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10 Abstract
11 Understanding the co-adsorption of O and Cl is very important for studying the entire adsorption
12 mechanism of 316 stainless steel (316 SS) alloy corrosion in ternary chloride salts LiCIl-KCl-CaCl.
13 The influence of oxygen on the corrosion behavior of 316 SS alloy in ternary chloride salts is
14  systematically studied through experiments combined with density functional theory (DFT)
15  calculations. Microscopic structural and chemical experimental results indicate that oxygen in the
16  ternary chloride salts accelerates the corrosion of 316 SS alloy. DFT calculations show that the
17  adsorption energy and work function results indicate that as the O coverage increases, electronic
18  transfer becomes more likely on the surface of the 316 SS alloy. Additionally, the changes in the
19  alloy's structure and charge transfer suggest that chemical adsorption has occurred on its surface in

20 the oxygen-containing ternary chloride salts. The charge transfer of different alloying elements
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increases in the order of Ni < Fe < Cr. These research findings help in understanding the corrosion
mechanism of 316 SS alloy in ternary chloride salts containing impurities under air conditions.
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1. Introduction

Chloride salt, as a heat storage medium, not only has a low cost and large melting latent heat but
also offers a high operating temperature range, meeting the needs of high-temperature heat storage
for solar energy [1]. However, it is well known that chloride salts can cause corrosion in alloys, and
hot corrosion further reduces the service life of superalloys [2-4]. Several methods have been
proposed to protect alloys from hot corrosion in molten salt environments, such as protective coatings
[5-8] and surface treatments [4, 9, 10].

Generally, the nano-thickness passivation film on metal provides excellent general corrosion
resistance. However, it is susceptible to localized corrosion in certain aggressive environments, which
can lead to material failure [11]. The FeCrNi alloy is known for its superior corrosion resistance,
outstanding comprehensive mechanical properties, and relatively low-cost [12, 13]. As a result, an
increasing number of researchers have focused on the FeCrNi alloy in the past few decades.
Furthermore, the FeCrNi alloy is considered a potential candidate for high-temperature applications,
such as concentrated solar power (CSP) systems [14]. However, the performance and functional life
of the FeCrNi alloy in harsh hot corrosion environments still face a long-term challenge [15, 16].

Although a periodic protective oxide film forms between the alloy and the salt, acting as a barrier
in the early stages of hot corrosion, some studies suggested that the molten salt environment
accelerates both hot corrosion and oxidation of the alloy [17]. Furthermore, some researchers believe
that chloride ions can prevent the formation of a protective oxide layer, leading to increased attack in
the oxidizing environment [18]. Mansfeld et al. [19] studied the compatibility between molten salt
and alloy, finding that molten NaCl erodes alloys along the grain boundary. The molten NaCl diffuses

into the alloy, causing degradation and resulting in severe hot corrosion. Zhang et al. [11] observed
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that proton irradiation slows down the intergranular corrosion of Ni-Cr alloy in molten fluoride salt
at 650 °C. They proposed that proton irradiation alone reduces the depth of intracrystalline voids in
Cr-infiltrated salt. The gap defects generated by irradiation promote diffusion, which more quickly
complements the corrosion injection vacancies of the alloy composition. Although hot corrosion
generally has a negative impact in molten salt environments, irradiation has been found to slow down
corrosion [20].

Oxidation, dealloying, and impurities are recognized as degradation mechanisms that pose
significant threats to the next generation of photothermal power station alloys [21]. These impurities
are difficult to completely remove, even after prolonged purification processes. Alkali metal chlorides,
in particular, readily absorb moisture from the air to form hydroxides. When the molten salt contains
OH"™ and dissolves Oz, Egs. (1)-(3) occur during the corrosion process [22, 23]. Wu et al. [24] found
that the oxide film on steel is compromised in an alkaline environment containing Cl~, which
increases the corrosion rate of steel. Freiberg et al. [25] reported that oxyradicals decomposing into
O in molten salts, with OH further decomposes into O. Additionally, O dissolved in molten salt also
reacts with Cl to form O [15]. While Cl itself does not directly oxidize alloys or contribute to the
corrosion of structural materials, it can indirectly influence corrosion through reactions with corrosion
products [26].
0,+2H,0+4e” ->40H" (1)

CaCl,+OH™ — Ca(OH), +2CI" (2)
O, +4Cl" - 20 +2(1, 3)
The corrosion mechanism of the alloy in chloride melts is notably complex. It is generally regarded

