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ARTICLE INFO ABSTRACT

Keywords: An attempt has been made in this work, to observe the influence on alloy aging by the sodium oxide (Na0) in
Molten salt corrosion solar salt (60 wt% NaNOs + 40 wt% KNOg). The accelerated aging was established by adding Na>O (0.005, 0.07,
Solar salt

0.135 and 0.2 wt%) to the solar salt and their effect on corrosion of 316L stainless steel (SS) at 600 °C in that
oxide-rich solar salts for 168 h in synthetic air was investigated. Corrosion is significantly more in oxide-rich
solar salt compared to pure solar salt. Strikingly, the oxide scale-base metal interface is wavy in solar salt
containing 0.005 % NayO clearly shows the oxide addition to salt melt influences Cr-rich inner oxide layer
formation and its selective dissolution at early stage that leads to non-uniform corrosion. Interestingly, with
increase of NaO to 0.07 %, steel corrosion proceeded uniformly by accelerated disintegration of Cr-rich inner
layer and subsequent dissolution. Severe scale spallation and weight loss in nitrate melt containing 0.2 % NaO
fostering more rapid corrosion, alarming that substantial tolerance of oxide content in solar salt is > 0.135 % for
an acceptable corrosion of 316L SS. Despite preferential dissolution of Cr and scale degradation/spallation with
increased oxide content in solar salt, the corrosion layer in all cases comprised of sodium ferrite, and Cr-rich Cr-
Fe mixed oxides with the Ni enrichment at the scale-metal interface. Competing processes between oxide scale
growth, degradation and dissolution or even spallation has been discussed with an emphasis of NayO addition to

Thermal energy storage
Stainless steels
Concentrating solar power

solar salt.

1. Introduction

Renewable energy technologies are gaining more interest to control
global warming and carbon emissions by reducing the use of fossil fuel-
based energy sources. The solar energy resource is virtually a clean and
unlimited compared to any conceivable future demand for energy.
Among the renewable energy technologies, concentrated solar power
(CSP) with thermal energy storage (TES) is a promising technology
which can enable large-scale penetration of solar power into the elec-
tricity grid [1,2]. Indeed, TES is the main advantage of CSP plants, with
that electricity can be readily generated at night or even on cloudy days
(independent of solar collection), which permits for rapidly dispatchable
and/or continuous power, and therefore, commercial investment on the
CSP plants is increased in the last decade [3,4]. In CSP installations, the
molten nitrate salts, known as ‘solar salt’, i.e., a non-eutectic salt mixture
comprised of 60 wt% sodium nitrate (NaNOs) and 40 wt% potassium
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nitrate (KNO3), have widely been used as heat transfer fluid (HTF) and
TES media, mainly because the solar salt possessed of high energy
density, high heat capacity, low vapor pressure, and cost-effective as
well [5-7].

The molten solar salt power tower technology comprises two tank
thermal storage design — a cold (290 °C) and a hot tank (565 °C), a cost-
effective energy storage system that decouples solar collection from the
electricity generation. The carbon steels are in use for cold salt
containment as the solar salt’s corrosivity is low at 290 °C whereas the
hot salt containment components require 300-series austenitic stainless
steels to withstand high corrosion at 565 °C [7-10]. To enhance the
thermal to electrical conversion efficiency and to decrease the associated
electricity cost of CSP plants, operating CSP turbines with high inlet
temperatures, instead of <550 °C, is one possible strategy. Basically, the
storage capacity of TES system is proportional to the difference of hot
and cold tank temperatures, meaning that more energy can be stored by
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increasing hot tank temperature if the cold tank temperature remains
constant. Moreover, a small-sized TES system, i.e., a reduced tank vol-
ume is achievable by bringing up the large temperature difference be-
tween hot and cold tank. But the nitrate salts (solar salts) are restricted
in use to 565 °C owing to its chemical stability. Despite solar salt is
considered stable in current CSP operating temperatures (290-565 °C),
the salt chemistry (or stability) and corrosivity to its containment ma-
terials can be affected over time. In fact, multiple thermal decomposition
kinetics and complex reactions of molten nitrate salts have already been
reported in the literatures [11-15]. Naturally, increasing the service
temperature (> 565 °C) brings more challenges in terms of undesired
changes in molten solar salt chemistry and amplified corrosion of CSP
pipes and tanks containing such liquids at high temperatures.

The chemistry of molten solar salt evolves over time as a result of
contact with the cover gas atmosphere and containment materials. Un-
decomposed molten solar salt constitutes nitrate anions (NO3) and the
sodium and potassium (Nat, and K™) cations. Numerous publications
[11,15,16], reported that thermal decomposition of molten solar salts
occurs via two widely accepted critical chemical reactions: (1) decom-
position of nitrate ions (NO3) to nitrite ions (NO3z), and (2) further
decomposition of nitrite ions (NO3z) to oxide ions, such as doubly
charged single atomic oxide ions (027), peroxide (03~) and/or hyper-
oxide or superoxide ions (Oz). It should be noted that the exactness of
oxide ions and their formation reaction pathways are not clearly known
yet, however, as the stability of nitrite ions are lesser than the nitrate
ions, the decomposition of nitrite ions to form oxide ion species is the
most probable mechanistic description stated in large number of pub-
lications [16,17] and the refs. therein. In addition, importantly at higher
temperatures (>600 °C), the formation of alkali oxides (such as NayO,
Nay0») from nitrite ions is characterized as third stage possible reactions
[16,18,19]. Though increase of service temperatures is positive in-terms
of improving the storage capacity of TES systems, and the overall effi-
ciency of CSP plants, but are also negative as the formation of oxide ions
aggravate corrosion of salt containment materials.

