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Highlight: 14 

 Intermittent cooling effect during thermal cycling significantly influences the 15 

corrosion behaviour of alloys in Ar. 16 

 17 

 Thermal cycles in Ar was observed to reduce CR compared to isothermal conditions. 18 

 19 

 Ni-based alloys show better corrosion resistance than SSs at any conditions. 20 

Abstract: 21 

Molten nitrate salts are widely used as heat transfer fluids and heat storage media for 22 

concentrated solar power (CSP) plants due to their favourable thermo-physical properties. The 23 

corrosion of alloys in nitrate salts used in CSP plants poses a critical challenge to the safety, 24 

cost and efficiency of their operations under high temperature. In this study, the corrosion 25 

behaviour of stainless steels; 321 and 347, and Ni-based alloy; IN 625 and In 825, in Solar 26 

(nitrate) salts has been experimentally investigated under isothermal (at 600 °C) and thermal 27 

cycling (between 600 °C and 250°C) conditions, and under argon atmosphere. Corrosion 28 

assessment of test materials was achieved using gravimetric measurements in a simulated metal 29 

– molten salt environment in a furnace for 7 days. The micro-morphology and cross-sectional 30 

analysis of the corroding interface was carried out using a combination of scanning electron 31 

microscopy, energy dispersive X-ray spectroscopy and X-Ray diffraction techniques. 32 

Compared with isothermal condition, thermal cycling between the 250°C (for 12 hrs) and 33 

600°C (for 12 hrs) reduces the corrosion rate of test materials, the severity of corrosion attack 34 

and the thickness of corrosion product layers. The result also shows that corrosion product 35 
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breakdown due to spallation was also reduced by lower time at maximum temperature and 36 

cooling effect during thermal cycling, especially in stainless steels when compared with 37 

isothermal conditions at 600°C. The spallation process became prominent with the formation 38 

of a Na-Fe oxide layer at the corrosion interface. Ni-based alloys show better corrosion 39 

resistance than stainless steels under both isothermal and thermal cycling conditions due to the 40 

superior passivation behaviour from combined Cr and Ni enrichment. Cr2O3 and NiO were 41 

formed as an inner layer in a multi-layered corrosion products on the metal surface from 42 

reaction with oxygen. Oxygen was made available from the decomposition of nitrate ions at 43 

600°C.  44 

Introduction 45 

With the rapid growth of world’s population, increased industrialisation of emerging economies, 46 

the limitation of conventional and non-renewable energy sources, and the established impact of 47 

fossil fuel on global warming, there is a strong motivation to explore alternative and renewable 48 

sources of energy (Walczak et al., 2018). Compared with other renewable resources (e.g. wind, 49 

geothermal and tidal), solar energy has shown great promise due to the abundant amount of 50 

energy reaching the Earth (Pelay et al., 2017; Walczak et al., 2018). According to some 51 

estimates from International Energy Association, the optimally harnessed solar energy alone 52 

can meet the total global energy demand (Alva et al., 2018). Electricity generation from solar 53 

irradiation is achieved by photovoltaic (PV) and photothermal conversion (Desideri and 54 

Campana, 2014), Compared with photovoltaic technologies, concentrating solar power (CSP) 55 

has gained particular interest for large scale applications due to its advantage in terms of 56 

potential efficiency, low operation cost and low environmental impact. It also has the advantage 57 

of being able to integrate thermal energy storage (TES) systems (Alva et al., 2018) to mitigate 58 

the intermittence of power supply. In CSP systems, molten salts (especially mixture of NaNO3 59 

and KNO3) are currently widely used as heat transfer fluids (HTF) and sensible heat storage 60 

materials to collect, transfer and store energy in heat collectors, heat transfer pipes and hot tanks, 61 

respectively. This inevitably poses significant threat to all the metallic components, which are 62 

exposed to molten salts at extremely high temperature gradients (typically ranging from 550 -63 

850°C) (Bell et al., 2019) and are more vulnerable to high temperature fatigue and intergranular 64 

corrosion (IGC) at the metal-salt interface.  65 

Considering the potential for corrosion to occur, the optimal combination of molten salt and 66 

metallic materials is critical for mitigating the risk of catastrophic failure of metal components 67 

used in CSP plants. Stainless steels and Ni-based alloys are widely used in CSP plants due to 68 

their good mechanical properties, high corrosion resistance and oxidation resistance. Ni-based 69 

alloys have overwhelming superiority in relation to resistance to pitting corrosion, crevice 70 

attack and stress corrosion cracking compared with stainless steels (Walczak et al., 2018). 71 

Therefore research that helps to develop and improve the understanding of metal molten salt 72 

interactions is needed to mitigate molten salt induced material degradation in CSP plants. This 73 

has not received the required research attention to date, particularly research under thermal 74 

cyclic stress. A summary of corrosion studies on molten salt (solar salt) corrosion is shown in 75 

Table 1. The focus of some of these studies are on the effect of temperature and molten salt 76 



chemistry on the corrosion rate of the selected alloys. It was shown that AISI 321 exhibited 77 

increasing corrosion rate from 1 to 460 μm/year as the temperature increased from 400 to 78 

680 °C (isothermal) with the largest increase in corrosion rate occurring between 600 and 680°C 79 

from 15.9 to 460 μm/year, respectively (Kruizenga et al., 2013) (Gomes et al., 2019). Similar 80 

trend was also found for Ni-based alloy in solar salt (Kruizenga et al., 2013). Bradshaw 81 

(Bradshaw and Goods, 2001b) first started thermal cycling test in air with a 7.5-hour hot and 82 

0.5-hour cold cycle and found that thermal cycling moderately increased the corrosion rate of 83 

three stainless steels compared with isothermal condition. This methodology cannot simulate 84 

the real condition for CSP which includes day-time heating and night-time cooling. The results 85 

presented by Bradshaw (Bradshaw and Goods, 2001b) mainly focused on characterising the 86 

corrosion rate and corrosion layer without providing persuasive evidence to explain the increase 87 

in corrosion rate due to thermal cycling.  88 

Openly available studies on corrosion behaviour of alloys in molten-salt mixtures under inert 89 

atmosphere and thermal cycling conditions are very limited. This study focuses on thoroughly 90 

investigating the corrosion performance of two stainless steels and two Ni-based alloys under 91 

isothermal and thermal cycling conditions. Argon was chosen as an inert protective atmosphere 92 

to minimise the influence of unwanted O2 gas on corrosion behaviour, and isolate and 93 

characterise the true effect of thermal cycling. The test protocols were developed to closely 94 

simulate real solar power tower from the industrial scale CSP that accounts for conditions 95 

during 12-hour day-time heating and 12-hour night-time cooling in heat transfer pipes or heat 96 

storage tanks. The results and findings in this study could provide a new theoretical basis and 97 

guidance for the characterisation and selection of the materials with molten salt in CSP plants.  98 