as a multi-factor effect, with various reactions coupling to produce different corrosion morphologies.
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To date, no studies have specifically examined the mechanism of oxidative ion corrosion in molten
chloride salts. Furthermore, studying the failure behavior and complex reaction processes at the
microstructure of the alloy surface and the molten salt interface is challenging with traditional
experimental techniques due to their limited spatial resolution [27]. Atomic-scale simulation
effectively complements experimental techniques, providing detailed insights into local properties
and elucidating reaction processes [28]. In high-temperature molten salt environments, O and Cl exist
as ions [29], and participate in a series of electrochemical reactions on the alloy surface [22]. In DFT
simulations, the algorithm cannot directly assign charges to individual atoms [30]. Consequently,
researchers typically use neutral atoms rather than ions to construct computational models [31, 32].
Geometric optimization was performed on the model composed entirely of atoms. However, the
distinction between ions and atoms was not considered during the simulation process. Numerous
simulation results have demonstrated the feasibility of using atoms as substitutes for real ions in
density functional theory (DFT) calculations [33]. This research method has gained widespread
recognition, particularly in the study of alloy corrosion [34-36]. In summary, using an all-atom model,
where ions are replaced by atoms, is both feasible and widely accepted in DFT simulations [31-36].
Therefore, the contribution of O in ternary chloride salts to the corrosion process of 316 stainless
steel (SS) alloy is studied using both experimental and simulation methods. The corrosion of the 316
SS alloy surface by Cl and O in molten salt was confirmed and quantified through a combination of
experimental and simulation methods. To investigate the contribution of potential interactions, we
first show that varying amounts of CaCl. affect the O content in the salt. The effects of varying O
content in molten chloride on 316 SS alloy are investigated using static immersion tests and additional

characterization techniques. By analyzing the morphology and oxide composition of 316 SS alloy,
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the corrosion properties of ternary chloride salts with varying O content on the alloy are clarified.
Additionally, the adsorption energy, structural properties, and electronic properties of O and CI co-
adsorbed on the surface of 316 SS alloy in molten salt are studied using DFT. These studies provide
valuable insights for understanding the structure-activity relationship of molten salts and offer
guidance for their design. They also contribute to understanding the corrosion mechanism of the 316
SS alloy in ternary chloride salts containing impurities under atmospheric conditions.

2. Experimental methods and analytical models

2.1 Materials and corrosion experiments

The experimental materials consisted of 316 SS alloy and the prepared ternary chloride salt LiCl-
KCI-CaCl: [37]. Before the experiment, the alloy was cut into 8 X 8 x 3 mm slices and mechanically
polished to 2000 mesh using SiC sandpaper. The composition of the 316 SS alloy is provided in Table
A1l. After being polished with diamond polishing paste, the 316 SS alloy was cleaned with ethanol in
an ultrasonic cleaner and naturally dried. No defects were observed in the original (AR) morphology
except for some shallow polishing scratches.

The complete experimental procedure is detailed in our previous study [38]. Salts with different
oxygen contents were placed in separate crucibles to accurately simulate the corrosion of 316 SS
alloy by the two ternary chloride salts. The composition and oxygen content of LiCI-KCI-CaCl: are
provided in Table A2. Then, the two ternary chloride salts were exposed to air via a support under
the lid to maintain the chemical stability of the salt.

The 316 SS alloy was fully immersed in a 100 mL Al>O; crucible containing 20.0 g of ternary
chloride salt (LiCI-KCI-CaCl.). It was then placed in a muffle furnace, where the temperature was

set to 650 °C for 72 h to ensure complete contact between the 316 SS alloy and the molten salt
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during the corrosion experiment. Afterward, the 316 SS alloy was removed and the surface was
cleaned with deionized water.
2.2 Characterization

The surface morphology, chemical composition, and cross-sectional morphologies of corrosion
products were observed using Scanning Electron Microscopy (SEM) at 20 kV accelerating voltage.
The alloy's corrected surface was sealed with epoxy resin before conducting cross-sectional SEM
and EDS tests. The morphology and roughness of the corroded alloy surface were evaluated using
Atomic Force Microscopy (AFM). The surface area analyzed by AFM is 3 X 3 um. The phase
constituents of corrosion products were identified by Raman spectroscopy with a 532 nm laser. The
binding energy of different elements in the corroded alloy was analyzed using X-ray Photoelectron
Spectroscopy (XPS).
2.3 Theoretical details

The DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP) [39]
to investigate the competitive corrosion of 316 SS alloy by corrosive anions. All terms in the Kohn-
Sham equation were obtained through approximation and simplification during the DFT process. The
electron-ion interaction was modeled using the projector augmented wave (PAW) method [40]. For
exchange-correlation, the Perdew-Burke-Ernzerhof (PBE) form of the Generalized Gradient
Approximation (GGA) was employed [41, 42]. A plane wave cutoff energy of 600 eV was applied.
To account for dispersion forces and van der Waals interactions, the vdW-DFT method was utilized
for calculating the co-adsorption of O and Cl atoms [43, 44]. Additionally, the DFT-D3 method,
proposed by Grimme et al., was implemented to correct for van der Waals interactions [45].

Adsorption calculations were performed on a six-layer 316 SS alloy (1 1 0) slab. A (4 x 4 x 6)
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supercell was constructed to simulate the co-adsorption of O and Cl atoms. The corrosive ions (O and

Cl atoms) and top four atomic layers were allowed to relax freely, while the bottom two layers

remained fixed. The convergence thresholds for the electronic self-consistent field and atomic forces

were set to 1.0 x 107 eV and 1.0 x 10~* eV/A, respectively, within the current numerical parameters.

Charge density distributions were visualized using VESTA software. To eliminate interactions

between repeated slabs, the slabs were separated along the C-direction, as depicted in Fig. 1
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Fig. 1. The adsorption configuration diagram of Cl on the 316 SS alloy with varying O atom. (a)

The upper panel is a top view; (b) the lower panel is a side view.