Despite a good deal of molten alkali nitrates corrosion data have
been gathered in the past on a large spectrum of Fe-based and Ni-based
alloys [20-26], however, it does not provide a comprehensive under-
standing of the metallic corrosion processes, reactions, and mechanisms
in molten solar salt at temperatures >600 °C. As stated briefly in the
above paragraph, decomposition reactions intrinsic to molten nitrate
salts favor the formation of a variety of other ionic species depending on
the temperature and cover gas atmosphere [27-31]. For instance, solar
salt in equilibrium with synthetic air yields ~3 wt% of nitrite ion content
at 565 °C, and that increased to ~5.5 wt% at 600 °C [21]. At higher
temperatures, nitrite ions further decompose into variety of oxide ion
species, in particular, 1 mol.% of peroxide ion concentration is estimated
in the melt at 630 °C as per the thermochemical equilibrium calcula-
tions. It has already been documented that the oxide ions in the molten
salt are extremely aggressive which could exacerbate corrosion of the
container alloys [19,32]. Therefore, an objective of the present work is,
to provide systematic understanding on the role of oxide ions in 316L
stainless steel (SS) corrosion at 600 °C which is very important for the
advancement of molten nitrate salt-based energy storage technology. In
this current work, to better correlate the corrosion processes of 316L SS
in extreme conditions of decomposed solar salt with high oxide ion
contents, corrosion exposures have been conducted at 600 °C in solar
salt containing 0.005-0.2 wt% of NayO under synthetic air for 168 h.
This approach is novel in a way to provide insight into the long-term
corrosion performance of 316L SS at 600 °C in short exposure time it-
self by mimicking solar salt aging with an intentional addition of the
sodium oxides (0.005, 0.07, 0.135 and 0.2 wt%) to 60 wt% NaNO3-40 wt
% KNOs mixture, i.e., oxide-rich solar salt. Perception of the corrosion
layer grown during the early stage of exposure in this synthetically aged
oxide-rich or NapO-added nitrate solar salt mixtures (representing
extreme condition of melt decomposition at > 600 °C) is necessary,
which would then infer at lest in part, the accelerated corrosion that
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structural materials experience in the CSP plants coupled with the TES
systems. Indeed, the lab scale experiments to explore early-stage
corrosion under accelerated corrosive conditions at > 600 °C are
extremely valuable for screening the established as well as the newly
developing steel grades for the construction of CSP-TES plant compo-
nents such as storage tanks, pipes, etc. In the present work, the gravi-
metric weight-change analysis and characterization of the formed
corrosion products on 316L SS exposed to oxide-rich solar salt by means
of GI-XRD, SEM-EDX, FIB-EDX are presented. Based on the phase and
chemical analysis of corrosion products formed in NayO-added solar
salt, this work addresses the competing processes between protective
oxide layer formation because of solar salt regeneration and aggravated
corrosion by oxide layer dissolution. Moreover, understanding corrosion
behavior of 316L SS by artificial aging of solar salt with systematic
variation of NaO (0.005-0.2 wt%) carried out in this work will support
the efforts towards pushing the temperature limit imposed by salt
decomposition and steel corrosion.

2. Material and methods
2.1. Preparation of oxide-rich solar salts and steel samples

At first, the solar salt (60 wt% NaNO3-40 wt% KNOs3) was prepared
by stoichiometric mixing of NaNO3 (Merck, purity >99 %) and KNOg
(Merck, purity >99 %). Then, four different concentration of sodium
oxide (Na0O) in wt%: 0.005, 0.07, 0.135 and 0.2, were weighed and
each of them were mixed separately into the solar salt, to have four
different NayO-added solar salt mixtures, i.e., oxide-rich solar salts with
varied NasO (0.005-0.2 wt%). For instance, 0.2 wt%-added solar salt
meaning that 99.8 wt% of solar salt has been mixed with 0.2 wt% of
Nay0. The purity of sodium oxide (NaO from Alfa Aesar) is 80 %, and
~20 % of NayO; (sodium peroxide) as an impurity in it, meaning that
sodium oxide purchased and labelled as ‘NayO’ from the manufacturer
were actually the mixtures of 80% NayO and 20% NayO,. It must be
noted that all the four different NayO-added solar salt mixtures (each
one of oxide-rich solar salt weigh 100 g in total), were carefully prepared
in the glove box (GS Glovebox System Technik GmbH, Type: Mega-2, O
< 0.5 ppm, H20 < 5 ppm) to avoid contaminations. All the four different
oxide-rich solar salt mixtures (0.005, 0.07, 0.135 and 0.2 wt% NayO-
added solar salt) were separately placed into the well-cleaned and dried
alumina crucibles, i.e., an individual crucible for each NayO-added solar
salt. To remove any trace moisture in the oxide-rich solar salts, all four
salt-filled crucibles were further dried overnight at 180 °C.

The samples of dimensions of 20 mm x 10 mm x 3 mm, were cut
from the 316L austenitic stainless steel (316L SS) sheets, and ground till
P600 grit surface finish using SiC emery papers. Afterwards, the samples
were cleaned first in deionized (DI) water, and then in acetone. The
actual chemical composition of the 316L SS (in wt.%) measured through
the spark emission spectrometer (SPECTROLAB S, AMETEK), is pre-
sented in Table 1.