Table 1: summary of corrosion data for alloys in solar salt under isothermal and thermal 99 

cycling condition. (‘ISO’ indicates isothermal corrosion, ‘TC’ indicates thermal cycling, 7.5 100 

hours immersion in molten salt at maximum temperature and 0.5-hour cooling in ambient 101 

air at 95oC, for a total cycle time of 8 hours)) 102 

Author and Ref Alloy Molten Salt 
Temperature 

(˚C) 

Exposure 

time (h) 

Corrosion rate 

(μm/year) 

(Goods and 

Bradshaw, 2004) 

304 Solar salt 570-ISO 7008 7.9 

(Bradshaw and 

Goods, 2001b) 

Solar salt+0.05% NaCl 565-ISO 4584 11.5 

Solar salt+0.05% NaCl 565-TC 4432 15.6 

(Goods and 

Bradshaw, 2004) 

316 Solar salt 570-ISO 7008 9.4 

(Bradshaw and 

Goods, 2001b) 

Solar salt+0.05% NaCl 565-ISO 4584 8.96 

Solar salt+0.05% NaCl 565-TC 4084 10.72 

(Bradshaw and 

Goods, 2001b) 

316L Solar salt+0.05% NaCl 565-ISO 4584 8.41 

Solar salt+0.05% NaCl 565-TC 4084 12.2 

(Kruizenga et al., 

2013) & (Gomes et 

al., 2019) 

321 Solar salt 400-ISO 3064 1.0 

500-ISO 3064 7.1 

550-ISO 3064 9.0 

600-ISO 3064 15.9 

680-ISO 3064 460 



(Kruizenga et al., 

2013) 

347 Solar salt 400-ISO 3064 0.7 

500-ISO 3064 4.6 

600-ISO 3064 10.4 

680-ISO 3064 447 

(Kruizenga et al., 

2013) 

IN 

625 

Solar salt 400-ISO 3064 0.17 

500-ISO 3064 1.8 

600-ISO 3064 12.7 

600-TC 3200 21.7 

680-ISO 3064 554 

Experimental system description  103 

Experimental material  104 

The materials used in this study were AISI 321, AISI 347 austenitic stainless steels, and Ni-105 

based Inconel 625 and Incoloy 825 alloys. The composition of these alloys is provided in Table 106 

2. The as-received pipes were supplied by Zhejiang JIULI Hi-tech Metals Co., Ltd China. 107 

Samples of approximately 1 cm2 area were obtained from seamless pipes as shown in Figure 1. 108 

They were first wet-ground using silicon carbide (SiC) paper up to 2000 grit and followed by 109 

polishing with 9 μm, 6μm, 1μm and 0.25 μm diamond suspension. Polished samples are then 110 

degreased with acetone before commencement of experiments. The initial dimensions and mass 111 

of coupons were recorded using and analytical balance. The samples for cross-section analysis 112 

were embedded in epoxy resin before being abraded and polished. Prior to cross-section 113 

analysis, the prepared samples were sputtered with Ir to enhance the conductivity of the 114 

specimens.  115 

Solar salt (60 wt.% NaNO3 and 40 wt.% KNO3) is the most common molten salt used in CSP 116 

plants(Walczak et al., 2018) and therefore was selected for this study. The solar salt used was 117 

purchased from Shanghai Chemical Reagents Limit Company with analytical reagent purity as 118 

shown in Table 3 (from supplier data). The salts were weighed to achieve the required ratio and 119 

separately dried at 120°C for 24 h in a furnace, heated at 300°C for 24h to achieve a 120 

homogeneous mix of salt before the experiments.  121 

 122 

Steel pipes 

10mm*10mm 

Thickness:3mm 



Figure 1: Geometry of samples obtained from the pipes and the dimensions. 123 

Table 2: Alloy composition of 321 and 347, IN 625 and In 825 (wt%). 124 

Table 3: Main component contents and purity of the test salt (wt%), from supplier data. 125 

Components  KNO3 NaNO3 

Main component, % 99.0 99.0 

Insoluble, % 0.004 0.004 

IO3
-, % 0.0005 0.0005 

SO4
2-, % 0.003 0.003 

NO2
2-, % 0.001 0.0005 

Ca, % 0.004 0.005 

Fe, % 0.0002 0.0001 

Mg, % 0.002 0.002 

Specimen preparation and test procedure 126 

A tubular furnace was used to provide a stable and accurate high temperature environment with 127 

argon atmosphere. Figure 2 shows the photo of the furnace and basic assembly drawing of the 128 

oven. In this test, the sample-containing crucibles are placed in the middle of the tube and the 129 

preparation procedure are as follows.  130 

Four specimens of each alloy were placed horizontally in each Al2O3 crucible in order to ensure 131 

the same contact surfaces between the specimens and the molten salt. The homogeneous solid 132 

salts were poured into each sample-containing crucible before being transferred into the furnace 133 

to dry under argon atmosphere for 12 hours at 180°C. The furnace is gradually heated up to test 134 

temperature, with the test commencing when the test piece temperature exceeds 97% of the 135 

desired test temperature. It should be noted that the test chamber was filled with inert argon gas 136 

in this study. 137 

In order to investigate the corrosion behaviour of test samples under thermal cycling conditions, 138 

tests were initially performed at a constant temperature of 600°C for isothermal corrosion. 139 

Under thermal cycling conditions, the temperature was controlled to fluctuate between 250 and 140 

600°C, representing peak-time heating of molten salt and night-time cooling of molten salt in 141 

CSP storage tanks and flow lines. The selection of duration of exposure of materials to molten 142 

salts in these configurations are designed to replicate as closely as possible the real-time cycle 143 

between daytime 12-hour heating and night-time 12-hour cooling. The temperature range to be 144 

explored were chosen based on the melting point at 220°C and stability limit at 600°C for the 145 

molten salt (solar salt). The thermal cycling profile are shown in Figure 3.  146 

Alloy C Mn Si P Cu Cr Ni Ti Nb Mo Fe 

AISI 321 0.018 1.44 0.519 0.035 - 17.33 9.24 0.225 - - Bal. 

AISI 347 0.049 0.95 0.402 0.026 0.11 17.35 9.65 - 0.656 - Bal. 

