC, Titration, MP-AES =~ Weight change, mass loss by descaling, SEM-EDX
Test1_030 400 30 Weight change, mass loss by descaling
Test1_O55 400 55 Weight change, mass loss by descaling
Testl_0O80 400 80 Weight change, mass loss by descaling, SEM-EDX
Test2_015 600 15 Weight change, mass loss by descaling, FIB-EDX
Test2_030 600 30 Weight change, mass loss by descaling
Test2_045 600 45 Weight change, mass loss by descaling
Test2_060 600 60 Weight change, mass loss by descaling, SEM-EDX
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t=0h, once the salt temperature reached 600°C, and additional
samples were collected at 600 h and 1224 h. After the 600 h and
1224 h corrosion tests, the gas flow was stopped and the cru-
cibles were opened to extract the 600h steel samples. After
removal, the crucibles were sealed again and the gas flow was
resumed. The same procedure was followed to extract the
1224 h steel samples. The following subchapter outlines the
post-analysis of salt and steel samples.

2.3 | Post Analysis
2.3.1 | Salt Post Analysis

The molten salt samples collected from each crucible were
analyzed for the following anions: nitrate, nitrite and chromate
ions, and oxide ions.

Salt samples were analyzed using ion chromatography (IC)
(Metrohm model 880 Basic IC plus, Germany) for nitrate,
nitrite, and chromate ions. For ion chromatography, 125 mg of
salt was dissolved in 500 mL of ultra-pure water and analyzed.
A detailed description of the experiment and calibration is
provided elsewhere [6].

Acid-base titration (Metrohm Titrando 800, Herisau, Switzer-
land) was performed to find the oxide ions concentrations in the
salt. For titration, 500 mg of salt was dissolved in 160 mL of
water and titrated with 0.01 M HCI (Titrisol standard solution).
The exact concentration of HCI in the titration solution was
determined by titer analysis using sodium carbonate (Merck,
Germany, purity >99.5%). The concentration of oxide ions
measured through titration is generally depicted as 0%,
regardless of the specific oxide species present in the solar salt.
The analytical techniques and statistical evaluation of the
titration methods are detailed elsewhere [28].

2.3.2 | Steel Post Analysis

Out of the total four samples in each crucible, two steel samples
were taken out after the 600 h and another two samples for the
1224 h corrosion test. Out of the two steel samples, one was
used to calculate weight change and corrosion rate through
descaling, and the other was analyzed using scanning electron
Microscopy with energy dispersive X-ray spectroscopy (SEM-
EDX) or focused ion beam with energy dispersive X-ray spec-
troscopy (FIB-EDX) to determine the corrosion layer thickness
and morphology.

The steel samples were extracted after 600 and 1224 h. After the
corrosion test the samples were cleaned with deionized water,
dried overnight, and weighted to get the area specific weight
change (mg/cm?). The area specific weight change was calcu-
lated as per below Equation (3).

mg — my
So

Aw = )
Where Aw is the weight change per unit area (mg/cm?), my is
the final sample weight after washing with deionized water
following the corrosion test in (mg), m; is the initial sample
mass in (mg) and S, is the sample surface area in (cm?) mea-
sured before the corrosion test. A positive value of Aw corre-
sponds to a weight gain and a negative value to a mass loss.

The corrosion rate (um/year) was calculated as per Equation
(4), where mgq is the final mass of the sample after the descaling
as described in ASTM G1(C7.4). The descaling process was
repeated for 10 to 15 successive cycles until a steady mass loss
was achieved. The mass loss per unit area was calculated ac-
cording to Equation (4).

“)

The corrosion rate per year was further calculated by linear
extrapolation of 1224 h corrosion test as per Equation (5).

CR[ﬁ] _ 87600 % Am )
y t*p

Where Am is the mass loss per unit area in mg/cm?® calculated
from Equation (4), t is time in hours of corrosion test and p is
the density of steel (7.90 g/cm®).

The surface and cross-sectional characterization of the corro-
sion/oxide layer products formed on the steel samples upon
exposures in molten solar salt at 600°C at various N,-O,
atmospheres with 400 and 600 ppm NO gas for 600 and 1224 h,
was analyzed using SEM-EDX (SEM—Tescan Vega3, Zeiss
Crossbeam 350) and/or FIB-EDX (FEI-FIB Quanta 3D FEG),
respectively. For the oxidation layer analysis by SEM-EDX, the
following protocol is used. The steel samples from the 400 ppm
NO experiments were mounted in epoxy resin, followed by
grinding and polishing, and then analyzed using SEM-EDX.
During the metallographic cross-sectioning, spallation of the
oxide layer was observed, prompting careful examination. For
the 600 ppm NO experiment, a different approach was used to
avoid fracturing or removing the oxide layer. First, an Au-
coating followed by an electrochemical deposition of Ni-coating
were applied. Then, the samples were mounted in an epoxy
resin for an appropriate grinding and polishing. Due to fragility
and/or spallation nature of the oxidation layer, the FIB-EDX
was used to accurately represent the structure of the oxidation
layer without damaging it. In that case, as a common practice to
protect the oxidation layer, depositing an electron-beam assisted
Pt-coating before FIB-milling was carried out. Upon completion
of the FIB-milling, the oxidation layer was analyzed by EDX
coupled with the FIB-machine. The images obtained from these
analyses were further processed using Image] software to
measure the corrosion layer thickness. Measurements were
taken at 10 to 15 different locations, and the standard deviation
was calculated and presented in the results section.