2.2. Corrosion exposures in oxide-rich solar salts

The experiment was conducted using vertical alumina crucibles and
a customized convection furnace that has four identical holes for the
alumina crucible insertion from the top. Given that solar salt de-
composes at higher temperatures and has the potential for salt creeping
and salt evaporation outside the alumina crucibles during the experi-
ment, there exists the possibility of a consequential weight change. To
prevent creep of the salt out of the experimental set up, the crucibles
were positioned to extend approximately 30 mm out of the furnace. A
hollow 3D-printed alumina sample holder (with the compartments, to
hold up to 10 samples vertically) was used, which allow not only the full
immersion of samples in the alumina crucible but also separating the
samples, and thereby, avoiding the galvanic corrosion. To improve the
accuracy of the results, two parallel steel samples were vertically
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Table 1

Chemical composition of 316L stainless steel (wt%) used for this study.
C Si Mn P Cr Mo Ni Co
0.0218 0.520 0.910 0.0355 0.0013 17.10 2.02 9.86 0.207
Cu Nb Ti v Ta B N o Fe
0.485 0.0145 0.0091 0.0652 0.0011 0.0018 0.0485 0.0046 68.60

positioned in the separate compartments of that 3D-printed alumina
sample holder. After placing the samples, the holder was positioned at
the bottom of the alumina crucible, and then, the crucible was filled with
100 g of NayO-added solar salt. In this way, four crucibles were utilized
separately with four different oxide-rich solar salt (i.e., 0.005, 0.07,
0.135 and 0.2 wt% added solar salt). The stainless-steel top flange with
feedthroughs was used to seal the crucible, allow for well-controlled gas
atmosphere with gas inlets and outlets, as well as to ensure temperature
control throughout the experiment, an alumina shielded K-type ther-
mocouple submerged in the salt bath was used. The corrosion experi-
ment of 316L SS sample in NayO-added solar salt was carried out at
600 °C for 168 h in a flowing synthetic air (Linde, grade 5.0) atmosphere
with a flow rate of 100 ml/min. As a reference experiment, corrosion
exposure of 316L SS sample in pure solar salt was also carried out, in
addition to the four different (0.005, 0.07, 0.135, and 0.2 wt%) NayO-
added oxide-rich solar salt exposures. The photographs of the experi-
mental set up and the sample holder can be found in Ref. [29]. Before
starting molten salt corrosion exposure, all the samples were weighed
initially, and their physical dimensions were noted.

2.3. Post-exposure analysis of steel samples

Upon 168 h-completion of the corrosion exposures, the 316L SS
samples (labelled as 0.005Na30O, 0.07Nay0O, 0.135Nay0, 0.2Nay0 and
Ref. exposure (solar salt without Na;0)) were taken out from the molten
salt, air cooled, and washed in DI water to remove the residual salt
before weighing. The molten salt corrosion-induced weight change per
unit surface area was calculated from the difference between weight
measured before and after the corrosion exposure. The X-ray diffraction
analysis for phase identification of the corrosion products was carried
out, in grazing incidence X-ray diffraction (GI-XRD - Seifert XRD 3000
PTS) configuration. The diffractometer was configured with grazing
incident angle of 1.5°, in the 20 range of 18-80° at a step size of 0.02°
with a measuring time of 10 s per step. Using the same measuring
conditions, a Si standard diffraction pattern was acquired to ensure
correct device calibration. For the qualitative evaluation of the phases in
the corrosion products, the Le Bail fitting [33] was performed in TOPAS
(TOtal Pattern Analysis Solutions [34]) software with ICSD (Inorganic
Crystal Structure Database) input. The measured or observed patterns
were then compared to a database of known patterns, which were then
used as inputs for qualitative refinements. The surface and
cross-sectional morphologies of corrosion products were observed using
scanning electron microscopy (SEM - Tescan Vega3), and their
elemental analyses were conducted by means of an energy dispersive
X-ray spectroscopy (EDX). To carry out cross-sectional analyses of
corrosion layer in SEM-EDX, the samples were prepared by cutting and
embedding them in an epoxy resin followed by adequate grinding and
polishing. Prior to mounting in resin, a layer of Au by sputtering fol-
lowed by a layer of Ni by electrochemical deposition were done on the
samples to avoid damage of the corrosion layer during the preparation of
cross-sections. Electrolytic deposition of Ni was carried out in nickel
sulfate containing electrolyte bath with an optimized DC current density
of ~30 mA/cm? maintained between counter electrode (Ni sheet) and
the working electrode (sample). The sputter coated Au provides better
imaging contrast between the mounting material, Ni layer and corrosion
layer, whereas Ni layer provides a protection to the corrosion layer. The
reference exposure sample, i.e., a sample exposed to pure solar salt was
cross-sectioned using dual beam focused ion beam (FEI FIB Quanta 3D

FEG), and subsequently the corrosion layer was analyzed by means of
EDX coupled with the FIB. Additionally, the metallographic
cross-section was also done for this reference exposure sample and
validated with the FIB-EDX cross-section.

3. Results and discussion
3.1. Weight change characteristics

The weight change characteristics of 316L SS samples exposed to
four different oxide-rich solar salts (0.005, 0.07, 0.135, and 0.2 wt%
Nay0-added solar salt) or pure solar salt (Ref. exposure) at 600 °C for
168 h in synthetic air are plotted in Fig. 1. The weight changes upon
isothermal exposure were measured in units of weight change per unit
surface area (mg/cm?) to monitor the progress of corrosion with NaO-
variations in solar salt. Despite it’s only the qualitative data, but this
data provides some insight into the corrosion process. At first, it’s clear
that weight changes of 316L SS samples are sensitive to NapO-concen-
tration in solar salt. As can be seen in Fig. 1, the sample exposed to pure
solar salt containing no NayO (Ref. exposure) showed the smallest
weight gain whereas the samples exposed to 0.07 wt% NayO-added solar
salt displayed the highest weight gain. There are two possible processes
contribute to weight gain upon molten nitrate salt exposure: (1) uptake
of oxygen, and sodium from the molten salt environment and oxide layer
growth/thickening; (2) healing of the spalled oxide layer or regions.
Obviously, the weight loss is due to severe spallation and/or severe
dissolution of oxide layer in the salt melt.