IN 625 0.018 0.04 0.142 0.001 0.03 21.69 62.36 0.211 3.31 8.65 3.06 

In 825 0.008 0.67 0.258 0.0119 1.75 22.6 40.18 0.943 0.025 2.88 30.32 



 147 

Figure 2: The structure of tubular furnace whole and part. 1-gas inlet; 2-gas exit; 3-test 148 

chamber; 4-heating unit; 5-crucible; 6-specimen; 7-molten salt; 8-thermocouple. 149 

 150 

Figure 3: Time-temperature profile of isothermal immersion and thermal cycling (heating 151 

and cooling rate at 10°C/min with 35-minute interval) 152 
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Mass loss measurement and corrosion rate calculations  153 

After completion of the test and cooling process, the specimens were retrieved and cleaned 154 

ultrasonically in deionised water and alcohol to remove the residual salt. Three of four 155 

specimens were used in mass loss test and the fourth specimen was used to characterise the 156 

corrosion products using techniques such as Scanning Electron Microscope (SEM), Energy 157 

Dispersive Spectrometer (EDX) and X-ray diffraction (XRD) and other morphology and 158 

composition characterisation tests. The specimens were then dried and weighed to obtain the 159 

mass changes using an analytical balance with 0.01mg precision. 160 

As described in ASTM G1-03 (G1-03, 2017) and British standard (BS EN ISO 8407:2014), the 161 

coupons were descaled to remove the corrosion product using a standardised procedure of 2-162 

min washing with 10% H2SO4 at 20-25°C and 20-min washing with 10% HNO3 at 60°C for 163 

Ni-based alloys and austenitic stainless steels, respectively(G1-03, 2017). After removal of 164 

corrosion product, the samples were weighed.  165 

Weight changes before and after the corrosion test were used to estimate the corrosion rate via 166 

the Equation 1 and Equation 2, assuming uniform corrosion: 167 ∆𝒎𝑺 = 𝒎𝟎 − 𝒎𝟏𝑺  
Equation 1 

𝑪𝑹(𝝁𝒎/𝒚) = 𝟖𝟕𝟔𝟎𝟎 ∆𝒎𝝆 𝑺 𝒕  Equation 2 

Where m0 and m1 represent the weight of specimen before and after corrosion, respectively. 168 

Δm/S is descaled mass loss per unit area (mg/cm2), 𝜌 is alloy density (g/cm3): the density of 169 

AISI 321, 347, IN 625 and In 825 are 7.94, 8.03, 8.14 and 8.14 g/cm3, respectively. t is the 170 

immersion time (h). The mass loss data was determined based on the average of three 171 

measurements per sample to ensure accuracy. 172 

Microstructure analysis and surface characterisation 173 

A Bruker D8 X-ray diffractometer was used for X-ray diffraction analysis of alloys to identify 174 

the corrosion product on the surface using monochromatic Cu Kα radiation (λ=1.5418 Å). XRD 175 

patterns were collected in the 2θ range from 10° to 90° with a 1.5°/min scan rate. The surface 176 

morphology and cross-sections analysis of samples were investigated using a Zeiss optical 177 

microscope (OM) (Axio Imager 2) and Carl Zeiss EVO MA15 scanning electron microscope 178 

(SEM). The SEM was integrated with an Oxford Instruments Aztec Energy dispersive X-ray 179 

(EDX) system with an 80mm X-max SDD detector which provided secondary and 180 

backscattered imaging, EDX elemental mapping and line scans. The incident beam voltage of 181 

20 keV was employed and working distance of 12–13 mm.  182 



Results and discussion 183 

Mass loss measurements 184 

Results from mass loss measurements of AISI 321, AISI 347, IN 625 and IN 825 after 7 days 185 

immersion are shown in Figure 4. Mass change was measured after deionised water sonication 186 

and acid washing in turn. Ultrasonic washing with deionised water was used to remove the 187 

remaining salt and loose oxides on the sample surface (Hua et al., 2019). Corroded samples 188 

were taken to acid washing to remove all corrosion products and the subsequent mass loss 189 

measured was used to compute the corrosion rate according to the ASTM G1 standard. 190 

Referring to Figure 4, both stainless steel samples exhibited higher total corrosion rates than 191 

Ni-based alloys in both isothermal and thermal cycling immersion experiments. The corrosion 192 

rate of AISI 321 and 347 are 434 μm/y and 317 μm/y after 7 days from isothermal immersion 193 

tests, respectively. These values are 3-4 times higher than that of IN 625 and In 825 under the 194 

same conditions. Thermal cycling resulted in lower corrosion rate values of up to 25 – 50% 195 

than the corrosion rate from isothermal immersion tests for both stainless steels and nickel 196 

alloys. Thermal cycling between 600 and 250°C reduced the corrosion rate to 57.7 μm/y in 197 

IN625 from 128 μm/y after isothermal tests, and to 124 μm/y in AISI 347 from 317 μm/y after 198 

isothermal test. Mass change measurements after ultrasonic washing consistently show mass 199 

gain for samples from thermal cycling experiments while samples from isothermal experiments 200 

show mass loss. This is an indication of higher material loss rate from isothermal tests and 201 

improved protective properties from oxide layers formed under thermal cycling conditions. 202 

Under isothermal conditions, it has been reported that a high initial corrosion rate is needed to 203 

drive the initial formation of dense corrosion product layers (oxide layers). This could either 204 

protect the metal substrate or easily undermined it with extended experiment time to promote a 205 

transition from dense oxide layers to loose/porous oxides(Bell et al., 2019). The latter can be 206 

linked to sustained molten salt – metal interaction at a high temperature of 600°C.  207 

The higher corrosion rate from isothermal tests than from thermal cycling tests is mainly linked 208 

to the lower time (12 hours per 24 hours experiment time) at maximum temperature of 600°C 209 

under thermal cycling conditions. This is due to the effect of the 12 hours of cooling process 210 

per thermal cycle. Under isothermal condition, the continuously formed oxide layers have more 211 

potential to breakdown and spall off due to the instability of the layers at high temperatures 212 