3. Results with analysis
3.1 Morphologies

3.1.1 Surface morphologies

Fig. 2 illustrates the surface morphology of the 316 SS alloy after immersion in various ternary
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chloride salts at 650 °C for 72 h. The surface morphologies of the samples immersed in molten
chloride salts vary significantly depending on the O content. The surface of the 316 SS alloy
immersed in salt 1 appears smooth, with only a few protrusions. Overall, the morphology remains
relatively flat, although some loose corroded grains are observed on the surface, as shown in Fig. 2(a).
When the 316 SS alloy is immersed in salt 2, a double-oxide layer forms on its surface. Particles on
the oxide layer are randomly distributed and correspond to a polycrystalline spinel type. These
particles are roughly divided into two layers, with those in the outer layer being larger in size and
exhibiting superior crystallinity. Following corrosion, numerous deep holes of varying sizes are
observed on the surface of the alloy [46]. These deep holes, caused by the adsorption of molten salts,
expose the underlying alloy, as shown in Fig. 2(b). The propagation of the oxide film, induced by
chlorides, is accelerated, potentially forming short-circuit channels that facilitate the adsorption of
corrosive ions [22, 47].

Fig. 2 shows three distinct areas on the alloy surface, labeled EDS 1, EDS 2, and EDS 3, with the
elemental content of each phase presented in Table 1. EDS 1 of the 316 SS alloy surface immersed
in Salt 1 indicates that the alloy matrix contains Fe, Cr, Ni, and a small amount of O, suggesting
minimal corrosion by the molten salt. EDS 2 reveals that the corrosion products formed on the alloy
surface consist solely of O and Cr, confirming the formation of Cr-rich spinel, which can partially
prevent molten salt corrosion [48]. The shaded area in EDS 3 shows that the Cr content is much
higher than that of the Cr-rich spinel, while the Fe and Ni contents are also higher than those of the
spinel.

Similarly, when the 316 SS alloy is immersed in salt 2, three distinct regions are observed on its
surface. EDS 1 mainly shows spinel containing O and Cr elements. The high oxygen content in salt
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2 leads to preferential oxide formation on the alloy, which continuously reacts with corrosive CI,
exposing deeper layers of the alloy matrix. Consequently, the elemental distribution of Fe, Cr, and Ni
in EDS 2 becomes more uniform on the surface of the 316 SS. In EDS 3 of the 316 SS alloy immersed

in salt 2, the Fe and Ni contents are significantly higher than those in EDS 3 of the alloy immersed in

salt 1, while the Cr content is lower.

e

Fig. 2. Surface morphology of the 316 SS alloy after immersion in chloride salts at 650 °C for 72 h.
(a) 316 SS alloy immersed in salt 1; (b) 316 SS alloy immersed in salt 2.

Furthermore, the results in Fig. 2 indicate that the oxide particles distributed on the surface of the
oxide scale of the 316 SS alloy immersed in salt 2 are spherical grains. Table 1 shows that these grains
are Cr20s3, which has been confirmed as a protective layer against corrosion [47]. In summary, the
increase in surface grain size of the oxide layer can enhance the corrosion resistance of the 316 SS
alloy to molten salts. Unfortunately, the oxide scale formed on the 316 SS alloy immersed in salt 2
exhibits higher porosity than that formed on the alloy immersed in salt 1. The cracks and voids in the
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oxide scale may act as pathways for the transport of oxygen and corrosive ions, thereby significantly
accelerating the oxidation rate of the alloy.
Table 1. EDS analysis results of 316 SS immersed in molten salts with different O contents as

shown in Fig. 2.

@) Cl Fe Cr Ni
Samples Location
wt. %
EDS 1 2.5 2.5 36.1 22.9 36.1
a EDS 2 50.0 0.8 0.1 48.6 0.5
EDS 3 17.9 1.5 1.6 78.4 0.7
EDS 1 58.1 0.2 22 38.0 1.4
b EDS 2 19.0 0.3 27.8 26.9 26.0
EDS 3 30.6 0.6 10.2 50.9 7.7

3.1.2 Cross-sectional morphologies

The cross-section of the 316 SS alloy after corrosion was analyzed using scanning electron
microscopy. After immersion in two different molten chloride salts for 72 h, the corrosion layer
formed in salt 2 is significantly rougher than that in salt 1, as shown in Fig. 3(a) and (b). The oxide
layer on the 316 SS alloy, formed in both molten chloride salts, consists of a dealloying layer and
ligaments. A dealloying process is observed in the molten chloride salts, and the introduction of O
accelerates the dealloying of Fe and Cr from the parent alloy [49, 50]. Over time, the oxide layer
evolves into a three-dimensional microporous structure as erosion progresses.