Oxide-rich solar salt displayed reasonable weight gain, except the
one exposed to 0.2 wt% NayO-added solar salt. No spallation of corro-
sion layer observed in samples exposed to pure solar salt, 0.005, 0.07
and 0.135 wt% NayO added solar salts, indicating oxide scale growth is
dominant. It must be noted that the intrinsic thermal decomposition of
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Fig. 1. The weight change behavior of 316L SS samples exposed at 600 °C to
oxide-rich solar salts (i.e., solar salt with various concentration of Na,;O) or pure
solar salt for 168 h in synthetic air atmosphere. The weight loss observed for a
sample tested in 0.2 wt% NaO-added solar salt indicates obvious spallation of
the corrosion layer.
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pure solar salt at 600 °C (i.e., conversion of nitrate to nitrite ions, and
nitrite to oxide ions), that generate substantial oxide ions which leads to
corrosion and subsequent scale growth, as indicated by the weight gain
data. The weight change values with increase of NayO-concentration to
0.2 wt% in the solar salt clearly indicate that oxide-rich solar salt has a
detrimental effect on the oxide scale dissolution and/or adhesion that
aggravates steel corrosion. Additionally, weight loss in 0.2NaO sample
is likely due to the stress at the oxide-base metal interface, i.e., the stress
arises from the mismatch in thermal expansion coefficients between the
oxide and base metal can cause scale delamination upon sample cooling
[35]. Moreover, the volumetric mismatch during corrosion layer for-
mation could also contribute to scale spallation. Overall, the weight
change data evidenced the influence of NayO content in the solar salt,
particularly, the magnitude of NayO effect started showing at 0.07NazO0
sample through weight gain and largely sensitive at 0.2Na,O sample
through weight loss. This will be discussed further in the following
section with the surface and cross-sectional micrographs as well as the
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elemental analysis of the corrosion products in each case.

3.2. Phase analysis of the corrosion layer

The GI-XRD patterns of the corrosion layer formed on 316L stainless
steel after exposing to solar salt with various concentration of NagO ((a)
0.005, (b) 0.07, (c) 0.135 and (d) 0.2 wt%) at 600 °C for 168 h are
depicted in Fig. 2. The Le Bail fit was employed to establish the crystal
symmetry and the lattice parameters of the phases present in the
corrosion layer. This involves comparing the measured or observed
pattern to a database of known patterns, selecting the closest match and
qualitatively fit the lattice parameters. The space groups which better fit
the data and their respective international numbers are provided in
Fig. 2. All the detected and calculated patterns were shifted vertically, i.
e., along the vertical axis to enhance the clarity. At first, the GIXRD
analysis presented here suggests that the high intense peaks correspond
to the sodium iron oxide, i.e., sodium ferrite (NaFeO,) which is clearly a
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Fig. 2. The GI-XRD patterns of 316L SS samples exposed to oxide-rich solar salts (i.e., solar salt with various concentration of Na,O) at 600 °C for 168 h. The
measured data, the calculated data (Le Bail fit using ICSD database input in TOPAS software), and the difference between the two are plotted in black, red, and blue
color, respectively, and the patterns are shifted along the vertical axis for the clarity. The reflection positions as per the space groups used for fitting are shown at the
bottom vertical lines (NaFeO, in green, 316L steel matrix in purple, and (Cr, Fe)304 in brown color).
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dominant phase of the corrosion layer formed in all NayO-added solar
salt conditions experimented here. The calculated results, i.e., the Le
Bail fit (red color) evidence that most peaks in measured GIXRD data is
belong to the trigonal space group R 3m (International number: 166)
and lattice parameters which is comparable to the unit cell size of
NaFeO, [36].

Besides the main NaFeO5 phase, a reflection corresponding to (Cr,
Fe)304 and/or Fe3O4 spinel phase (at 20 ~43.3°, hkl (222)) as well as a
peak (at 20 ~51°, hkl (111)) from the 316L steel substrate (i.e., y-Fe) is
also found upon exposure in solar salt with 0.005 wt% NayO (Fig. 2a).
The pattern-matching fit for the (Cr, Fe)304 and/or Fe3O4 spinel phase is
Fd 3m space group (#227), and the alloy matrix phase belongs to Pm 3m
space group (#221) [37,38]. As the intensities of the NaFeO, phase
peaks are very high, it can therefore easily be suggested that the sodium
iron oxide phase is present at the outer corrosion layer, whereas the
Cr-Fe oxide resides in the inner layer. In 0.07 wt% NayO case (see
Fig. 2b), the doublet peaks (at 20 ~40.4°, hkl (101) and ~42.1°, hkl
(102)) of NaFeO, phase is relatively high that gives sign of large volume
fraction of the sodium iron oxide contribution in the corrosion layer. The
striking difference in 0.135 wt% NayO (Figs. 2¢) and 0.2 wt% NayO
(Fig. 2d) exposure conditions are the generation of multiple tiny peaks at
the doublet regime of NaFeO, phase, and the emergence of a new peak
(at 20 ~35.1°, hkl (220)) which basically corresponds to the spinel
phase (Cr, Fe)3;04 and/or Fe3O4. This discernible change in GIXRD
patterns with increase of NayO additions (i.e., the increase of spinel
phase amount), gives insight into the underlying changes occurs in the
formation kinetics of NaFeO; and/or corrosion layer structur-
es/sequences. Nonetheless, unindexed peaks in Fig. 2c and d indicates
the possibility of unknown phase or the presence of crystalline impurity
that could not be resolved with the simple qualitative eval-
uation/pattern indexing carried out in this present work. But it should
be noted that all the GIXRD patterns have been acquired using preces-
sion angle of 1.5°, basically to mitigate the 316L steel substrate effect.
However, an apparent peak for the austenite phase was observed only in
0.005 NayO case, and this could relate to its thickness of corrosion layer
formed which is smaller than that of 0.07-0.2 wt% NayO cases. Note that
the non-uniform background in the 0.2 wt% NayO case (Fig. 2d) which is
contrary to the 0.005-0.135 wt% NayO patterns, is likely associated to
uneven surface of corrosion layer formed resulting from a strong inter-
action between the molten salt containing 0.2 wt% NayO and 316L steel
surface, and this will be detailed in the following section.