3 | Results
3.1 | Salt Analysis

This section analyzes the changes in salt chemistry in terms of
nitrate, nitrite, chromate, and oxide ions. Subsection 3.1.1 dis-
cusses the case with 400 ppm NO gas, followed by Subsection
3.1.2, which covers the results for 600 ppm NO gas.

3.1.1 | Salt Chemistry in 400 ppm NO

To analyze the impact of the oxygen vol% on the salt chemistry,
the results from the first test conducted at 400 ppm NO with
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oxygen concentration ranging from 5vol% to 80vol% are pre-
sented. This includes nitrate, nitrite, and chromate ion concen-
trations measured by IC, followed by oxide ion concentration
measured by titration.

First, the results for nitrate ions are presented, followed by
oxide ions and, finally, chromate ions, all measured
after 1224 h. As shown in Figure 1, the nitrate ion concentration
is found to be 81.1, 91.8, 93.8, and 95.1 mol% at 5, 30, 55, and
80vol% oxygen respectively. Results show a steady increase in
nitrate ion concentration with oxygen vol%. Additionally, based
on the thermodynamic parameters reported by Nissen and
Meeker [4, 32] (AH=95kImol-1, AS=84Jmol™' K™), the
standard Gibbs energy at 600°C (873 K) is obtained as AG°® =
21.7kJImol™. The corresponding equilibrium constant using
K = exp(—AG®°/RT), is K = 0.0505 atm ™/,

For the nitrate-nitrite equilibrium given by Equation 1, the
equilibrium constant can be expressed as

K = [NO3](Po,)2/INO3] (6)

[NO;™] and [NO,™] represent the concentration of nitrate and
nitrite ions respectively and (Po2)'? represents the square root
of the oxygen partial pressure. Using this relationship and the
thermodynamic data, the calculated equilibrium nitrate con-
centrations are 81.6 mol%, 91.6 mol%, 93.6 mol%, and 94.7 mol%
at 5, 30, 55, and 80vol% oxygen, respectively, at 600°C. The
calculated nitrate concentration with increasing O, vol% aligns
well with Equation 1, demonstrating that an increase in oxygen
vol% shifts the equilibrium toward the left-hand side, producing
more nitrate and also these values closely align with the ex-
perimental nitrate and nitrite concentration obtained in this
study.

The oxide ions after 1224h are found to be 0.121 mol%,
0.032 mol%, 0.024 mol%, and 0.015 mol% for 5, 30, 55, and 80 vol
% oxygen, respectively. These values are below the defined
critical corrosion limit of 0.25 mol% at 600°C for stainless steel.
Above this limit, corrosion can accelerate, leading to increased
material degradation and the consumption of these ions due to
the corrosion process [26]. Additionally, the measured oxide

97 Nitrate [Mol%] 0.5-0.030
—=— Oxide ions [mol%]
93 —=— Chromate [mol%)] Lo.al 0.025
% -0.020
1 0.3
Lo/ ______025mol% _________ , 10.015
87 -
0.2
+0.010
84
0.-1L0.005
814 s
e+ | loow
0 10 20 30 40 50 60 70 80
Oxygen (vol%)
FIGURE 1 | Variation in nitrate, chromate, and oxide ion concen-

trations at 600°C after 1224 h exposure with 400 ppm NO and varying
oxygen vol% (0.25 mol% dash line indicating oxide ion critical corrosion
limit [26]). [Color figure can be viewed at wileyonlinelibrary.com]

concentration in this study is significantly lower as compared to
a normal air atmosphere without NO, which shows up to
0.4 mol% oxide ions at 600°C after 1000 h [15]. This difference
may be attributed to the presence of NO in the atmosphere,
which could shift the equilibrium in the reaction shown in
Equation 2 to the left-hand side, suppressing the oxide ion
formation.

Chromate ions measured after 1224 h were found to be 0.008,
0.009, 0.006, and 0.012mol% at 5, 30, 55, and 80 vol% oxygen,
respectively. These values are above the detection limit (LD) of
chromate in the IC measurements, which is 5mmol%
(0.005 mol%) [14]. These ions are not typically detected in blank
solar salt experiments where no steel is present. However, they
were observed in experiments involving steel, suggesting that
the presence of steel contributes to chromate formation. Addi-
tionally, the chromate concentration does not exhibit a clear
trend with increasing oxygen gas concentration. However, in a
typical experiment conducted under an air atmosphere (20 vol%
oxygen) at 600°C for 1000h, chromate concentrations have
been reported to reach up to 0.05mol% [23], which is approx-
imately five times higher than the values observed in the cur-
rent study. A detailed discussion of this phenomenon is
provided after discussing the corrosion aspect in the Section 4
Discussion.