In general, the 316 SS alloy treated with salt 1 forms more ligaments and pores than the alloy
treated with salt 2, as shown in Fig. 3(c) and (d). It is speculated that oxygen adsorption, caused by

the introduction of higher O content, accelerates the surface coarsening process and reduces the
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densification of the oxide film when exposed to salt 2. The oxidation tendency influences the surface
mobility of metal atoms in the non-precious alloy. Additionally, the presence of Cr impedes the
absorption of O and Cl atoms, making the degradation of Fe oxide more favorable than that of Cr
oxide. Moreover, Fig. 3(d) shows that an increase in O leads to intergranular corrosion of the alloy.
Additionally, the 316 SS alloy immersed in salt 2 exhibits significant intergranular corrosion, with
crack initiation being a crucial stage in the intergranular corrosion cracking process [51]. The surface
of the 316 SS alloy readily adsorbs oxygen ions from the air. Due to the high O content in salt 2, the
corrosion pits on 316 SS are more numerous compared to those in salt 1, as shown in Fig. 2 and Fig.
4. When Cl concentration is high, surface oxides on the alloy dissolve more readily in chloride salts,
forming soluble substances. This dissolution further damages the oxide layer, exposing the alloy
matrix to the molten chloride salt environment. The detailed corrosion mechanism is discussed in

Section 3.3.
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Fig. 3. Cross-sectional micrographs of the 316 SS alloy immersed in different chloride salts at 650
°C for 72 h. (a) and (c): the 316 SS alloy immersed in salt 1; (b) and (d): the 316 SS alloy immersed
in salt 2.

Fig. Al(a) and (b) show the distribution of Fe, Cr, and O elements across the cross-section of the
316 SS alloy. The experimental results reveal a composition of “poor Fe, rich Cr, and rich O in the
corrosion layer, indicating the formation of a dense metal oxide layer on the alloy surface. This oxide
layer acts as an effective barrier, preventing the inward diffusion of corrosive anions. The oxide layer
formed on the alloy immersed in salt 2 is significantly thicker than that on the alloy immersed in salt
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1. Fig. 3(d) illustrates the cross-sectional morphology of the 316 SS alloy after 72 h of immersion in
salt 2. Numerous small corrosion pits and deep, inward-propagating cracks are observed, which serve
as primary pathways for intergranular corrosion. Together with Fig. 2(b), these observations confirm
the occurrence of intergranular corrosion on the surface of the 316 SS alloy when immersed in salt 2.
Within most cracks, the concentrations of oxygen and other alloy elements are notably low. As
intergranular corrosion progresses, the alloy gradually dissolves into the molten salt. The excessive
oxygen content in salt 2 is identified as the primary driver of intergranular corrosion on the 316 SS
surface.
3.1.3 3D morphologies

The SEM results were further validated using 3D laser confocal microscopy. Fig. 4 presents 2D
and 3D images of the corroded surface of the 316 SS alloy after immersion in different ternary
chloride salts. In these images, the blue regions represent areas below the reference surface, while the
red regions correspond to areas above it. Distinct differences are observed between the 316 SS alloy
immersed in molten salts with varying oxygen contents. The surface of the 316 SS alloy immersed in
salt 2 exhibits more severe damage compared to that immersed in salt 1, with an average roughness
of 116 nm. The 3D images reveal dispersed oxides of varying heights, resembling mountain-like
formations, suggesting localized corrosion [52]. Impurities or secondary phases contribute to the
formation of a fragile outer passive layer on the alloy surface. The surface of the alloy exposed to salt
2 contains more passive pits than that exposed to salt 1, consistent with SEM observations.
Additionally, the oxide grain boundaries formed in the ternary chloride salt environment are highly
susceptible to dissolution, resulting in the formation of small pores that eventually grow into larger
pits. These findings indicate that the height variation in the corrosion layer is influenced by the
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Fig. 4. 2D/3D AFM images for 316 SS alloy immersed in salt 1 and salt 2. (a) 316 SS alloy
immersed in salt 1; (b) 316 SS alloy immersed in salt 2.
3.2 Phase components
3.2.1 Raman spectra analysis

Raman spectroscopy was utilized to analyze the composition of the oxide layer on the surface of
the 316 SS alloy immersed in molten salts with varying oxygen contents. Using an excitation
wavelength of 532 nm, the Raman signal penetrated to a depth of approximately 21.2 nm, capturing
oxide-related responses from the alloy surface, as illustrated in Fig. 5. For the alloy immersed in salt
1, two distinct Raman peaks were observed at 447 cm™ and 580 cm™!. The adsorption of oxygen, as
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shown in Fig. A1, promotes the formation of an oxide film on the alloy surface. The Raman peak at
447 cm™ corresponds to the bending and symmetric stretching vibrations of Cr and O in FeCr204 [53]
and the peak at 580 cm™ is attributed to Fe2Os [54]. Therefore, the Raman spectroscopy results
indicate that the corrosion products on the 316 SS alloy immersed in salt 1 include FeCr204 and Fe2Os.

Raman spectroscopy reveals two peaks at 440 cm™ and 571 cm™ for the oxide layer formed on
the 316 SS alloy immersed in salt 2. Notably, the Raman peaks of the oxide layer for the alloy
immersed in salt 2 differ from those observed for salt 1. When the 316 SS alloy was immersed in salt
2, the peak at 571 cm™ corresponds to Cr20s/CrOs [18]. For FeCr20s, it is often reported in the
literature that the peak positions of all Raman bands of chromite can shift by approximately 40 cm™
[53]. Therefore, the FeCr.04 on the 316 SS alloy immersed in salt 2 vibrates at 440 cm™.