(Encinas-Sánchez et al., 2019). The sustained period of thermal effects under isothermal 213 

conditions is substantially tempered by intermittent cooling process under thermal cycling 214 

conditions over an interval of 12 hours per cycle. This period of cooling is long enough to limit 215 

the potential impact of thermal fatigue linked to thermal shock and reduce the impact of thermal 216 

cycles on the integrity of oxide layers. The corrosiveness of the molten salt system is also 217 

continuously and progressively increased by the decomposing nitrate salt into nitrite and oxide 218 

ions (Walczak et al., 2018) with longer residence time at 600 °C, resulting in higher corrosion 219 

rate and oxide formation. The process of molten salt decomposition also takes place under inert 220 

gas atmosphere as is the case in this study (Bonk et al., 2020). The outwards diffusion of alloy 221 

elements from the base material to form oxides at the molten salt-metal interface is also 222 

promoted by high temperature (in this case, 600°C) and duration (Bataillou et al., 2018). This 223 



is sustained under isothermal conditions but interrupted under thermal cycling conditions to 224 

limit material loss rate. Based the statements above, under the thermal cycling conditions 225 

explored in this study, the range of temperature used for the cooling phase and the long 226 

residence time during this period is believed to help to slow down the kinetics of outward 227 

diffusion active atoms of key alloying elements in the base material, corrosion oxide formation 228 

and breakdown, thereby reducing material loss rate. The intermittent cooling effect during 229 

thermal cycling could also provide a way of limiting the progressive increase in the 230 

corrosiveness of molten salt linked to the thermal stability of molten salts at high temperature. 231 

This indirectly helps to improve the adherence of initially formed corrosion oxide layers at 232 

600°C under thermal cycling conditions. This has been shown to restrict the potential 233 

transformation from dense oxide layers to loose/porous oxide layers, and detailed evidence and 234 

analysis are discussed after. 235 

 236 

Figure 4: Mass loss (and corrosion rate) of AISI 321, AISI 347, IN 625 and In 825 specimens 237 

under isothermal and thermal cycling in solar salt for 7 days  238 

2-week thermal cycling test as extra data 239 

Considering to different immersion time at 600 ˚C between 1-week isothermal with 1-week 240 

thermal cycling, 2-week thermal cycling test in argon have been performed to better explain and 241 

understand the synergic effect of thermal cycling and immersion temperature time at maximum 242 

temperature on the corrosion mitigation process. A two week thermal cycling experiment represents 243 

an equivalent of 1 week Isothermal test at 600°C and additional 1 week Isothermal test at 250°C in 244 

argon. Referring to Figure 5 the weight loss of alloys from thermal cycling tests (between 600°C 245 

and 250°C) after 14 days is slightly (~ 1.5 times) higher than that after 7 days, but much lower than 246 

alloys from isothermal tests at 600°C after 7 days (except for In 825). Comparing the results after 247 

continuous and intermittent 7-day immersion at maximum temperature, the cooling process during 248 

thermal cycling is clearly central to the overall corrosion behaviour of the alloys. 249 

Compared with the isothermal and thermal cycling tests after 7-day immersion, higher corrosion 250 

rate recorded from isothermal test was due to consistent exposure at maximum temperature of 600°C. 251 

If we introduce the test results from 2-weeks thermal cycling test with an equivalent of 1-week 252 

isothermal exposure at 600 ºC, corrosion rate data in Figure 5 is a clear evidence that the intermittent 253 

cooling for an equivalent of 1 week isothermal exposure at 250°C helps to retard the corrosion and 254 

corrosion product kinetics. 255 
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 256 

Figure 5 Weight change of 7-day isothermal and thermal cycling and 14-day thermal cycling 257 

samples after acid washing (in mg/cm2) 258 

Post-experiment salt characterization 259 

Except from the thermal effect on the samples itself, the aggressiveness of salt system need to 260 

be checked after different test conditions to figure out how the salt chemistry change 261 

influencing the corrosion degradation of material.  262 

In relation to the salt chemistry, X-ray Diffraction patterns of the salt before and after 7-day 263 

isothermal and thermal cycling test are presented in Figure 6. The as-received salt was identified 264 

as only mixture of (Na, K) NO3, while the salts after Isothermal and thermal cycling immersion 265 

tests showed peak of (Na, K) NO2 around 30.001 (100 % intensity) degree and 32.065 degree 266 

(55% intensity, according to Reference code 00-006-0392). This indicates the presence of 267 

nitrites in the form of (Na, K) NO2 from the decomposition of (Na, K) NO3 after 7-day 268 

immersion. It’s worth noting that the peak at 32.065 degree (not main peak for NaNO3 with 269 

14% intensity and main peak for NaNO2 (6000 a.u.) with 55% intensity) in Figure 6 (b) for 1 270 

week isothermal test shows higher intensity (0-2000 a.u.) than that in Figure 6 (a), (c) and (d) 271 

for as received, 1 week and 2 weeks thermal cycling test respectively. Other researchers (Han 272 

et al., 2021) also reported that the NaNO2 was found in Solar salt after 500 thermal cycles, thus 273 

influencing the thermal physical properties of molten salt. The reported (Han et al., 2021) XRD 274 

patterns of thermal cycled salt show agreement with the results in our study. This supported 275 

results published by Bonk. (Bonk et al., 2020), which shows that the chemistry of nitrate salts 276 

changes to produce nitrite in a nitrate-nitrite ratio of 94-6% after isothermal test at 600 ºC in a 277 

closed atmosphere the ratio will keep stable with increasing immersion time. This is a clear 278 

evidence to confirm that the salt aggressiveness after 1-week isothermal is higher than that even 279 

after 2-week thermal cycling due to increase in nitrite concentration from solar salt 280 

decomposition. The detailed comparison of peak intensity of NaNO2 after different test 281 

conditions are shown in Table 4. 282 
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 283 

Figure 6 XRD results of solar salt before and after immersion test, (a) as received; (b) after 1-284 

week isothermal; (c) after 1-week thermal cycling and (d) after 2-week thermal cycling 285 

(Reference code 00-006-0392, 00-036-1474 and 00-05-0377) 286 

Table 4: Main peaks intensity of NaNO2 287 

 
NaNO2 intensity at 30 2theta 

(100% intensity) 

NaNO2 intensity at 32 2theta 

(55% intensity) 

As-received salt 0 0 

1-week isothermal 9800 6000 

1-week thermal cycling 3200 0 

2-week thermal cycling 3500 2000 

Corrosion product characterisation 288 

XRD analysis   289 

Figure 7 (a) (b) (c) and (d) show the XRD patterns of the corroded surface of AISI 321, AISI 290 

347, IN 625 and In 825 after 7-day immersion in Solar salt under isothermal and thermal cycling 291 

condition, respectively. Referring to the XRD patterns, it is confirmed that the oxide layers 292 

formed on the surface of AISI 321 and AISI 347 in solar salt are iron chromium spinel (FeCr2O4), 293 

iron oxide (Fe2O3), and a less dense, and less protective layer of sodium ferrite (NaFeO2). 294 

Nickel oxides formed on the corrosion surface of Ni-based alloy, as well as iron chromium 295 

spinel and iron oxide, shown in Figure 7 (c) and (d). Compared with the products formed on IN 296 