3.1.2 | Salt Chemistry in 600 ppm NO

The nitrate anion concentration measured after 1224 h corro-
sion test in 600 ppm NO with varying oxygen vol% from each
crucible is shown in Figure 2. Nitrate concentration increases
from 88.4mol% to 91.2mol%, 93.5mol%, and remains at
93.5mol% as the oxygen gas concentration rises from 15 to 30,
45, and 60vol%, respectively. As explained in earlier sub-
section 3.1.1, the nitrate concentration is strongly dependent
on oxygen vol% and temperature. Additionally, thermo-
dynamic calculations based on Nissen and Meekers data pre-
dict increasing nitrate concentrations of 88.5, 91.6, 93.0, and
93.9mol% at 15, 30, 45, and 60vol% oxygen, respectively at
600°C [4]. The measured concentrations align closely with

%7 = Nitrate [mol%] 0.5-0.030
95 —=— Oxide ions [mol%)]
—=— Chromate [mol%] -0.025
0.4
94 /
934 F0.020
0.3
929 . _025mol%____________| 1 0.015
91 L0.2
0.010
90
89+ = [01L0.005
88 _—
T T T T T L0.000
10 20 30 40 50 60
Oxygen (vol%)
FIGURE 2 | Variation in nitrate, chromate, and oxide ion concen-

trations at 600°C after 1224 h exposure with 600 ppm NO and varying
oxygen vol% (0.25mol% dash line indicating oxide ion critical limit
[26]). [Color figure can be viewed at wileyonlinelibrary.com]
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these predictions, confirming the dependence of nitrate con-
centration on oxygen vol%.

The measured oxide ion concentrations were 0.04, 0.18, 0.03,
and 0.09 mol% for 15, 30, 45, and 60 vol% oxygen, respectively.
These values are below the defined critical corrosion limit at
600°C for stainless steel as explained in the earlier section.
Similar to the previously observed oxide ion concentration, the
concentration of oxide ions does not show a clear trend with
increasing oxygen vol%. Moreover, similar to the 400 ppm NO
experiment the oxide ion concentration in 600 ppm NO is also
suppressed compared to normal synthetic air atmosphere.

The chromate ion was detected in all four crucibles, attributed
to the dissolution of chromium from the 310N stainless steel
sample in the salt melt at 0.021, 0.023, 0.022, and 0.021 mol% for
15, 30, 45, and 60vol% oxygen, respectively. The chromate
concentration shows only a minor variation with oxygen vol%.
These values are also very low compared to earlier detected
chromate levels after 1000 h of experiment in synthetic air at
600°C [23]. The detailed mechanistic discussion and reaction
equations are retained in Section 4.

3.2 | Corrosion

3.2.1 | Influence of Oxygen Concentration in 400 ppm NO on
Steel Corrosion

The following subsection will present the results for weight
gain, corrosion rate through descaling, and SEM-EDX analysis
for the Test 1- 310 N SS samples with 400 ppm NO. First the
weight gain results are discussed followed by the corrosion rate
from descaling, and finally the SEM-EDX results are discussed.

The weight gain results are shown in Figure 3a. After 600 h, the
weight gains were 0.74, 0.70, 0.60, and 0.60 mg/cm? at 5, 30, 55,
and 80 vol% oxygen, respectively. After 1224 h, the weight gains
were 0.74, 0.70, 0.60, and 0.55 mg/cm? at 5, 30, 55, and 80 vol%
oxygen, respectively. The samples exposed to 5 and 80vol%
oxygen show no significant weight changes at either 600 or
1224 h. Additionally, the values corresponding to each oxygen
vol% remain consistent between the 600 and 1224 h exposures,
indicating minimal variation with time. Overall, all the steel
samples exhibited comparable weight gains with varying oxy-
gen vol% or increasing time after the corrosion test, with no
significant differences between them. The increase in weight
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after the corrosion product is attributed to the formation of
corrosion products on the surface of the steel. However, similar
weight gain does not necessarily indicate a similar amount of
corrosion product formation, as detachment or spallation of
corrosion products during the test can lead to variations in the
measured values.

To find out how much base metal is consumed by the corrosion
process the corrosion layer is removed by descaling and the
corrosion rates are calculated based on Equation 5. As shown in
Figure 3b, the corrosion rate for 5, 30, 55, and 80 vol% oxygen
shows 40.8, 46.9, 43.3, 51.1 um/year after 600 h and 22.8, 22.4,
23.7, 22.7 um/year after 1224 h. Although the corrosion rate
shows a slight increase with increasing oxygen volume per-
centage after 600 h, it eventually stabilizes at a similar level after
long-term exposure of 1224h. Overall, the corrosion rate
decreased over time, which may suggest a typical parabolic
behavior. Additionally, the change in oxygen vol% did not affect
the corrosion rate beyond 1224 h, indicating that variations in
oxygen vol% from 5 to 80vol% does not have a significant
impact on corrosion under 400 ppm NO gas in long term. To
investigate the cause of this change, surface analysis was per-
formed using SEM, followed by cross-sectional analysis of the
corrosion layer on the steel.