The analysis demonstrates that the oxide structure on the 316 SS alloy surface evolves dynamically
with increasing oxygen content in the molten salt. Outer iron oxide layers dissolve and detach due to
corrosion [55], thereby exposing the underlying chromium-rich oxide layer. The oxide film on the
alloy surface forms through a combination of solid-state growth and metal oxide
precipitation/dissolution mechanisms [56]. The presence of chromium oxide indicates that the oxide
film has decomposed and delaminated. Research suggests that achieving an equilibrium oxide film
on the alloy surface requires thousands of hours [57, 58]. The continuous delamination of the oxide

film results in significant alterations to the alloy surface.
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Fig. 5. Raman spectra of 316 SS alloy immersed in different component ternery chloride salts.
3.2.2 XPS analysis

The conventional EDS test is limited in its ability to capture phase information of corrosion
products due to the thinness of the corrosion layer on 316 stainless steel (SS). To overcome this, XPS
analysis was conducted to determine the chemical valence states of Fe, Ni, Cr, O, and Cl in the alloy’
s oxide layer, as shown in Fig. 6 and Fig. A2. The 2p3/2 and 2p1/2 spectra were processed using the
Shirley algorithm for background subtraction and analyzed using XPSPEAK for peak deconvolution.
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The valence states of the elements were identified from the fitted peaks based on the NIST XPS
database [59-61]. To further investigate the elemental distribution, the chemical states and
distributions of Fe and Cr were analyzed in detail. In the weakly O environment, where oxides and
chlorides coexist, Fe was identified in both bivalent (Fe?") and trivalent (Fe3") states. The fitted peaks
of Ols, Fe2p, Cr2p and Ni2p are shown in Fig. 6, while the fitted peaks of C12p are presented in Fig.
A2.

According to the XPS spectrum, the surface of the 316 SS alloy immersed in both salts contains
metal and oxide components, with Fe® and Fe20s detected [62, 63]. The Cr2p spectra are fitted with
double peaks corresponding to the core energy levels of Cr2p3/2 and Cr2p1/2, observed at binding
energies of 576.10 eV and 586.02 eV, respectively [64, 65]. According to the NIST database, the first
peak corresponds to the M-O bond, indicating the presence of Cr oxides. The second peak
corresponds to the M-OH bond, representing Cr oxyhydroxides and hydroxides [66]. This indicates
that the passivation layer undergoes chemical modification when the 316 SS alloy is immersed in salt
2, which has a higher oxygen content. The increased signal intensity of Cr oxides and hydroxides
suggests a reduction in the Cr content within the oxide layer.

In the Ni2p spectrum, a peak at 852.99 eV corresponds to metallic Ni, while the peaks at 855.47
eV and 874.38 eV are associated with Ni*", representing the Ni2p3/2 and Ni2pl/2 orbitals,
respectively. The formation of nickel oxides and hydroxides on the surface of the 316 SS alloy is
attributed to oxidation [67]. The peak at 861.63 eV corresponds to the satellite Ni*2p3/2 orbital,
while the peak at 8§79.62 eV corresponds to the satellite Ni2"2p1/2 orbital. These peaks are likely
caused by the oxidation of Ni on the surface of the 316 SS alloy [68]. These findings are consistent
with the results shown in Fig. 7.

19



305
306

(a)

Intensity

Ols
Orignal
Fitting result
L I N L " L L 1 L
526 528 530 532, 534
Binding energy (eV)
Cr2p
Orignal—s = Fitting result
2
‘@
=
2
=
e
cr'576.10
" 1 A " 1 " 1

Binding energy (eV)

20

Binding energy (eV)

Fe2p
Orignal —|
B
=
2 J ‘ H M Filling result
= 720 10 724 50 7,( 49 N“ M\hh
L I . 1 N I . ! i : )
705 710 715 720 725 730 735
Binding energy (eV)
Ni2p
i
Filting result
P
7 I
2 N\ ‘N Orignal 1\
= | #5547 lahh ) 1
’ ‘l“ 1 ) N et N gug
879 G
i fl
" sa'clhlcl\x‘z'f "‘ Horgi 1 yil
861.63 il
i ol
1 e
§52.09 —
"
. 1 : 1 " I . 1 1 L ’ | .
850 855 860 865 870 875 B8RO 885



307

308

309

310

311

312

313

314

315

316

317

(b) Ols Felp

Orignal

~ \=—Fitting result

Intensity
Intensity

O 529.72

OH 53139

1 1 1 1 1 1 | 1 1
526 528 530 532 534 536 705 710 715 720 725 730 735
Binding energy (eV) Binding energy (eV)

Cr2p NiZp

Fitting result

Orignal—s=, .
Fitting result

Intensity
Intensity

Cr' 586.02 'Y

cr'"576.10 Y

|

o
satellite Ni*T 1
861.63

i
i /,/(

f -
N Bapgd..
u'v-—-rv—'/ “"I‘ 'n'
1 1 1 1 1 1 1 i 1 1 1 1 1 |
570 575 580 585 590 850 855 860 863 870 875 880 885
Binding energy (¢V) Binding energy (eV)

Fig. 6. XPS metal element analysis of the 316 SS alloy after 72 h in salt 1 and salt 2.