625 samples, more types of iron oxide mixtures were found on the surface of In 825 due to its 297 

(a) (b) 

(c) (d) 



higher iron content and lower nickel content. These results have a good agreement with those 298 

observed from SEM images and EDX analysis presented later. 299 
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 301 

Figure 7 XRD patterns of (a) AISI 321; (b) AISI 347; (c) IN 625 and (d) In 825 after isothermal 302 

and thermal cycling immersion in solar salt for 7 days (Reference code for Fe2O3: 00-039-1346, 303 

NiO: 04-013-0889 and FeCr2O4: 01-080-6393 are corresponding to the standard pattern from 304 

JCPDS Committee (Encinas-Sánchez et al., 2020; Gates-Rector and Blanton, 2019) 305 

SEM surface analysis  306 

Each corroded sample surface was examined using SEM to characterise the properties of the 307 

corrosion products layers. This is shown in Figure 8. The complimentary EDX results is 308 

provided in Table 5. Referring to Figure 8, the corrosion products from isothermal and thermal 309 

cycling experiments on stainless steel samples show distinct properties. As shown in Figure 8 310 

(a1) and (a2) for AISI 321 samples after isothermal tests, loose corrosion products appear to 311 

have spalled off due to the poor cohesion/adherence to bulk material. The Ni and Cr rich areas 312 

are confirmed to be the fresh metal by the EDX mapping and data shown in Figure 8 a1. After 313 

spallation of the loose oxide layer, large areas of fresh metal were directly exposed to molten 314 

salt, resulting in grain boundary attack in these locations. The dark deposit in region A-1 was 315 

confirmed as Al2O3, whereby the Al has come from the alumina crucible. The product within 316 

region A-6 was identified as NaFeO2 and Fe2O3, which are also identified as the primary 317 



corrosion products on the surface of samples from thermal cycling experiments in Figure 8 (a3) 318 

and (a4) (region A-3, 4, 5). A more protective inner layer of FeCr2O4 (Fe-Cr spinel region A-2) 319 

and a Cr-enriched layer were identified in Figure 8 (a3) after spallation of sodium-iron oxides 320 

on test samples form thermal cycling experiments. Figure 8 (b1-b2) and (b3-b4) show the 321 

corrosion surface of AISI 347 after isothermal and thermal cycling immersion test, respectively. 322 

Non-protective porous oxide layer was observed in region B-1, B-2 and B-4, and believed to 323 

be iron oxide and sodium ferrite form EDX data analysis in Table 5. It is evident from Figure 8 324 

(b1 and b2) that the iron oxide and sodium ferrite is non-adherent and easily detachable during 325 

the test (see region B-3 in Figure 8 b1). Sodium ferrite and iron oxide were also found on the 326 

surface of thermal cycled AISI 347 samples. They are formed as dispersed and porous layers 327 

across the corroding surface without no evidence of spallation, as shown in Figure 8 (b3-b4). 328 

The spallation behaviour of corrosion products on stainless-steel surfaces has been reported by 329 

several researchers (Bradshaw and Goods, 2001b; Gomes et al., 2019; Stott and Wei, 1989; 330 

Trent et al., 2016), and attributed to the stress due to the mismatch of thermal expansions and 331 

Young’s modulus between the bulk steel and corrosion scales. Referring to Ni–based alloys, 332 

the corrosion products formed are more uniform with a consistent distribution of elements 333 

across the corrosion surface (see Table 5) for samples from isothermal and thermal cycling 334 

experiments. Samples from isothermal tests exhibited larger crystals of corrosion products as 335 

shown in Figure 8 (c1) and (d2) for IN 625 and In 825 respectively, when compared with 336 

corrosion products formed under thermal cycling condition in Figure 8 (c3) and (d4) for IN 625 337 

and In 825, respectively. The main corrosion products of IN 625 is believed to be NiO from 338 

EDX data in Table 5. NiO is known to be protective as shown by the corrosion rate data in 339 

Figure 4. The SEM images in Figure 8 (d1-d4) also shows that the protectiveness of NiO is also 340 

linked to how well adhered it is to the substrate alloy at 600°C (Soleimani Dorcheh et al., 2016). 341 

The EDX data also shows evidence of the potential for mixed oxide of Fe, Cr and Ni being 342 

formed as corrosion products on the corroding surface of In 825.  343 

The results presented clearly show that the corrosion rate recorded for stainless steel samples 344 

is always higher than Ni-based alloys under isothermal and thermal cycling conditions are due 345 

to the loose and porous properties of oxides formed on the stainless-steel surface. These oxides 346 

are less protective than NiO against the combination of chemical and redox activities from 347 

molten salt, and thermal stress. This induced stresses could be due to differences in the 348 

coefficient thermal expansion and elastic modules between the metal and oxide layers, causing 349 

cracking and spallation between protective oxides (Bell et al., 2019). Referring to the stainless 350 

steel samples, it is evident that more severe spallation occurs under isothermal condition than 351 

under thermal cycling conditions. The spallation behaviour of the oxide layers would certainly 352 

affect the protectiveness of corrosion layer, thus affecting the corrosion rate. However, the 353 

cooling effect of lower temperature during thermal cycling and the residence time of 12 hrs per 354 

cycle at test temperature is capable of tempering the thermal stress and help to lower corrosion 355 

rate after thermal cycling tests. It is also believed that this helps to improve the thermal stability 356 

and adherence of the oxide layers and to avoid spallation of protective dense corrosion layer. 357 

This is reflected in the higher corrosion rate and severer layer spallation in samples from 358 

isothermal tests than samples from thermal cycling tests in Figure 4 and Figure 8.  359 
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 363 

Figure 8: SEM top surface of the oxide scales formed on (a) AISI 321; (b) AISI 347; (c) IN 625; (d) 364 

In 825 after 7-day immersion test in solar salt; isothermal (1) (2) and thermal cycling (3) (4)  365 

(c1) (c2) 

(c3) (c4) 

C-2 Cr 

Ni 

C-1 

C-3 C-4 

C-5 

(d1) (d2) 

(d3) (d4) 