First, SEM surface analysis was performed on the corroded sam-
ples that had been previously cleaned with deionized water. This
was followed by cross-sectional analysis. The surface SEM images
at 1224h is shown in Figure 4. The analysis reveals that the
morphology of the corrosion layer on the surface shows a distinct
pattern as shown in Figure 4a, with 5vol% oxygen samples
showing densely packed needle-like structures with a flaky
appearance, while as shown in Figure 4b,c, the surfaces at 30 and
55vol% oxygen show mixed particle sizes with larger, well-faceted
crystals. As shown in Figure 4d, the surface at 80vol% oxygen
exhibits a crystalline structure with densely packed, finer crystals.
Overall, the surface analysis reveals different crystalline structure
on the corrosion layer at 5vol% to 80 vol% oxygen. To investigate
the subsurface characteristics, cross-sectional analysis was con-
ducted on both the samples tested for 600 and 1224 h.

The SEM-EDX cross-sectional analysis of the sample exposed
to 5vol% oxygen at 600 (Figure 5) and 1224 h (Figure 6) is
presented. First, the corrosion layer morphology is discussed,
followed by elemental analysis and a comparison of corrosion
layer thickness.
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FIGURE 3 | (a) Weight gain and (b) corrosion rate by descaling of 310N SS after 600 and 1224 h corrosion in solar salt at 600°C under 400 ppm
NO-containing atmosphere with varying oxygen vol%. [Color figure can be viewed at wileyonlinelibrary.com|
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FIGURE 4 | Surface morphology of 310N SS after 1224 h corrosion test in solar salt at 600°C, under 400 ppm NO with (a) 5 vol% oxygen (b) 30 vol

% oxygen (c) 55vol% oxygen (d) 80vol% oxygen.

5. Base 310N SS

FIGURE 5 | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 600 h of corrosion in solar salt at 600°C under
400 ppm NO with 5vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]|

As shown in Figure 5, the SEM cross-section of steel samples
exposed to 5vol% oxygen at 600h reveals a dense corrosion
layer with spallation occurring at the top of the layer. Similarly,
as shown in Figure 6, the corrosion layer of 5vol% oxygen at
1224 h is dense, with spalled particles visible on the surface.
Spalled particles were observed only on samples prepared with
epoxy resin (e.g., at 400 ppm NO). In contrast, no spallation was
observed on samples prepared with a Ni-coating (e.g., at
600 ppm NO), which is consistent with its purpose of preventing
metallographic preparation-induced oxide detachment. There-
fore, the observed flaking is most likely an artifact introduced
during metallographic preparation rather than oxide detach-
ment or corrosion-induced spallation.

Based on the elemental distribution, the top corrosion layer are
found to be sodium, iron, and oxygen, indicating the formation
of sodium iron oxide layer. Beneath this layer, iron and oxygen
are present, possibly due to the formation of an iron oxide
corrosion layer. Below this, chromium and oxygen are observed,
indicating the formation of a chromium oxide layer. Further

beneath, a chromium-depleted zone or a nickel-enriched zone
is visible. This type of layered corrosion is commonly observed
in stainless steel samples exposed to solar salt. The top corro-
sion layer, a well-known corrosion product of high-temperature
exposure in solar salt, forms on the surface and suggests the
formation of NaFeO, or a related compound at 600°C [33, 34].
Just beneath this layer, hematite or magnetite iron oxides form,
and further below is the chromium oxide layer, which is known
to act as a protective barrier against corrosion [35]. SEM cor-
rosion section layer thickness measured using ImageJ software
showed values of 6.14 + 0.72 um at 600 h and 6.16 + 0.78 um at
1224 h (mean + standard deviation, n=10) for 5vol% oxygen,
which are comparable to each other. The similar corrosion layer
thickness may be attributed to spallation, as illustrated in
Figure 6.

The SEM cross-sectional analysis of samples exposed to 80 vol%
oxygen for 1224 h is presented in Figure 7. The sample exposed to
80vol% oxygen for 600 h did not reveal any significant new infor-
mation and is therefore included in Appendix A. A multilayered,
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FIGURE 6 | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 1224 h of corrosion in solar salt at 600°C under
400 ppm NO with 5vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]

Spallation Delamination
- s

B

N\ o v g o Sy L

P L ?

i

sum Base310NSS

FIGURE 7 | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 1224 h of corrosion in solar salt at 600°C under
400 ppm NO with 80vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]

dense corrosion structure, similar to that observed at 5vol% oxy-
gen, is evident. For 80vol% oxygen at 600h, the corrosion layer
thickness was found to be 5.93 + 0.57 um (mean + standard devi-
ation), indicating a comparable corrosion layer thickness to that
observed at 5vol% oxygen at 600 h. For 1224 h the corrosion layer
thickness increases to 7.55 + 1.35 um (mean + standard deviation)
which is also close to the 5vol% oxygen case at 1224 h. Overall, the

corrosion layer thickness remained relatively steady from 600 h to
1224 h, indicating limited growth or spallation during extended
exposure. Moreover, the corrosion layer thickness at 1224 h is
similar for both 5vol% and 80 vol% oxygen exposures. The corro-
sion layer thickness also aligns with the corrosion rate by descaling,
since the corrosion rate is comparable for 5vol% and 80vol%
oxygen concentration. The presence of delamination in the
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corrosion layer of the SEM cross-section, as observed in Figure 7
after 1224 h of exposure, suggests that corrosion layer thickness
alone may not reliably indicate the extent of degradation. However,
the similar corrosion rates determined by descaling for both 5 and
80vol% oxygen after 1224h imply comparable corrosion layer
thicknesses in both cases. Additionally, it is important to note that
the distinct surface morphology observed in Figure 4 is limited to
the surface layer, with no measurable impact on the density or
integrity of the underlying corrosion layer. This phenomenon,
while notable, will not be discussed in detail here as it does not
affect the primary conclusions of this study. To fully understand
the corrosion damage, it is important to consider the weight gain
after corrosion, the calculated corrosion rates, and cross-sectional
examinations. These aspects are covered in detail in Section 4.