For further study, Fig. 7 presents the magnified SEM observations and EDS mapping data of 316
SS alloy at different oxygen contents. The morphology of the 316 SS alloy immersed in salt 1 remains
relatively flat and is divided into two colors. The EDS mapping data shows that the surface of the
alloy is composed of an oxide layer and an alloy, and the results show that the lighter areas are mainly
Fe and Ni. O and Cr are distributed on the darker oxide layer on the alloy surface, and the Cr element
tends to be near the oxide layer. By comparing the surface of the 316 SS alloy immersed in salt 1, it
is easy to observe that the surface of the alloy immersed in salt 2 is distributed with many deep holes

and oxide particles of different sizes. The immersed alloy surface is mainly Fe, Ni and O, and the Cr
21



318  element is distributed throughout the alloy surface. In addition, the thin oxide layer formed on the
319  surface of the 316 SS alloy in salt 1 causes the content of Cr20s to be significantly lower than that in
320  salt 2. In addition, the XPS valence state analysis of Ni and Cr shows that the main oxidation product

321  is Cr20s regardless of the oxygen content in the molten salt environment.

322

323

324  Fig. 7. The surface morphologies of the 316 SS alloy immersed in chloride salts at 650 °C for 72 h.
325 (a) The 316 SS alloy immersed in salt 1; (b) The 316 SS alloy immersed in salt 2.

326

327 3.3 Effect of O and CI adsorption on 316 SS alloy

328  3.3.1 Energies and structural properties of O and CI atoms on the surface of the 316 SS alloy
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To better understand the adsorption effects of O and CI atoms on the 316 SS alloy, we simplified
the structure of the adsorbate. This study focuses on the adsorption of O and Cl atoms on the (1 1 0)
surface of the 316 SS alloy. The (1 1 0) surface is particularly significant because it is the most
densely packed low-index surface in the body-centered cubic (BCC) structure, characterized by
having the lowest surface energy. This feature makes it more likely to be exposed in practical
applications [31, 69]. The adsorption energy, E_ads, of the adsorbates (O, Cl) is defined as [70, 71]:
Ey =Eus Y Ey = Eoirn “)
in which, Fags is the total energy of the adsorbate, Fsap is the relaxed 316 SS alloy slab and Eags/sub s
the slab covered with adsorbates.

According to this definition, the larger the adsorption energy, the stronger the interaction between
the adsorbate and the substrate [72]. This section focuses on determining the adsorption energy of O
and Cl atoms co-adsorbed on the surface of the 316 SS alloy. All adsorption energies are negative,
indicating adsorption. For ease of comparison, the adsorption energies are taken as absolute values.
The calculated adsorption energies are summarized in Table 2. It is worth noting that the co-
adsorption energy when the coverage of O atoms and Cl atoms is 4/4 ML is significantly higher than
when the coverage of O atoms and Cl atoms is 2/4 ML. This considerable co-adsorption energy is
likely to due to the interaction of the adsorbate O atoms on the surface of 316 SS alloy. This further
illustrates that adsorption on the surface of 316 SS alloy is not saturated. When the O atom coverage
on the surface of the 316 SS alloy is 2/4 ML, additional O atoms need to be adsorbed to accelerate
corrosion. The co-adsorption energy reflects the total adsorption energy of the reaction products of O
and Cl on the surface of the 316 SS alloy. In general, the results of all adsorption structures and

optimized configurations are closely related to the coverage of Cl and O atoms. As shown in Table 2,

23



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

the adsorption energies (Eads) of the configurations containing only O atoms or both O and Cl atoms
are negative, indicating that these adsorption process are thermodynamically favorable.When
comparing the three adsorption configurations, while the position and number of CI atoms remain
constant, the Eads value increases with higher O coverage. This suggests that the presence of O
enhances the corrosion of the 316 SS alloy when immersed in molten chloride salts. Consequently,
the significant co-adsorption energy can be attributed to the reactive interaction of the adsorbates on
the surface of the 316 SS alloy.

The adsorbate layer, comprising CI and O atoms, plays a critical role in influencing the surface
work function, which quantifies the difficulty of electron escape from the substrate. The work
functions of the clean 316 SS alloy (1 1 0) surface and the adsorbate (CI and O)/316 SS alloy (1 1 0)
system were determined through DFT calculations. The calculated surface work function of the clean
316 SS alloy (1 1 0) surface is 5.11 eV, as shown in Table 2.

Previous studies have reported calculated work functions for the 316 SS alloy (1 1 0) surface,
ranging from 4.0 to 4.9 eV [73, 74]. Specifically, Ossowski et al. calculated the work function of
clean Fe (1 1 0) as 4.77 eV, while Yin et al. obtained a value of 4.89 eV for the Fe (1 1 0) crystal plane
under vacuum conditions [73, 74]. For the adsorbate (Cl and O)/316 SS alloy (1 1 0) system, the work
functions were calculated to be 5.01 eV and 4.98 eV, respectively, under different coverages of Cl
and O atoms, as shown in Table 2. These results indicate that the work function of the 316 SS alloy
(1 1 0) surface decreases significantly after the co-adsorption of O and Cl atoms. Furthermore, as the
coverage of O atoms increases, the work function of the adsorbate/316 SS alloy (1 1 0) system exhibits

a slight decrease.
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Table 2. Adsorption energies of the adsorbates O and Cl on 316 SS alloy (1 1 0) surface.