D-1 D-2 

D-3 

Fe 

Ni 

Cr 

Cu 

Fe 

Cr 



Table 5: EDX data for regions and possible phase in Figure 8. 366 

Region (wt.%) Possible phases O  Fe Cr Na Ni other 

A-1  Al2O3 57.94 1.88 0.17 1.48 - 22.72 Al 

A-2  FeCr2O4, Fe2O3 28.97 48.36 8.13 0.99 1.19 1.03 Al 

A-3 NaFeO2, Fe2O3 32.8 43.25 0.86 8.37 0.36 0.74Al 

A-4 NaFeO2, Fe2O3 29.44 57.7 1.21 5.36 - - 

A-5 NaFeO2, Fe2O3 26.06 66.2 1.05 6.53 - - 

A-6 NaFeO2, Fe2O3 32.39 49.99 0.62 6.73 0.32 0.26Al 

B-1 NaFeO2, Fe2O3 29.86 50.64 0.62 9.99 2.99 - 

B-2 NaFeO2, Fe2O3 36.06 45.64 0.69 6.15 0.44 0.74Al 

B-3 FeCr2O4, Fe2O3 28.78 51.29 8.52 1.43 4.71 - 

B-4 NaFeO2, Fe2O3 30.15 56.73 0.91 10.88 0.76 0.18Al 

B-5 NaFeO2, Fe2O3 30.5 41.25 1 10.03 0.68 0.53Al 

C-1 NiO, (Fe, Cr)2O3 21.71 7.36 0.62 1.89 60.98 - 

C-2 NiO, (Fe, Cr)2O3 21.53 7.45 1.1 2.08 60.86 - 

C-3 NiO, (Fe, Cr)2O3 19.77 6.88 1.71 1.98 62.61 - 

C-4 NiO, (Fe, Cr)2O3 14.88 4.57 1.08 1.66 70.93 - 

C-5 NiO, (Fe, Cr)2O3 20.02 5.16 1.3 1.45 59.96 - 

D-1 NiO, NaFeO2, Fe2O3 31.77 43.54 1.25 10.17 5.17 0.55Cu 

D-2 NiO, NaFeO2, Fe2O3 34.19 39.6 1.04 9.11 6.78 1.14Cu 

D-3 NiO, NaFeO2, Fe2O3 32.74 40.63 1.34 7.43 3.8 4.49Cu 

Cross-section analysis  367 

Referring to the XRD and SEM results in Figure 7 and Figure 8, respectively, it is evident that 368 

different oxide layers were formed on the surface of alloys specimens after immersion test. The 369 

loose oxide layer of sodium-iron oxide spalls off during the test while others compounds with 370 

good adherence were shown to protect the base alloy against further molten salt–substrate alloy 371 

interactions. This section presents results from cross-section analysis using SEM-EDX 372 

techniques to provide detailed insight into the depth and mechanism of corrosion attack and 373 

interfacial oxide formation.  374 

Figure 9 shows the cross-sectional images of AISI 321 samples after isothermal immersion tests. 375 

Continuous oxide layers presence is observed along the interface but with non-uniform oxide 376 

layer thickness across the interface as shown in Figure 9 (c). From the result of EDX line scan 377 

and mapping in Figure 9 (b) (d) (e), it is evident that the composition of the double corrosion 378 

layer included an outer 12 – 39 µm iron oxide layer and inner 13 µm iron/nickel chromium 379 

spinel layer. As shown in Figure 10, AISI 321 from thermal cycling tests shows uniform 380 

thickness of corrosion layer of about 10 µm along the interface, with 4.2 µm iron chromium 381 

spinel at the interface of layer/metal and 5.8 µm outer iron oxide layer. The reason of differences 382 

in the thickness of the outer iron oxide layer is the spallation behaviour of poorly adherent oxide 383 

layer formed from isothermal corrosion tests.  384 

For AISI 347, a double oxide layer with thickness of 16 µm was formed on the surface of sample 385 



from isothermal immersion tests. The double oxide layer is made up of 8 μm outer iron oxide 386 

layer and 8-μm inner iron chromium spinel layer as shown in Figure 11. Figure 12 presents the 387 

cross-sectional image of AISI 347 after 7-day of thermal cycling corrosion test. A corrosion 388 

product layer of thickness of 10 µm was found on the surface, comprising of an outer iron oxide 389 

layer and an inner layer of oxides of iron and chromium. A thin Ni enriched layer was observed 390 

at the alloy/oxide interface, which has been reported to be the result of the depletion of 391 

chromium from the bulk alloy (Kruizenga and Gill, 2014). No obvious spallation behaviour 392 

was found from the cross-sectional analysis of AISI 347 samples. The main difference between 393 

isothermal and thermal cycled samples are the formation of thinner corrosion layer and the 394 

presence of thin Ni-enrich layer after thermal cycling. 395 

The cross section analysis of IN 625 after 7-day isothermal corrosion test at 600 °C is shown 396 

in Figure 13. The double corrosion product layer was formed as a continuous layer along the 397 

corrosion interface. However, this layer is not uniform across the corrosion interface, with 398 

thickness ranging from 9.5-16.5 μm. The inner layer was identified as a chromium enriched 399 

layer with oxygen and outer layer identified as a mixture oxides of Ni and Fe with uneven 400 

thickness between 3 and 10 μm. As shown in Figure 14, the corrosion product layer formed on 401 

IN 625 samples from thermal cycling experiment consists of a thinner inner corrosion oxide 402 

layer (4.5 μm in average) than that under isothermal condition. Cr-enrichment was found at the 403 

interface of alloy/oxide, together with an external Ni-rich layer which were considered as 404 

protective against further corrosion from molten salt.  405 

Referring to In 825, the thickness of corrosion oxide layer formed from isothermal immersion 406 

experiment ranges from 9-14 μm, and consist of an outer iron oxide layer and inner mixed 407 

oxides of Cr and Ni. Referring to the EDX line scan (Figure 15 (a)) and literature (Kruizenga 408 

and Gill, 2014), sodium was present in the oxidation products in the form of NaFeO2. This is a 409 

typical corrosion oxide layer at temperatures above 600°C (Bradshaw and Goods, 2001a). 410 

Sodium iron oxide provides little protection and is easily removed and/or spalled by slightly 411 

sanding the surface(Zhang et al., 2020). The non-uniformity of the corrosion layer thickness 412 

observed after isothermal corrosion test for In 825 in this study is caused by the loose iron oxide 413 

layer (Walczak et al., 2018). The spallation of iron oxide layer was found in Figure 15 (b), 414 

where iron oxide tended to spall due to its poor porosity and bad adherence to the bulk material. 415 

Fe depleted areas were found at the interface of oxide/alloy, where oxides of Ni and Cr were 416 

present as a protective layer from further metal interactions with molten salt. Thinner and more 417 

uniform corrosion layers were found without spallation on cross-section of samples from 418 

thermal cycling experiments when compared with samples from isothermal immersion test on 419 