322 | Influence of Oxygen Concentration in 600 ppm NO on
Steel Corrosion

As shown in Figure 8a, the weight gain after 600 h for 15, 30, 45,
and 60vol% oxygen is 0.46, 0.90, 0.83, and 0.90 mg/cm?,
respectively. However, after 1224 h, the weight gain measuring
0.77, 0.95, 0.79, and 1.02 mg/cm?, respectively. The weight gain
values remain similar across all oxygen levels after 1224 h. This
indicates a weight gain across all samples, resulting from the
corrosion process, and suggests the formation of corrosion
products on the steel surface, similar to the 400 ppm NO.

The corrosion rate determined by descaling for 15, 30, 45, and 60 vol
% oxygen shows 26.6, 43.3, 44.2, 52.8 um/year after 600 h and 30.4,
31.9, 26.9, 33.3 um/year after 1224 h. Similar to the earlier exposure
test with 400 ppm, the 600 ppm case also shows a similar trend. The
corrosion rate initially increases slightly at 600 h with increasing
oxygen gas concentration but eventually stabilizes at 1224 h. This
indicates that, in the long term, the corrosion rate remains
unaffected by increased oxygen gas concentration. Interestingly,
compared to other oxygen concentrations, the corrosion rate at
15vol% oxygen is lower after 600 h but stabilizes at 30.4 um/year
after 1224 h. This suggests that while the initial corrosion rate is
lower at 15vol% oxygen compared to higher oxygen gas concen-
trations, it eventually reaches a similar rate over extended exposure.

To understand the reason for this change, FIB cut of the cor-
rosion layer followed by EDX analysis was performed on sam-
ples exposed to 15vol% oxygen at 600 h (Figure 9) and 1224 h
(Figure 10). The variation in corrosion layer thickness and
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morphology for the two oxygen concentrations 15vol% and
60vol% is discussed below in detail.

FIB cross-sectional images for 15vol% O, after 600 and 1224 h
are presented in Figures 9 and 10, highlighting the layered
corrosion morphology. Cross-sectional SEM-EDX images for
60vol% O,, showcasing elemental distribution and corrosion
layer structure, are available in Appendices A.2 and A.3. The
corrosion layer in Figure 9 and Figure 10 shows a dense mul-
tilayered corrosion layer structure, which is similar to the
400 ppm NO experiment. The outermost layer is enriched with
sodium, iron, and oxygen, indicating the formation of sodium
iron oxide, a commonly observed outer corrosion product in
nitrate melts. Below this layer, a chromium- and oxygen-rich
region indicates the formation of chromium oxide, with
noticeable chromium depletion beneath it and a corresponding
enrichment of nickel.

In contrast to the 400 ppm NO experiment, no spallation was
observed in the samples prepared with a Ni coating. The im-
proved preparation likely preserved the surface integrity and
avoided artifacts during analysis. The corrosion layer thick-
nesses determined by cross-sectional analysis for 15vol% oxy-
gen at 600ppm NO at 600 and 1224h were found to be
4.63+0.51um and 11.11+1.39 um, respectively, correlating
with mass losses of 1.44 mg/cm? and 3.36 mg/cm?, as calculated
using Equation 4. Moreover, the corrosion layer thickness
measured for 60 vol% oxygen at 600 and 1224 h is found to be
4.72 +1.25um and 9.59 + 1.78 um respectively indicating cor-
rosion layer growth after 600h. Furthermore, the corrosion
layer thickness slightly increases from 600 to 1224 h, indicating
slow but continuous growth over time. A detailed analysis of
weight gain, corrosion rate, and cross-sectional morphology for
both 400 ppm and 600 ppm NO exposures are presented in
Discussion Section 4.

4 | Discussion

The influence of varying O, and NO gas concentrations on the
formation of nitrate, nitrite, oxide, and chromate ions under
different atmospheric conditions is initially examined. This is
followed by steel corrosion results. Finally, the combined effects
of gas atmosphere on salt chemistry and their consequent
implications for corrosion behavior are systematically
discussed.
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FIGURE 8 | (a) Weight gain and (b) corrosion rate by descaling of 310N SS after 600 and 1224 h corrosion in solar salt at 600°C under 600 ppm
NO gas containing atmosphere with varying oxygen vol%. [Color figure can be viewed at wileyonlinelibrary.com]
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O Cr Ni

FIGURE 9 | Cross-Section by FIB-cut (top left) and the respective EDX element maps of SS310N stainless steel after 600 h of exposure in solar
salt under 600 ppm NO with 15vol% O, gas atmosphere at 600°C. [Color figure can be viewed at wileyonlinelibrary.com]

-

FIGURE 10 | Cross-Section by FIB-cut (top left) and the respective EDX element maps of SS310N stainless steel after 1224 h of exposure in solar
salt under 600 ppm NO with 15vol% O, gas atmosphere at 600°C. [Color figure can be viewed at wileyonlinelibrary.com]