Adsorption energy of Cl and O

O coverage Cl coverage Work function
|AE |
ML ML eV eV
0 0 / 5.11
2/4 3/3 3.08 5.01
4/4 3/3 3.81 4.98

Moreover, the structures presented in Fig. 8 illustrate the optimized co-adsorption configurations
of O atoms at a coverage of 2/4 ML and of Cl atoms. The co-adsorption behavior of O and CI atoms
is examined in these structures. For all configurations analyzed, the lateral movements of the
relaxed atoms are negligible, with the predominant variations in atomic positions occurring in the z-
direction [75]. The geometric parameters of the optimized structures are summarized in Table 3.

Our calculations reveal that, in the system with 4/4 ML O atom coverage, the minimum distance
between the alloy’s Fe-Cr-Ni atoms and the corrosive O-Cl atoms is approximately 1.649 A. This
distance is significantly smaller than that observed in the system with 2/4 ML O atom coverage. In
summary, the results for all adsorption structures and their optimized configurations are closely
related to the coverage of O atoms. The distance between the metal atoms (M, representing Fe, Cr,
and Ni) and O-Cl indicates the strength of the interaction between the adsorbates and the surface.

From the analysis of the M(FeCrNi)—O-Cl distances with varying O coverage, it can be inferred
that the interaction between O and the surface is stronger than that between Cl and the surface.
Furthermore, in the co-adsorption optimized structure, the M(FeCrNi)—O distance is slightly
smaller than the M(FeCrNi)—Cl distance. This suggests that the presence of O atoms in the

corrosive environment facilitates electron transfer on the alloy surface, thereby enhancing the

25



390  corrosion process.
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391 Pure 316 SS 2/4 and 3/3 C1316 SS 4/4 and 3/3 Cl316SS

392  Fig. 8. The top view of adsorbed structures of Cl and O atoms on 316 SS alloy (1 1 0) surfaces.
393  Table 3. The distance of adsorbed structures of Cl and O atoms on 316 SS alloy (1 1 0) surfaces in

394  Fig. 9.

Coverage (ML)  Bonds Distance (A) Coverage (ML) Bonds Distance (A)

/ /

01-Cr17  1.936 01-Cr17  1.830
Ol1-Fe48  1.942 O1-Fe48 1.779
O1-Ni9 1.956 O1-Ni9 1.793
02-Cr4 1.961 02-Cr4 1.688
02-Fe40 1915 02-Fe40  2.151
02-Ni9 1.982 02-Ni9 1.649

O 2/4 and C13/3 O 4/4 and C13/3

Cl1-Cr4 1.999 Cl1-Cr4  1.926
Cl1-Fe5 2.451 Cll-Fe5 2317
Cl1-Fel0  1.999 Cl1-Fel0 1.869
Cl1-Ni4 2.403 Cl1-Ni4 2372
Cl2-Fel3 2.436 Cl2-Fel3 2318
Cl2-Fe31 2.013 Cl2-Fe31 1.980
Cl2-Fe35 2437 Cl2-Fe35 2.395

26



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

CI2-Fel9  2.007 CI2-Fel9 1.842

Cl3-Fe40 2.436 Cl3-Fe40 2.336
Cl3-Fe55  2.007 Cl3-Fe55 1.896
Cl3-Fe58 2.437 Cl3-Fe58 2.370
C13-Cr10  2.013 C13-Cr10  1.920

3.3.2 Electronic structure of O and Cl atoms on the 316 SS alloy (1 1 0) surface

According to the definition of adsorption energy, the higher the adsorption energy, the stronger
the interaction between the adsorbate and the substrate. Therefore, the interactions between
different atoms was studied in this paper. The difference in charge density (PDOS) can be defined in
Eq. (5):

AO=Psisiar = Patap ~ Paas )
Where padsisiab represents the charge density of the adsorption system, psiab represents the charge
density of the alloy surface, and pags represents the charge density of the adsorbed O and CI atoms.

The difference in charge density and Bader charge analysis (representing the charge difference
after bonding) can effectively characterize the charge transfer between atoms [76]. In this study, we
calculate the p orbitals of Cl and O atoms, as well as PDOS of the alloy directly interacting with
these atoms, with the results illustrated in Fig. 9.

To demonstrate the electronic interactions between adsorbates and the 316 SS (1 1 0) surface, the
PDOS for O and Cl atoms in co-adsorbed configurations at coverages of 2/4 ML and 4/4 ML was
calculated, as well as the DOS for the alloy atoms themselves. These results are presented in Fig. 9.
When the O coverage is 2/4 and 4/4 ML, the O and ClI peaks resonate with the surface FeCrNi peaks,

indicating a strong interaction between these adsorbates and the alloy surface. Notably, at 4/4 ML
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coverage, the states of the O atoms show a downward shift in peak position, signifying a shift in
electronic energy levels. This shift in peak position suggests that the O-CI (4/4-3/3 ML) adsorption
surface has a stronger interaction with the alloy than the O (2/4-3/3 ML) adsorption surface. Therefore,
it can be concluded that higher O coverage enhances the surface interactions of the 316 SS alloy,

which is consistent with the previous results on geometric parameters and adsorption energy.
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Fig. 9. The PDOS results of different coverage Cl and O adsorbed 316 SS alloy (1 1 0) surface.