In 825. In Figure 16, a double corrosion layer, with the thickness of around 6.5 μm is observed, 420 

and consisted of inner iron oxide and Ni oxide (Cr oxide).  421 
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Figure 9: SEM-EDX profile of AISI 321 after 7-day isothermal immersion in solar salt at 423 
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Figure 10: SEM-EDX profile of AISI 321 after 7-day thermal cycling immersion in solar salt 426 
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 427 

Figure 11: SEM-EDX profile of AISI 347 after 7-day isothermal immersion in solar salt at 428 
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 430 

Figure 12: SEM-EDX profile of AISI 347 after 7-day thermal cycling immersion in solar salt 431 
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 432 

Figure 13: SEM-EDX profile of IN 625 after 7-day isothermal immersion in solar salt at 600°C 433 
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 434 

Figure 14: SEM-EDX profile of IN 625 after 7-day thermal cycling immersion in solar salt 435 

5 μm 

epoxy 

4.1 μm 

4.9 μm 

4.1 μm 

5 μm 

epoxy 

4.5 μm 

4.0 μm 

5.0 μm 

(a) 

(b) 

(c) 

(d) 



 436 

Figure 15: SEM-EDX profile of In 825 after 7-day isothermal immersion in solar salt at 600°C 437 
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 438 

Figure 16: SEM-EDX profile of In 825 after 7-day thermal cycling immersion in solar salt 439 

Discussion  440 

The corrosion rate (CR) obtained from mass loss and depth of corrosion layer is summarised in 441 
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reported that thermal cycling increased the corrosion rate of the three stainless steels moderately 450 

when compared to isothermal immersion corrosion tests. The difference in the results obtained 451 

and conclusions from this study is likely due the longer residence time for the cooling process; 452 

12 hrs between peak and lowest temperatures per cycle, and corresponding effect of extended 453 

duration at lower temperatures in the cycle.  454 

Due to the continuous immersion in molten salt at 600˚C during isothermal tests, the oxide 455 

layers on formed have more potential to breakdown and spall off (Encinas-Sánchez et al., 2019). 456 

In comparison, the intermittent cooling process or period of immersion at lower temperature 457 

during thermal cycling interrupts the continuous thermal effects on the formation and stability 458 

of oxide layers, thus reducing the potential for breakdown and spallation of the oxide layers. 459 

The spallation behaviour is linked to the instability of oxide layers at high temperatures. The 460 

thermal expansion and contraction of corrosion layers is expected to occur during thermal 461 

cycling due to the regular change of temperature. Despite the difference in coefficients of 462 

thermal expansion and elastic modules of base metal between corrosion layers (Yin et al., 2021), 463 

the cooling effect during thermal cycling for 12 hours per 24 hour cycle, induces lower thermal 464 

stresses to help to improve the adherence of corrosion multi-layers than in cooling-free 465 

isothermal process (Bradshaw and Goods, 2001b). It’s worth noting that any residual thermal 466 

stress (Yin et al., 2021) caused by cooling process during thermal cycling between multi-layers 467 

in this study is likely to be significantly lower than thermal stress levels expected from 468 

simulated thermal shock experiments (Bradshaw and Goods, 2001b). The evidence from this 469 

studies clearly shows that thermal cycling relieves and delays the thermal effect on the multi-470 

layers, and the tendency for spallation to occur.  471 

Solar salt is known to remain stable at temperatures up to 565 ˚C and will decompose into nitrite 472 

salt and oxide ions (Walczak et al., 2018) at higher temperature, thus increasing the corrosivity 473 

of the molten salt and the corrosion rate of exposed alloys (Bell et al., 2019). Longer residence 474 

at 600 ˚C for isothermal test means that more oxide ions are available within in a progressively 475 

increasing corrosive molten salt system than in thermal cycling test (Bonk et al., 2020). The 476 

effect of thermal cycling therefore reduces the corrosiveness of the system by slowing down 477 

the decomposition process. 478 

Furthermore, referring to the Figure 9-Figure 16, a double oxide layer was observed at the 479 

corrosion interface. An Inner Cr-rich oxides film acts as protective layer against corrosion 480 

because of low diffusion rate of oxygen and metal ions through the film (Gui et al., 2017) and 481 

outer Fe-rich layer protect the dissolution of the inner Cr-rich oxide into salt. The diffusion 482 

order of metal ions in Cr-oxides is DFe>DNi>DCr (Lobnig et al., 1992). Atomic diffusion is 483 

enhanced by increasing temperature and duration of tests (Bataillou et al., 2018). Longer 484 

residence time of immersion at 600˚C for isothermal test is believed to promote the outward 485 

diffusion of Fe and Cr from the base material, resulting in forming thicker corrosion layers than 486 

in samples from thermal cycling tests. The mechanisms by which thermal cycling is likely to 487 

influence the rate of material degradation and corrosion layer behaviours in the long term still 488 

needs to be investigated. 489 



Table 6: Corrosion rate obtained from mass loss and depth of corrosion (uniform unit: 490 

μm/week, ISO and TC indicates isothermal and thermal cycling) 491 

Material/ 

condition 

Inner 

layer μm 

Outer layer 

μm 

Total thickness 

μm/w 

Corrosion rate from 

mass loss 

μm/year    μm/w 

AISI 321 ISO 13 12-39 25-52 434 8.32 

AISI 321 TC 4.2 5.8 10 114 2.2 

AISI 347 ISO 8 8.4 16.4 317 6.08 

AISI 347 TC 4.25 5.3 9.56 124 2.38 

IN 625 ISO 6.47 3-10 9.5-16.5 128 2.45 

IN 625 TC 1.8 2.7 4.5 57.7 1.11 

In 825 ISO 5.9 3.2-7.7 9.1-13.6 109 2.09 

In 825 TC 3.6 2.7 6.3 80.8 1.55 

The corrosion layer of Ni-based alloy is thinner than that of stainless steels, indicating that AISI 492 

321 and AISI 347 experienced a more severe corrosion process than IN 625 and In 825 from 493 

cross-section observation. The double corrosion layer was formed on the surface of stainless 494 

steel, and the main corrosion product is an outer sodium iron oxide/iron oxide and inner iron 495 

chromium oxide. The occurrence of non-uniformity in corrosion thickness for stainless steels 496 

is caused by the spallation of the poorly adhered corrosion layer, which often occurs in 497 

isothermal immersion tests. The corrosion products formed on the stainless-steel surface have 498 

been previously reported and are also confirmed in this study to be Fe2O3 and Fe3O4 (Zhang et 499 

al., 2020) based on the following Equation 3 to Equation 7 (Hu et al., 2018).  500 𝑵𝑶𝟑− + 𝟐𝒆− ↔ 𝑵𝑶𝟐− + 𝑶𝟐− Equation 3 𝑭𝒆 + 𝑶𝟐− → 𝑭𝒆𝑶 + 𝟐𝒆− Equation 4 𝑭𝒆𝑶 + 𝑶𝟐− → 𝑭𝒆𝟑𝑶𝟒 + 𝟐𝒆− Equation 5 𝑭𝒆𝟑𝑶𝟒 + 𝑶𝟐− → 𝑭𝒆𝟐𝑶𝟑 + 𝟐𝒆− Equation 6 𝟏𝟐 𝑭𝒆𝟐𝑶𝟑 + 𝟏𝟐 𝑶𝟐− + 𝑵𝒂+ → 𝑵𝒂𝑭𝒆𝑶𝟐 Equation 7 