In order to differentiate the growth evolution of corrosion products
without NayO addition in solar salt, the GIXRD indexed patterns of 316L
SS sample exposed to pure solar salt, i.e., oxide-free solar salt at 600 °C
for 168 h is given in Fig. 3. Despite this reference exposure diffracto-
grams (Fig. 3) has similar features overall as those observed in 0.005 wt
% NayO case (Fig. 2a), however, a tiny peak (at 20 ~35.1°) for the spinel
phase is found in addition to the steel substrate peak. Owing to the peak
intensities, one would expect that sodium iron oxides are the primary
outer layer whereas Cr-Fe oxides is likely to be at the sub-surface (or as
an inner layer), and this will be explained further in the following sec-
tion with appropriate evidence. Formation of the sodium containing
exterior corrosion layer, i.e., NaFeO, in oxide-rich and oxide-free solar
salt supports the molten salt fluxing process, and this will be further
evidenced with the surface and cross-sectional analyses of the corrosion
layer. It should be pointed out here that phase depth profile, i.e., oxide
layer sequence based on the obtained diffracted signal intensity is de-
pends on the X-ray penetration depth at an incidence angle of 1.5°,
meaning that GIXRD is sensitive to the outermost layer formed by the
corrosion processes.

3.3. Surface morphology of the corrosion layer

The SE images in Fig. 4a—d, show the surface morphology of the
corrosion layer formed on 316L SS samples that were immersed
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Fig. 3. The GI-XRD characterization of 316L SS sample isothermally exposed to
pure solar salt at 600 °C for 168 h, labelled as reference exposure. Similar to
Fig. 2, the closely matched space groups (bottom vertical lines) with pattern
indexing (including measured and calculated data, and the difference between
the two) are presented here in the same format. To display the measured and
calculated patterns clearly, the Y-axes limits are extended.

separately in solar salt melt containing different concentration of (0.005,
0.07, 0.135 and 0.2 wt%) of NaO. The plan view of the corrosion layer
developed upon exposing 316L SS sample to pure molten solar salt (0 wt
% of Nap0, named here as reference exposure) is shown in Fig. 4e. In
oxide-free solar salt (Fig. 4e), the corrosion layer surface appears to be
covered homogeneously with the numerous faceted (polyhedral and/or
tetrahedral) oxide crystallites varied in several microns size. Whereas
upon exposure to 0.005 wt% NapO-added solar salt (Fig. 4a), the surface
oxides turned to be somewhat in irregular shape. Interestingly, the
surface exposed to 0.07 wt% NayO-added solar salt (Fig. 4b) covered
with the flake-shaped oxide crystallites. It must be noted that, surface
scale spallation is visible at some spots (see the inset Fig. 4a, b and 4e),
even on sample exposed to pure solar salt. This clearly indicates the
oxide layer dissolution and spallation characteristics of molten nitrate
corrosion, however, the degree of scale dissolution/delamination de-
pends on the aggressivity of molten salt. Despite of dissolution and
localized spallation, the weight gain (Fig. 1) observation suggest that
oxide growth kinetics is dominant in 0.005 and 0.7 wt% added solar salt
exposures. Occurrence of localized bulges or scale buckling (inlay of
Fig. 4b) indicates that corrosivity increases with the increase of NayO-
addition into solar salt. Besides, the volume increase due to oxide scale
growth induce substantial compressive stress at the oxide scale-base
metal interface and this unbalanced stress should also be accounted
for scale spallation. Obvious microstructural differences can be seen in
0.135 wt% NaO (Figs. 4c) and 0.2 wt% NayO (Fig. 4d) cases. In
particular, 0.2 wt% NasO-added solar salt case, the corrosion layer
surface with fine oxide grains symbolizes that the scale dissolution and
delamination dominant here which correlates with the weight loss
observation in Fig. 1. The massive scale dissolution and spallation might
have altered the topography of corrosion layer formed in high oxide
content solar salt melt.

Regardless of the NayO-content in solar salt, as a general observation,
the EDX elemental mapping analyses of the corrosion layer surface
shows an enhanced content of Na, Fe and O existence at the outermost
layer (Fig. 5). This correlates well with the GIXRD results (Figs. 2 and 3)
that the oxidized surface is primarily composed of sodium iron oxide,
and this will also be further evidenced with the cross-sectional analysis
of the corrosion layer in the following section 3.4. Increased corrosivity
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Fig. 4. The SEM surface morphology (SE image) of the corrosion layer formed on 316L SS samples after exposing to different concentration (0-0.2 wt%) of NaO-
added solar salt at 600 °C for 168 h. The inset low magnification SE images show the spallation characteristics of the corrosion layer.

with an addition of Na,O to solar salt substantially modifies the corro-
sion product surface chemistry, and this can be seen in Fig. 5g-i. The
presence of Cr in addition to Na, Fe and O at the surface of corrosion
layer formed in 0.135 wt% case hinted the coexistence of Cr-Fe-O which
is in accordance with the GIXRD results (Fig. 2¢). This implies that the
complex phase composition is simulated by scale dissolution pro-
nounced kinetics in high oxide content salt melt.

3.4. Cross-sectional analysis of the corrosion layer

The cross-section of 316L SS samples after exposing to each oxide-
rich solar salt separately (such as 0.005, 0.07, 0.135, and 0.2 wt%
added solar salt), and/or pure solar salt (Ref. exposure with no addition
of Nay0)) were metallographically prepared to observe the elemental
constituents and structure of corrosion layer. Figs. 6-9 show the SEM
cross-sectional morphologies of the formed corrosion layer in each case
and the corresponding EDX elemental mappings of 0.005NayO,
0.07Na30, 0.135Na50 and 0.2Nay0 samples.