The salt chemistry analysis conducted in this study reveals that 0vol% O, (pure nitrogen). Under Ovol% O, conditions, the
the decomposition of nitrate ions decreases with increasing nitrite ion concentration increased significantly, reaching up to
oxygen vol%. At the minimum oxygen vol% concentration of 50 mol% after 1250 h of exposure at 560°C in solar salt [14].
5vol% used in this experiment, the nitrate concentration was This is attributed to the effective suppression of the initial
measured at 81.1 mol%, which is notably higher compared to decomposition step by oxygen gas as shown in Equation 1,
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where nitrate ions typically convert to nitrite ions. Furthermore,
the suppression of nitrite ion formation also contributes to a
corresponding suppression in oxide ion formation, indicating a
strong interdependence among these ionic species in molten
salt chemistry [32].

Moreover, the addition of NO gas to an oxygen containing
atmosphere reduces the oxide ion concentration. For both
400 ppm and 600 ppm NO, the oxide ion concentration is sta-
bilized at significantly lower levels in contrast to conditions
with 20 vol% O, alone. For example, all oxygen concentrations
examined in this work and both NO levels of 400 and 600 ppm
NO, the oxide level is around 0.2 mol% well below previously
identified corrosion limit of 0.25mol% oxides related to the
anions mol% at 600°C. In contrast, experiments without NO
report oxide ion concentrations exceeding 0.4 mol% at 600°C
after 1000 h [23]. As reported by Steinbrecher et al. [31], the
addition of NO alone is insufficient to stabilize oxide ion for-
mation. Their study indicates that a minimum threshold of 5 vol
% O, is required to suppress excessive nitrite accumulation,
while at least 200 ppm NO is necessary to effectively limit the
formation of oxide ions. These conditions define the lower gas
boundary conditions for maintaining thermodynamic stability
in solar salt at 600°C. This is further supported by Kunkel et al.
[36], who demonstrated that during stabilization experiments of
solar salt at 620°C in a semi-closed system, the concentration of
NOy (NO + NO,) gradually stabilized to approximately 350 ppm
over time. The results obtained from these experiments, along
with supporting literature, indicate that the minimum of 5vol%
of oxygen and 200ppm NO, gas is sufficient to prevent
increasing salt decomposition into nitrite and oxide ions over
time. Overall, the combination of 5vol% oxygen and 400 ppm
NO employed in this study appears sufficient to stabilize salt
decomposition, as evidenced by the nitrite and oxide ion con-
centrations observed in the salt chemistry results.

The detection of chromate in the salt confirms the dissolution of
corrosion products (in particular, the Cr-rich oxides) in salt melt,
also the SEM-EDX cross-sectional analyses consistently revealed
chromium-rich oxide formation in the corrosion product. The
formed chromium oxide corrosion layer can dissolve in solar salt
as chromate in the presence of oxide ions or nitrate ions. The
formation of chromate is explained by two proposed mecha-
nisms, as shown in Equations 7 and 8 below [14, 37-40]. Given
that oxide ions are suppressed to a low level in this experiment, it
is likely that chromate formation predominantly occurs via
Reaction Equation 8. This is further supported by Meifler et al.
[41], who postulated that nitrate ions can oxidize iron, nickel,
and chromium at 600°C during the initial stages of corrosion,
particularly when nitrite and oxide ion formation is limited.
Moreover, chromate formation is found to be higher in an air
atmosphere at 600°C after 1000 h [23], compared to an oxygen
and NO-containing atmosphere where NO suppresses oxide ion
formation. This suggests that Reaction 7 may proceed faster in
the presence of oxide ions, leading to increased chromium oxide
layer dissolution from steels and chromate formation in the salt.
Additionally, the density of the corrosion layer formed above the
chromium oxide layer can also reduce the dissolution of chro-
mium into the salt [22]. It is important to note that the nitrate/
nitrite molten-salt mixture is moderately oxidizing in nature;
therefore, the reduction of the formed chromate back to Cr,03 is
unlikely under the experimental conditions applied in this study.

Cr0; + 20% + 302 2 20roF @)

Cr0s; + 5NO; =2 2CrO3~ + NOj + 4NO, (8)

The changes in salt chemistry directly influence the corrosion
behavior of steel, as reflected in weight gain, corrosion rates, and
SEM observations. These findings are further correlated with
salt chemistry variations in the following discussion.

The corrosion analysis of the steel samples reveals that the weight
gain remains relatively stable across different oxygen concen-
trations (5-80vol%) at both 600h and 1224h for 400 and
600 ppm NO exposure. The minimal difference observed over
time suggests the establishment of a protective mechanism. This
behavior can be attributed to either: (1) the formation of a pas-
sivation layer that effectively controls the diffusion of corrosive
species into the metal matrix, or (2) a dynamic equilibrium
between oxide layer formation and metal loss through spallation
or dissolution. Both mechanisms contribute to limiting further
weight gain despite the presence of oxygen. Interestingly, the
corrosion rate determined by descaling decreases with time from
600 to 1224 h, indicating the formation of a protective and pas-
sive corrosion layer that limits further metal oxidation. However,
at the short duration of 600 h for both 400 and 600 ppm NO, the
corrosion rate increases with higher oxygen concentrations,
suggesting that elevated oxygen levels enhance the initial oxi-
dation process before the protective layer fully develops. This can
be attributed to enhanced oxidation at the metal surface caused
by increased nitrate concentrations in the salt resulting from
higher oxygen concentration in the gas phase. As highlighted in
literature [22, 42, 43], nitrate ions (NOs™) can directly oxidize the
metal surface, contributing to the formation of corrosion prod-
ucts, as per Equations 9 and 10. This mechanism underscores the
role of nitrate ions in the initial stages of corrosion.