Sodium and potassium nitrate always exhibited weak basic melt below 570°C and iron forms a 501 

passive oxide layer to mitigate the diffusion of soluble chromium from the metal substrate (Bell 502 

et al., 2019). Above the temperature of 570°C and close to 600°C, the basicity increases 503 

significantly as the decomposition reaction in Equation 3 from nitrate to nitrite becomes more 504 

favourable (Bell et al., 2019; Bradshaw and Goods, 2001a). Meanwhile, according to Equation 505 

7 the iron outer layer is converted to sodium ferrite (NaFeO2) which is non-protective and 506 

consequently results in the corrosion rate increasing (Bradshaw and Goods, 2001a). In this study, 507 

the NaFeO2 was identified as the corrosion product on the surface of stainless steels samples 508 

from SEM–EDX analysis and XRD patterns in Figure 7 and Figure 8, respectively. This is also 509 



observed in terms of the distribution of elements from cross-sectional analysis of the alloy–510 

oxide layer interface. The Cr and Ni enriched region was observed in the inner oxide layer line 511 

scan due to the selective dissolution and diffusion disparity of alloy elements. Zhang et.al. 512 

(Zhang et al., 2020) reported that the corrosion products of (Fe, Cr, Ni)3O4 mixed oxide spinel 513 

are probably present in the inner oxide layer and widely proven to improve the stainless steel 514 

corrosion resistance (Hua et al., 2019; Liu et al., 2017; Soleimani Dorcheh and Galetz, 2016) 515 

by Equation 8 - Equation 11. In this study, FeCr2O4 is the main oxide spinel and well adhered 516 

to the bulk material. 517 

𝑭𝒆𝑶 + 𝑪𝒓𝟐𝑶𝟑 → 𝑭𝒆𝑪𝒓𝟐𝑶𝟒 Equation 10 𝑵𝒊𝑶 + 𝑪𝒓𝟐𝑶𝟑 → 𝑵𝒊𝑪𝒓𝟐𝑶𝟒 Equation 11 

For nickel-based alloys, they exhibited better corrosion resistance than stainless steels in this 518 

study as shown by the result from mass loss measurements and SEM observation. Several 519 

researchers have reported that Ni-based alloys corrosion is insignificant at temperatures below 520 

550°C (Kruizenga et al., 2013) with it proving difficult to obtain any corrosion information 521 

through typical SEM/XRD methods (Walczak et al., 2018) at 500°C. According the results 522 

above, Ni oxide and iron chromium oxide are the main corrosion product formed on the surface 523 

of Ni-based alloys, formed through Equation 8, Equation 9 and Equation 10. IN 625 shows 524 

mixed Fe and Ni oxides at the outer layer and Cr oxide at the inner layer, while outer Fe oxide 525 

layer and inner (Ni, Cr) oxides form part of the corrosion product layer of In 825 in both 526 

isothermal or thermal cycling experiments.  527 

In this study, the oxygen consumed for the formation of interfacial oxide layers is linked to the 528 

decomposition of nitrate ion to nitrite, especially at temperature of 600°C since test were 529 

performed in argon. 530 

Conclusion 531 

The corrosion behaviour of stainless steels; AISI 321 and AISI 347, and Ni-based alloys; IN 532 

625 and In 825 in solar salts used in concentrated solar power plants were experimentally 533 

investigated under isothermal (at 600°C) and thermal cycling conditions (temperatures between 534 

250-600°C) under argon atmosphere. The results of corrosion performance were comparatively 535 

studied to evaluate and understand the corrosion mechanism. The main conclusions are as 536 

follows.  537 

1. The interaction of stainless steels and nickel alloys with molten salts led to the 538 

formation of multi-layered interfacial oxides in both isothermal and thermal cycling 539 

conditions. They consist mainly of an inner layer of Fe2O3/Fe3O4/ FeCr2O4 and an outer 540 

layer of NaFeO2 on stainless steels: AISI 321 and AISI 347, and an inner layer of NiO 541 

and/or FeCr2O4 on Ni-based alloy: IN 625 and In 825. Also an outer layer of NaFeO2 542 

was found on the surface of In 825. 543 

 544 

2. The main driving force for material loss is linked to the rate of spallation loosely held, 545 

porous, and poorly adherent Sodium–Iron spinel (NaFeO2) layer. This layer easily 546 

spalls off to expose the inner and more protective FeCr2O4 and Fe3O4 layer (for stainless 547 

𝑵𝒊 + 𝑶𝟐− → 𝑵𝒊𝑶 + 𝟐𝒆− Equation 8 𝑪𝒓 + 𝟑/𝟐𝑶𝟐− → 𝟏/𝟐𝑪𝒓𝟐𝑶𝟑 + 𝟑𝒆− Equation 9 



steels), and NiO and/or FeCr2O4 (for Nickel alloys) to further degradation by molten 548 

salt species. This process is more dominant under isothermal conditions and mitigated 549 

by the thermal cycles used in this study.  550 

 551 

3. Rate of material loss was higher in samples from isotheral immersion test at 600 °C 552 

than in samples from thermal cycling immersion tests between 250 and 600°C. This 553 

was observed for both stainless steel samples and samples from Nickel alloys, and 554 

believed to be linked to the effect of intermittent night – time cooling over a 12 h 555 

residence time at 250°C on the stability and adherence of interfacial oxide layers. 556 

 557 

4. The increase in corrosion rate under isothermal conditions is due to increase in the rate 558 

of decomposition of nitrate salts to nitrite. This increases the aggressiveness of the 559 

corrosion media. This effect is suppressed under thermal cycling conditions. 560 

 561 

 562 

5. The combined effect of 12 h residence time at 250°C and short experiment duration 563 

helped to understand the potential synergy of thermal fatigue effect from thermal 564 

cycling and electrochemical activities of molten salt species on the rate of spallation of 565 

interfacial oxide layers and overall material loss rate.   566 
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