Cross-sectional examination of the corrosion layer on 316L SS tested
with 0.005 wt% NayO-added solar salt revealed that formed corrosion
layer (see Fig. 6a) is quite adherent, having double layer structure and
importantly, not damaged/altered with the metallographic preparation

processes. Based on the previous report [20], duplex structured corro-
sion layer appears to be characteristics of oxide layer formed on all
Fe-Cr-Ni austenitic steels at temperatures up to 600 °C. This dual-layer
characteristics can be clearly distinguishable (dark and grey contrast)
and labelled at high magnification SEM-BSE image shown in Fig. 6b. The
EDX elemental mappings of the corrosion layer, and the underlaying
steel matrix, is given in Fig. 6¢c-g. The Au map in Fig. 6h marks the
outermost surface of the corrosion layer and most importantly, it con-
firms that the corrosion products were not damaged in the preparation
processes of metallographic cross-section of the corrosion layer. The
316L SS sample tested with 0.005 wt% NayO-added solar salt was found
to have two primary layers: sodium-iron oxides or sodium ferrite
(NaFeOy), and Cr-rich Cr-Fe mixed oxides. The outer layer (dark contrast
layer at top) consists primarily of the sodium iron oxide as identified by
GI-XRD presented in Fig. 2a, and this evidencing that the GIXRD is
sensitive to the outermost layer formed by the corrosion processes. It
must be noted that outer sodium ferrite (NaFeOz) layer could also
contain some structurally very similar sodium chromium oxide, i.e.,
sodium chromite (NaCrO;) phase, however, the EDX chemical analysis
primarily confirms the sodium iron oxide in corrosion layer structures
despite the sodium chromium oxide is also a thermodynamically
favorable phase [39,40]. The inner layer is a spinel of Cr and Fe, appears



S. Swaminathan et al.

. (a) Ref. expibsare‘ (S
image)

(2) 0.135 Wt.% Na>O (BSE
image)

(b) Na map

o (R o - =5
(h) Overlay map of O, Fe and

Solar Energy Materials and Solar Cells 278 (2024) 113176

(c) Fe map

MAG: 5000x HV: 20kV_WD: 10,0mm

(i) Cr map

Fig. 5. (a-f) SE image and the corresponding EDX elemental mappings of a corrosion layer surface obtained on 316L SS sample after exposing to pure solar salt (i.e.,
no Na,O addition) at 600 °C for 168 h, (g—i) BSE image and the corresponding EDX maps of the corrosion layer surface obtained on 316L SS sample after exposing to
solar salt containing 0.135 wt% NayO. Elemental maps indicating that outermost corrosion layer constitutes Na, Fe and O, significantly. The Cr map of 0.135 wt%
Na,O case evidencing the heterogenous chemistry of the surface oxide layer in addition to the existence of sodium iron oxides.

to be a Cr-rich spinel oxide that provides the protective layer to some
extent regarding corrosion, however, depletion of Cr from the base steel
and the enrichment of Ni at the oxide-metal interface can be clearly seen
(see Fig. 6f and g). The wavy oxide-metal interface indicates that steel
corrosion is influenced by the addition of 0.005 wt% into the solar salt
which showed the early stage of Cr-rich layer breakdown with grooving
effect at the interface. Grooving interface concludes the high corro-
siveness of oxide addition which is basically associated with the area
where dissolution/breakdown of the Cr-rich inner layer occurred that
allowed molten nitrates to penetrate inward to form the Na-containing
product at the oxidation front, however, this can not be considered as
an internal corrosion by the salt flux. The dissolution of chromium oxide
might have occurred through basic reaction pathway as the basicity of
solar salt is increased with 0.005 % NasO addition. This means the
concentration of oxide ion (02’) plays a major role on corrosion in
oxyanion based molten salts, i.e. metal oxide reacts with the oxide ion to
generate metal oxide anion which is soluble in salt [41]. In 0.005 %
NayO-added salt, the excess oxide ions react with chromium oxide
through the following reaction and create the chromate anion, which is
highly soluble in the molten nitrates,

Cry03 + 0% + 3/2 05 & 2CrOoF~ ¢h)

It is well known that element which has more negative Gibbs free

energy of oxide formation are highly prone to corrosion. It must be
considered that Cr possess more negative free energy to form oxide than
Fe and Ni [42], and that clearly reveals the solubility of Cr-oxide in the
nitrate melt is higher than that of oxides of Fe and Ni [21]. Similarly, it
has also been reported that Cr, Fe and Ni suffer from active dissolution in
the molten fluoride salt, with a corrosion resistance order of Cr < Fe < Ni
[43,44]. In the present scenario, the redox chemistry of the Na,O-added
solar salt melt reflects the strong oxidizing properties of the melt, so that
chromia is not stable in the melt but dissolved as chromates. Thus, the Cr
depletion (see Fig. 6f) is strongly attributed to the outward leaching of
Cr through the chromate formation as stated in the above chemical
equation which in turn resulted in enrichment of Ni at the oxide
scale-base metal interface. Interestingly, even in high temperature water
environments, 300-series stainless steels are reported to have
Ni-enrichment near the scale-metal interface due to Cr-depletion
because of Cr-rich inner layer formation in the corrosion scale micro-
structures [45,46]. This means Ni is not really participated in the
oxidation process and obviously concentrated as a compensation effect
beneath the inwardly moving oxidation front. As stated above, failure in
Cr-rich inner layer resulted in grooving effect (i.e., wavy scale-metal
interface) which implies the impact of oxide-rich solar salt on steel
corrosion, and the dominant phase boundary reaction kinetics even at
this low oxide content (0.005 %) in solar salt.
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Fig. 6. The SEM cross-sectional morphology and EDX elemental maps of the corrosion layer formed on 316L SS sample after exposing to 0.005 wt% Na,;O-added
solar salt at 600 °C for 168 h; (a) low magnification BSE image, (b) enlarged BSE image of boxed region in Fig. 6(a)-and (c-h) the corresponding EDX elemental maps
of O, Na, Fe, Cr, Ni and Au, respectively. Dark contrast region within the corrosion layer strongly matches to sodium iron oxide phase. The Cr-depletion and wavy
oxide-steel matrix interface with Ni-enrichment assess the impact of Na,O-addition into the solar salt.