Fe + NO3 2 FeO + NOj; )

3Fe + 3NO3 2 Fe;0; + NOj + 2NO + 0= (10)

Elevated oxygen levels promote the formation of nitrate ions,
which directly oxidize the metal surface, accelerating the initial
corrosion rate. Over time, the buildup of corrosion product
layers on the metal surface contributes to the development of a
passive corrosion layer that stabilizes the corrosion rate
(assuming suppressed oxide ions). The stabilization of weight
gain and the reduction in corrosion rate over time support the
presence of a protective oxide film that suppresses continued
metal degradation or corrosion. However, these exposure times
of 1224 h still represents the early-stage corrosion compared to
the lifetime of a CSP plants (> 20 years). Over longer duration,
the corrosion behaviour is expected to follow a parabolic
kinetics, governed by diffusion through the already formed
oxide layer which would slow down the corrosion and the
overall corrosion rate further. Nevertheless, variations in gas
composition, temperature, or mechanical stress can locally
break the protective film and cause a transition to linear or even
breakaway corrosion. Therefore, long-term studies are required
to confirm the durability and stability of the protective layer
under realistic operating conditions.

The SEM-EDX analysis shows that the corrosion layer formed
on the steel has a typical corrosion layer structure with the
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three distinct layers, which constitute of sodium iron oxide, iron
oxide, chromium oxide, and the Ni-enrichment at the oxide-
steel interface in the base metal. Compared to the steel samples
exposed to air atmosphere at 600°C after 1000 h [23], the cor-
rosion layer formed under NO gas containing conditions in this
experiment is both denser and more stable, as evidenced by
weight gain measurements and corrosion rate analysis. Fur-
thermore, chromate ion in the salt is lower compared to that in
an air atmosphere [23], indicating that the top sodium iron
oxide or iron oxide layer above the chromium oxide acts as a
diffusion barrier. This barrier slows chromium oxide dissolu-
tion, preserving the corrosion layers protective properties. The
formation of denser and protective outer corrosion layer in the
presence of NO gas is further supported by Bonk et al. [22].
Additionally, after 1224h of exposure, the corrosion layer
thickness does not exhibit any significant trend of increase or
decrease with varying oxygen concentrations in the crucibles.
This suggests that the growth of the corrosion layer may reach a
steady state or be influenced by factors other than just oxygen
concentration. The decrease in corrosion rate from 600 to
1224 h, coupled with consistent weight gain and stable corro-
sion layer thickness, highlights the development of a dense,
passive layer that remains robust over time, regardless of oxy-
gen availability. This behavior strongly suggests that in the
presence of NO gas, the corrosion layer forms more gradually,
contributing to effective passivation and enhanced long-term
corrosion resistance.

Overall, the gas atmosphere significantly influences salt chem-
istry, which in turn affects the corrosion behavior of steel. A
comparison of the results from this study with earlier research
indicates that the absence of oxygen and exposure to a pure
nitrogen atmosphere (0vol% oxygen) lead to increased corro-
sion layer formation, accompanied by higher porosity and more
defects in the corrosion layer. The absence of oxygen in the
atmosphere promotes the formation of nitrite ions, which
subsequently leads to increased generation of oxide ions and
accelerated corrosion [14, 23]. In contrast, exposure to synthetic
air with 20 vol% oxygen effectively suppresses the decomposi-
tion of nitrate ions, leading to the formation of a denser and
more protective corrosion layer. At 600°C, for 1000h of ex-
posure in solar salt under air atmosphere, the corrosion layer
exhibits reduced porosity and fewer cracks, indicating enhanced
structural integrity compared to conditions with pure nitrogen
atmosphere [23]. Furthermore, the addition of NO gas to the
oxygen containing atmosphere in this experiment further sup-
presses the decomposition of nitrite ions into oxide ions,
thereby enhancing the formation of a more stable passivation
layer over time compared to nitrogen or air atmospheres. The
major new contribution of the presented work is the variation of
the oxygen gas concentration in the presence of NO gas.
Increasing the oxygen vol% from 5 till 80 vol% in the presence of
400 or 600 ppm NO gas affects the nitrate ion concentration but
does not significantly impact the long-term corrosion behavior
of stainless steel at 600°C. Differences in corrosion rates are
observed only during the initial stages of the process, while for
longer exposure durations, the corrosion rates converge and
show no significant dependence on oxygen gas concentration or
nitrate concentration in the solar salt at 600°C.

