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Corrosion behavior of 316 stainless steel alloy in high temperature heat storage 1 

medium containing oxygen-chloride salt 2 
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Understanding the co-adsorption of O and Cl is very important for studying the entire adsorption 11 

mechanism of 316 stainless steel (316 SS) alloy corrosion in ternary chloride salts LiCl-KCl-CaCl2. 12 

The influence of oxygen on the corrosion behavior of 316 SS alloy in ternary chloride salts is 13 

systematically studied through experiments combined with density functional theory (DFT) 14 

calculations. Microscopic structural and chemical experimental results indicate that oxygen in the 15 

ternary chloride salts accelerates the corrosion of 316 SS alloy. DFT calculations show that the 16 

adsorption energy and work function results indicate that as the O coverage increases, electronic 17 

transfer becomes more likely on the surface of the 316 SS alloy. Additionally, the changes in the 18 

alloy's structure and charge transfer suggest that chemical adsorption has occurred on its surface in 19 

the oxygen-containing ternary chloride salts. The charge transfer of different alloying elements 20 
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increases in the order of Ni < Fe < Cr. These research findings help in understanding the corrosion 21 

mechanism of 316 SS alloy in ternary chloride salts containing impurities under air conditions. 22 
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Oxidation, dealloying, and impurities are recognized as degradation mechanisms that pose 57 

significant threats to the next generation of photothermal power station alloys [21]. These impurities 58 

are difficult to completely remove, even after prolonged purification processes. Alkali metal chlorides, 59 

in particular, readily absorb moisture from the air to form hydroxides. When the molten salt contains 60 

OH  -(3) occur during the corrosion process [22, 23]. Wu et al. [24] found 61 

that the oxide film on steel is compromised in an alkaline environment containing Cl , which 62 

increases the corrosion rate of steel. Freiberg et al. [25] reported that oxyradicals decomposing into 63 

O in molten salts, with 64 

reacts with Cl to form O [15]. While Cl itself does not directly oxidize alloys or contribute to the 65 

corrosion of structural materials, it can indirectly influence corrosion through reactions with corrosion 66 

products [26].  67 

2 22 4 4O H O e OH  68 

2 2(OH) 2CaCl OH Ca Cl  69 

2
2 24 2 2O Cl O Cl  70 
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The experimental materials consisted of 316 SS alloy and the prepared ternary chloride salt LiCl-103 

KCl-  [37]. Before the experiment, the alloy was cut into 8 × 8 × 3 mm slices and mechanically 104 

polished to 2000 mesh using SiC sandpaper. The composition of the 316 SS alloy is provided in Table 105 

A1. After being polished with diamond polishing paste, the 316 SS alloy was cleaned with ethanol in 106 

an ultrasonic cleaner and naturally dried. No defects were observed in the original (AR) morphology 107 

except for some shallow polishing scratches. 108 

The complete experimental procedure is detailed in our previous study [38]. Salts with different 109 

oxygen contents were placed in separate crucibles to accurately simulate the corrosion of 316 SS 110 

alloy by the two ternary chloride salts. The composition and oxygen content of LiCl-KCl-111 

provided in Table A2. Then, the two ternary chloride salts were exposed to air via a support under 112 

the lid to maintain the chemical stability of the salt. 113 

The 316 SS alloy was fully immersed in a 100 mL Al2O3 crucible containing 20.0 g of ternary 114 

chloride salt (LiCl-KCl-115 

alloy and the molten salt 116 
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during the corrosion experiment. Afterward, the 316 SS alloy was removed and the surface was 117 

cleaned with deionized water. 118 

 119 

The surface morphology, chemical composition, and cross-sectional morphologies of corrosion 120 

products were observed using Scanning Electron Microscopy (SEM) at 20 kV accelerating voltage. 121 

The alloy's corrected surface was sealed with epoxy resin before conducting cross-sectional SEM 122 

and EDS tests. The morphology and roughness of the corroded alloy surface were evaluated using 123 

Atomic Force Microscopy (AFM). The surface area analyzed by AFM is 3  3  The phase 124 

constituents of corrosion products were identified by Raman spectroscopy with a 532 nm laser. The 125 

binding energy of different elements in the corroded alloy was analyzed using X-ray Photoelectron 126 

Spectroscopy (XPS).  127 

 128 

The DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP) [39] 129 

to investigate the competitive corrosion of 316 SS alloy by corrosive anions. All terms in the Kohn-130 

Sham equation were obtained through approximation and simplification during the DFT process. The 131 

electron-ion interaction was modeled using the projector augmented wave (PAW) method [40]. For 132 

exchange-correlation, the Perdew-Burke-Ernzerhof (PBE) form of the Generalized Gradient 133 

Approximation (GGA) was employed [41, 42]. A plane wave cutoff energy of 600 eV was applied. 134 

To account for dispersion forces and van der Waals interactions, the vdW-DFT method was utilized 135 

for calculating the co-adsorption of O and Cl atoms [43, 44]. Additionally, the DFT-D3 method, 136 

proposed by Grimme et al., was implemented to correct for van der Waals interactions [45].  137 

Adsorption calculations were performed on a six-layer 316 SS alloy (1 1 0) slab. A (4 × 4 × 6) 138 
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supercell was constructed to simulate the co-adsorption of O and Cl atoms. The corrosive ions (O and 139