Fig. 7 displays the cross-sectional morphology of the corrosion layer
formed in 0.07 wt% NayO-containing solar salt melt. Disintegration of
Cr-rich inner oxide layer leads to loose and porous appearance, not quite
a compact or continuous inner layer as observed in 0.005Na0 case. The
corrosion layer is thicker which is well agree with the weight gain data,
but it does not appear as a compact dense scale. Despite of localized
surface scale bulging and spallation at some spots in 0.07 wt% NayO-
added solar salt as identified in Fig. 4b, by correlating weight change
data (Fig. 1) and cross-sectional SEM-EDX analysis (Fig. 7) signifying
that weight gain was most likely due to thicker sodium iron oxide layer
formation. The Cr-rich inner layer that was formed as inner layer in
0.005Nay0 case apparently disintegrated in 0.07NayO case. It should be
noted that Cr-metal to chromate formation is also possible as per the
following equation [471],

2Cr + 7NO3 < 2CrOF~ + NO3 + NO )

By considering the scale thickness it can be stated that Cr is rapidly

dissolved whereas iron as well as Ni seems negligibly soluble in this
oxide-rich salt melt. Despite the solubility of Cr in the solar salt is quite
high, however, the dissolution of Cr into the melt must be kinetically
controlled by the diffusion through the outer sodium iron oxide layer.
This meaning that the externally formed sodium ferrite (NaFeO,) with
increase of NayO addition from 0.005 to 0.07 wt% in solar salt is not a
protective layer, and this non-protective behavior of sodium-iron-oxide
is well in agreement with the previous report [21]. The wavy oxide-base
metal interface formed at 0.005NazO sample and relatively uniform
interface formed at 0.07NaO sample, indicating the transition stage of
corrosion kinetics. Inward flux of O and Na from the melt is dominant in
0.005Nay0 case whereas the synergy between outward flux of Cr and Fe
(or Cr dissolution into the melt), and inward permeability of Na and O, is
rate controlling in 0.07NapO case. The GI-XRD intensities (Fig. 2b),
weight gain data (Fig. 1) and the elemental maps (Fig. 7b-d) are
evidencing the transitioning stage of corrosion in 0.07NayO sample.
Increasing the oxide content to 0.135 wt% in solar salt leads to an
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Fig. 7. (a) The SEM-BSE cross-sectional morphology and the corresponding EDX elemental maps of the corrosion layer obtained after exposing 316L SS sample to
0.07 wt% NayO-added solar salt at 600 °C for 168 h. Disintegration of Cr-rich oxide layer and formation of relatively dominant NaFeO,, layer indicating the transition
stage corrosion kinetics in 0.07NayO sample, i.e., uniform alloy corrosion, no grooving interface.

initial stage undulation at the oxide-base metal interface. The overall
chemical structure of corrosion layer is same: sodium iron oxide as an
outer layer and Cr-rich Cr-Fe spinel oxide as an inner layer with the Ni
enrichment at the interface, and this cross-sectional morphology with
the corresponding elemental maps are shown in Fig. 8a—e. Despite the
corrosion layer is adherent, compact and non-porous, however, a
slightly decrease in weight gain data (Fig. 1) indicates that dissolution of
corrosion products takes place to some extent in this case. The relative
intensities of NaFeQ, peaks in GIXRD, weight gain data and the cross-
sectional corrosion layer morphology implies that corrosion layer is
affected with the increase of oxide content (0.135 wt% NayO) in solar
salt, meaning that dissolution kinetics start dominating here. When the
oxide content in solar salt exceeds 0.135 wt%, corrosion product
dissolution and spallation is a dominant process. Major changes that
include accelerated aging and unstoppable steel corrosion occurred at
0.2 wt% NayO case. The BSE image in Fig. 8f-j reveals that the corrosion
layer is composed of two distinct regions separated clearly by their
contrast. The top oxide layer formed at the salt melt-oxide scale interface
(adjacent to Au layer; dark in contrast) and the bottom oxide layer at the
oxide scale-base metal interface (light in contrast) are very irregular in
thickness. In particular, the considerable variability in outer layer
thickness or somewhat wavy patterned oxide surface strongly evident
that corrosion layer obtained in Fig. 8f is not a first-generation oxide
scale, meaning the occurrence of severe spallation. Moreover, observa-
tion of fine grained and somewhat rough surface morphology of the
corrosion layer (see Fig. 4d) is attributed to accelerated corrosion with
an increase of NayO content to 0.2 wt% in the solar salt. Similarly, the

wavy interface also reflects the lack of adherence, and this can be further
evidenced with the weight loss observation in Fig. 1.

Correlating cross-sectional observation of the corrosion layer, the
obtained weight gain data and the measured GIXRD patterns confirming
that 316L SS sample corroded quite rapidly in the oxide-rich solar salt
(containing 0.2 wt% Na30) at 600 °C, emphasizing that Na,O exceeds
0.135 wt% in the solar salt significantly aggravated the corrosion of
316L SS. As reported in the recent studies [48,49], corrosion processes in
molten nitrates at or above 600 °C are complex and highly vary upon
various factors including overlaying atmosphere and salt impur-
ities/additives, if any. In the present work, increase of Nay0 in solar salt
up to 0.2 wt% resulting in high concentration of oxide ions (0%7), and
naturally, the basicity of molten nitrates increases with abundance of
02~. It must be noted that basic species present in Nay0-added solar salt
is not necessarily be the single atomic oxide ions (02’), existence of
peroxide (037) and/or hyperoxide or superoxide ions (03), is highly
possible in accordance with the following reactions [50,51],

NO3 + 0% < NO; + 03~ )
2NO3 + 03~ & 2NOz+ 203 4

In fact, under the flowing synthetic air atmosphere here, the superoxide
ions (O3) can also be formed,

03~ + 0y < 203 6))