In summary, salt chemistry is a critical factor that significantly
influences the corrosion process. The stabilization of salt

decomposition through the controlled presence of oxygen and
NO gas promotes the formation of a passive corrosion layer. This
protective layer effectively limits further oxidation and enhances
the long-term durability of the stainless steel. It is also important
to note that manipulating salt chemistry is a key strategy for
reducing corrosion in solar salt, even at temperatures higher than
565°C. Effective control of salt decomposition can enhance pas-
sivation to corrosion, leading to improved stainless steel stability.
Utilizing optimized and controlled atmospheres with O, and NO
can extend the longevity of commercial solar salt applications at
or above 565°C. Additionally, this approach may enable opera-
tion at higher temperatures, thereby improving the overall effi-
ciency of these high-temperature plants.

5 | Conclusion

This study investigated the impact of varying oxygen concen-
trations in the presence of NO gas at 600°C over a duration of
1224 h. Both the salt chemistry and the corrosion behavior of
the steel were analyzed to understand the influence of oxygen
gas concentration on the underlying corrosion mechanisms.
The salt chemistry was analyzed using ion chromatography (IC)
to quantify nitrate, nitrite, and chromate ions, while titration
was employed to determine the oxide ion concentration in solar
salt. Steel corrosion was assessed through weight gain, corro-
sion rate by descaling measurements, and FIB cross-sectioning.
Additionally, SEM-EDX analysis was performed to characterize
the corrosion features on the steel surface. This led to the fol-
lowing conclusion:

« Influence of gas atmosphere on salt chemistry: Increasing the
oxygen concentration in the cover gas effectively suppresses
the decomposition of nitrate ions in solar salt, thereby also
limiting the formation of both nitrite and oxide ions. While
higher oxygen levels reduce the conversion of nitrate to
nitrite, the presence of both 400 or 600 ppm NO gas further
suppresses the subsequent formation of oxide ions, con-
tributing to overall salt stability at 600°C till 1224 h. These
experimental results reconfirm and reinforce findings pre-
viously reported in the literature.

« Initial stage corrosion: Previous studies have shown that the
addition of NO can reduce corrosion rates by suppressing
oxide ion formation. However, the impact of varying oxy-
gen gas concentrations in the presence of NO has not been
systematically addressed. This study fills that knowledge
gap by demonstrating, for the first time, that at 600h,
increased oxygen concentrations lead to slightly higher
initial corrosion rates for both 400 and 600 ppm NO con-
ditions. This effect is likely due to enhanced nitrate ion
concentration, which directly oxidizes the metal surface
before a stable protective layer can fully develop.

« Long term corrosion with increasing oxygen: Despite varying
oxygen concentrations (5-80 vol%) in the presence of 400 or
600 ppm NO gas, the long-term corrosion behavior measured
by weight gain, corrosion rate, and corrosion layer thickness
remained stable after 1224 h. This can be attributed to the
formation of a dense, passive corrosion layer during the
initial stage of corrosion, which subsequently suppresses
further metal oxidation. Once passivation is established, the
influence of oxygen gas concentration becomes minimal.
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« NO Gas impact on corrosion layer: Corrosion layers formed
in O, 4+ NO gas containing atmospheres are denser, more
stable, and show fewer defects than those formed in pure
nitrogen or air. SEM-EDX revealed dense, multilayered
structures with a sodium-iron-oxygen rich outer layer, an
iron-oxygen-rich intermediate layer, and a chromium-
oxygen rich inner layer, indicating enhanced surface pro-
tection under NO exposure. Notably, variations in oxygen
concentration above 5vol% in the presence of 400 or
600 ppm NO do not significantly affect the chemistry and
compactness of the formed corrosion layer, indicating that
NO plays a dominant role in determining layer structure
and stability under these conditions.

« Oxygen and NO impact on salt chemistry and corrosion: A
combination of > 5vol% oxygen and > 400 ppm NO effec-
tively suppresses solar salt decomposition by stabilizing
nitrate levels and limiting the formation of nitrite and oxide
ions at 600°C. This control over salt chemistry by changing
gas atmosphere also plays a key role in reducing long-term
corrosion and maintaining stainless steel integrity.

Future research should investigate steel corrosion in gas
atmospheres at 600°C without the presence of molten salt to
isolate the effect of gas phase corrosion. Additionally, corro-
sion studies under NO gas-containing but oxygen-free atmo-
spheres could further clarify the extent to which oxygen
contributes to corrosion control and whether NO alone can
play a stabilizing role. Moreover, long-term dynamic flow
studies under controlled gas atmospheres are needed to better
simulate real CSP-TES operating conditions and to gain deeper
insights into corrosion mechanisms. Overall, findings from our
studies offer strategies to mitigate corrosion in CSP-TES sys-
tems by optimizing the gas atmosphere above solar salt.
Controlling the gas composition can enhance stainless steel
component durability and potentially extend the operational
temperature range of solar salt, improving thermal efficiency
and system longevity.
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Appendix A
See Figures A1-A3.

FIGURE Al | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 600 h of corrosion in solar salt at 600°C under
400 ppm NO with 80vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE A2 | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 600 h of corrosion in solar salt at 600°C under
600 ppm NO with 60 vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE A3 | SEM Cross-Section of 310N steel with respective EDX elemental maps obtained after 1224 h of corrosion in solar salt at 600°C
under 600 ppm NO with 60 vol% oxygen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]
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