A detailed electronic analysis was conducted to further investigate the effects of the reaction
between Cl and O atoms on the surface of the 316 SS alloy. Fig. 10 illustrates the differential charge
density of the 316 SS alloy. The results shown in Fig. 10(a) indicate that the adsorption of CI atoms
on the surface of the 316 SS alloy enhances the charge transfer of O atoms while simultaneously
suppressing the charge transfer associated with the Cl atom. Fig. 10(b) reveals that charge transfer
occurs both on the surface and in the subsurface regions of the 316 SS alloy. Specifically, as the
number of O atoms adsorbed on the surface increases in the presence of Cl, the amount of charge
transfer also increases, suggesting a more pronounced corrosion phenomenon. Table 4 summarizes
the specific data related to the adsorption of adsorbates on the surface of the 316 SS alloy and the
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corresponding charge transfer amounts. The simulation results show that the charge transfer of O is
greater than that of Cl. Compared to Cl, O is preferentially adsorbed on the alloy surface. This finding
supports the conclusion that Cl atoms accelerate the corrosion of the 316 SS alloy. Furthermore, the
charge transfer in the 316 SS alloy follows the order: Ni > Fe > Cr. This suggests that the oxidation
sequence in the molten salt environment is Cr, followed by Fe, and then Ni. This observation is

consistent with the results of the Gibbs free energy calculations presented in Table 5.

J /’ 7/5 u'/')

.l/ \‘ \ > l/l

’ “"~';:a"d 5

Fig. 10. Adsorption of Cl and different coverage O of the 316 SS alloy charge density difference

diagram. (a) The upper panel is a top view; (b) The lower panel is a side view
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Table 4. Charge transfer amount of the 316 SS alloy surface and subsurface.

Atom O 2/4 and C13/3 O 4/4 and C1 3/3
01 -0.87 -0.88
02 -0.86 -0.86
03 / -0.89
Adsorbates
04 / -0.87
Cl1 -0.46 -0.43
C12 -0.46 -0.41
CI3 -0.49 -0.48
Fe5 0.06 0.07
FelO 0.04 0.26
Fel3 0 0.26
Fel9 0.08 0.07
Fe31 0.05 0.21
Fe35 0.13 0.19
Fe40 0.25 0.26
Surface Fe48 0.06 0.06
Fe55 0.06 0.06
Fe58 0 0.06
Fe66 0.06 0.07
Cr4 0.79 0.84
Crl10 0.55 0.73
Crl7 0.64 0.85
Ni9 0 0.11
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Nil4 0.12 0.22

Table 5. The redox reaction of Ni, Fe, and Cr at 650 °C. The standard Gibbs free energy A:G° of the

reaction was estimated using the chemical database (6.0).

Reaction AG ((kJ/mol))
4Cr+302(2)=2Cr205 178135
4Fe+30x(2)=2Fe2053 -1156.64
INi+02(2)=2NiO -310.54

4. Conclusions

In this paper, experimental methods and density functional theory (DFT) calculations were
employed to investigate the effect of oxygen (O) in molten salt on the surface of the 316 SS alloy.
The experimental approach focused on analyzing the microstructure and chemical properties of the
alloy after corrosion, while the DFT method examined the adsorption energy, structural properties,
and electronic properties of O and Cl interacting on the (1 1 0) surface of the 316 SS alloy. The main
conclusions are as follows:

(1) Localized corrosion occurs on the surface of the 316 SS alloy exposed to salt 1. However, when
the 316 SS alloy is immersed in salt 2, which has a higher oxygen content, oxidation penetrates more
deeply into the alloy matrix. Additionally, pits form on the surface of the alloy immersed in salt 2,
resulting in the formation of a thin oxide film composed of polyhedral spinels. XPS valence state
analysis reveals that the primary oxidation product is Cr20s, regardless of the oxygen content in the
molten salt environment. Furthermore, the oxide layer formed on the surface of the 316 SS alloy
immersed in salt 1 is much thinner, leading to a significantly lower Cr.Os content compared to the
alloy immersed in salt 2.

(2) DFT calculation results indicate that the content of O atoms influences the corrosion behavior
31



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

of the 316 SS alloy surface. The O content in the molten salt significantly accelerates the corrosion
of the 316 SS alloy surface. As the concentration of O atoms increases, subsurface damage to the
316 SS alloy intensifies. Furthermore, charge transfer in the 316 SS alloy follows the order of Ni >
Fe > Cr. This suggests that the oxidation sequence in the molten salt environment is Cr, followed by
Fe, and then Ni. The interaction between Cr and O is strongest on the surface of the 316 SS alloy,

which aligns with the experimental results.
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