Also, the reaction between iron oxides and sodium to form sodium
ferrites, i.e., sodiation reaction is highly favorable not only in the NayO-
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Fig. 8. Cross-sectional SEM-EDX analysis of the corrosion products obtained after exposing 316L SS samples for 168 h at 600 °C in 0.135 wt% NayO-added solar salt
(a—e) and in 0.2 wt% NayO-added solar salt (f-j) for the same duration and temperature. Dark contrast region of outer corrosion layer well relates to sodium iron
oxide phase, whereas light contrast region represents the Cr-rich inner oxide layer. Enrichment of Ni at the oxide-steel interface can also be clearly seen.

containing solar salt, but also in pure solar salt at higher temperatures,

NayO + FesO3 < 2NaFeO, (6)

Though the sodium ion integrates into the corrosion product as per the
equation (6), generally the corrosion mechanism is strongly influenced
by the anion species of the salt, i.e., oxyanionic ion or simply oxide ion as
explained before [41]. Thus, the excessive oxyanion present in the
oxide-rich solar salt containing 0.2 wt% NayO reacts with metal oxides,
chromia and generate metal oxide anion (chromate ion, CrO%_) which is
soluble in the molten nitrates. Dissolution of corrosion product by salt
aggressivity, also the scale spallation reasoning the biggest weight loss
in 0.2Na5O case.

To distinguish the effect of sodium oxide additions on corrosion
severity, the cross-sectional analysis of corrosion layer formed on 316L
SS upon exposure to oxide-free solar salt (i.e., pure solar salt, named
here as reference exposure) at 600 °C for 168 h in synthetic air atmo-
sphere has been conducted. The BSE-SEM image (Fig. 9a) and the cor-
responding EDX elemental maps of FIB-milled cross-section through
oxide layer and underlying base metal (Fig. 9c-h) confirms that an
alkali-rich outer oxide scale (i.e., sodium iron oxide) and an inner oxide
layer enriched with Cr at the oxide-base metal interface. At the base

10

metal subscale zone, depletion of Cr and enrichment of Ni is obvious.
Fig. 9 also validates the cross-section of a corrosion layer accomplished
by metallographic method. The cross-section of corrosion layer by FIB
cut (Fig. 9a) and metallography (Fig. 9b — low and high magnification
image) indicates that the formed corrosion layer in oxide-free salt melt is
overall compact with some discontinuities and pores at the inner Cr-rich
layer. Despite of small undulation at the oxide-base metal interface at
some places, no obvious interfacial grooving, and/or adhesion issues in
oxide-free solar salt condition. However, strikingly, the corrosion layer
thickness in pure solar salt exposure is much smaller than that of ex-
posures carried out in NayO-added solar salt melts (Fig. 10). Overall, the
cross-sectional analysis of the corrosion products presented in this work
showed that the steel corrosion increased as the Na,O content increased
in the solar salt, notably, at or above 0.135 wt% NayO level, the disso-
lution of Cr, and spallation of the corrosion layer is dominant which
clearly confirming the accelerated aging of solar salt and their effect on
steel corrosion. This implies the threshold level of oxide addition, above
which oxide-rich solar salt significantly aggravated corrosion of 316L
stainless steel. It is worthy of study further by including systematic
analysis of molten salt chemistry over time, also the corrosion tests with
an addition of sodium peroxide in solar salt.
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Fig. 9. FIB-cut and metallographic cross-sectional analysis of the corrosion product obtained after exposing 316L SS sample for 168 h at 600 °C in solar salt; (a) BSE
image of cross-section by FIB-cut, (b) BSE images of cross-section by metallography at low and high magnifications, (c—g) EDX elemental maps of the area corre-
sponding to FIB-cut cross-section shown in Fig. 9(a). Enrichment of metallic Ni at the oxide-steel interface as well as within the inner Cr-rich oxide layer can

be recognized.
4. Conclusions

Corrosion exposures in pure and 0.005-0.2 wt% NajO-added solar
salt demonstrated that oxides in molten nitrate salt has a significant
effect on corrosion progresses of 316L stainless steel at 600 °C. The
corrosion products observed were predominantly oxides of sodium and
iron at the oxide-salt melt interface while inner oxides were mostly Cr-
rich Fe-Cr spinel oxides (Cr, Fe)304 and/or mixtures of Cr-rich Fe, Cr and
Ni oxides with consistent Cr depletion and Ni enrichment at the oxide
scale-base metal interface. Sodium iron oxide (i.e., sodium ferrite,
NaFeO5) is the dominant corrosion product formed on the outer corro-
sion layer regardless of the oxide content in the solar salt. The wavy-like
or grooving oxide scale-base metal interface in oxide-rich solar salt is
directly related to failure of Cr-rich inner layer by selective dissolution
possibly along the grain boundaries of the underlaying metal, confirm-
ing that CryOs3 or Cr-rich inner layer does not play a role of a protective
layer which resulted in corrosion progresses. As the basicity of solar salt
is increased with 0.005 % NayO addition, the abundance of oxide ions
react with an initially formed chromium-rich inner oxide and create
soluble chromate anions which explains the selective dissolution of
chromium oxide and subsequent grooving at the scale-metal interface.
The gravimetric weight change characteristics, median thickness of

formed corrosion layer measured from the cross-sectional analyses
imply that corrosion occurred by oxide growth dominant in solar salt
containing 0, 0.005 and 0.07 wt% NayO whereas the dissolution and
spallation are dominant processes at 0.135 and 0.2 wt% NayO-added
solar salts. The dissolution and spallation tendency of corrosion layer
depended on the concentration of NayO-added into the solar salt and
such tendency was exacerbated relatively at or above 0.135 wt% of
NayO. This implies the threshold level of oxide addition, above which
oxide-rich solar salt significantly aggravated corrosion of 316L stainless
steel at 600 °C, clearly evidencing the effect of solar salt aging, in
particular, role of oxide ions on steel corrosion at elevated temperatures.
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