Cl atoms) and top four atomic layers were allowed to relax freely, while the bottom two layers 140

remained fixed. The convergence thresholds for the electronic self-consistent field and atomic forces 141

were set to142

Charge density distributions were visualized using VESTA software. To eliminate interactions 143

between repeated slabs, the slabs were separated along the C-direction, as depicted in Fig. 1144
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The cross-section of the 316 SS alloy after corrosion was analyzed using scanning electron 193 

microscopy. After immersion in two different molten chloride salts for 72 h, the corrosion layer 194 

formed in salt 2 is significantly rougher than that in salt 1, as shown in Fig. 3(a) and (b). The oxide 195 

layer on the 316 SS alloy, formed in both molten chloride salts, consists of a dealloying layer and 196 

ligaments. A dealloying process is observed in the molten chloride salts, and the introduction of O 197 

accelerates the dealloying of Fe and Cr from the parent alloy [49, 50]. Over time, the oxide layer 198 

evolves into a three-dimensional microporous structure as erosion progresses. 199 

In general, the 316 SS alloy treated with salt 1 forms more ligaments and pores than the alloy 200 

treated with salt 2, as shown in Fig. 3(c) and (d). It is speculated that oxygen adsorption, caused by 201 

the introduction of higher O content, accelerates the surface coarsening process and reduces the 202 
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densification of the oxide film when exposed to salt 2. The oxidation tendency influences the surface 203 

mobility of metal atoms in the non-precious alloy. Additionally, the presence of Cr impedes the 204 

absorption of O and Cl atoms, making the degradation of Fe oxide more favorable than that of Cr 205 

oxide. 206 
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Raman spectroscopy was utilized to analyze the composition of the oxide layer on the surface of 252

the 316 SS alloy immersed in molten salts with varying oxygen contents. Using an excitation 253

wavelength of 532 nm, the Raman signal penetrated to a depth of approximately 21.2 nm, capturing 254

oxide-related responses from the alloy surface, as illustrated in Fig. 5. For the alloy immersed in salt 255

1, two and 1. The adsorption of oxygen, as 256
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shown in Fig. A1, promotes the formation of an oxide film on the alloy surface. The Raman peak at 257 

Cr and O in FeCr2O4 [53] 258 

and t   [54]. Therefore, the Raman spectroscopy results 259 

indicate that the corrosion products on the 316 SS alloy immersed in salt 1 include FeCr2O4  260 

  for the oxide layer formed on 261 

the 316 SS alloy immersed in salt 2. Notably, the Raman peaks of the oxide layer for the alloy 262 

immersed in salt 2 differ from those observed for salt 1. When the 316 SS alloy was immersed in salt 263 

 corre  [18]. it is often reported in the 264 

 265 

[53]. . 266 
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For further study, Fig. 7 presents the magnified SEM observations and EDS mapping data of 316 310 

SS alloy at different oxygen contents. The morphology of the 316 SS alloy immersed in salt 1 remains 311 

relatively flat and is divided into two colors. The EDS mapping data shows that the surface of the 312 

alloy is composed of an oxide layer and an alloy, and the results show that the lighter areas are mainly 313 

Fe and Ni. O and Cr are distributed on the darker oxide layer on the alloy surface, and the Cr element 314 

tends to be near the oxide layer. By comparing the surface of the 316 SS alloy immersed in salt 1, it 315 

is easy to observe that the surface of the alloy immersed in salt 2 is distributed with many deep holes 316 

and oxide particles of different sizes. The immersed alloy surface is mainly Fe, Ni and O, and the Cr 317 
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element is distributed throughout the alloy surface. In addition, the thin oxide layer formed on the 318

surface of the 316 SS alloy in s319

salt 2. In addition, the XPS valence state analysis of Ni and Cr shows that the main oxidation product 320
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A detailed electronic analysis was conducted to further investigate the effects of the reaction 421

between Cl and O atoms on the surface of the 316 SS alloy. Fig. 10 illustrates the differential charge 422

density of the 316 SS alloy. The results shown in Fig. 10(a) indicate that the adsorption of Cl atoms 423

on the surface of the 316 SS alloy enhances the charge transfer of O atoms while simultaneously 424

suppressing the charge transfer associated with the Cl atom. Fig. 10(b) reveals that charge transfer 425

occurs both on the surface and in the subsurface regions of the 316 SS alloy. Specifically, as the 426

number of O atoms adsorbed on the surface increases in the presence of Cl, the amount of charge 427

transfer also increases, suggesting a more pronounced corrosion phenomenon. Table 4 summarizes 428

the specific data related to the adsorption of adsorbates on the surface of the 316 SS alloy and the 429
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corresponding charge transfer amounts. The simulation results show that the charge transfer of O is 430 

greater than that of Cl. Compared to Cl, O is preferentially adsorbed on the alloy surface. This finding 431 

supports the conclusion that Cl atoms accelerate the corrosion of the 316 SS alloy. Furthermore, the 432 

charge transfer in the 316 SS alloy follows the order: Ni > Fe > Cr. This suggests that the oxidation 433 

sequence in the molten salt environment is Cr, followed by Fe, and then Ni. This observation is 434 

consistent with the results of the Gibbs free energy calculations presented in Table 5.435 
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