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Abstract  24 

In this study, the corrosion behaviour of stainless steels AISI 321 and 347 in molten 25 

nitrate salt were investigated for up to 28 days. Three different thermal conditions; 26 

isothermal, thermal cycling and thermal shock, were explored to investigate the effect 27 
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of the likely temperature gradients on the corrosion characteristics of AISI 321 and 347 28 

during the operation of Concentrated solar power plants. Gravimetric corrosion analysis 29 

was combined with micro-morphology and cross-sectional analysis of the corrosion 30 

interface; using a combination of scanning/transmission electron microscopy, energy 31 

dispersive X-ray spectroscopy and X-Ray diffraction techniques, for this study. Results 32 

from corrosion rate measurements and surface characterisation show that thermal shock 33 

induces higher material degradation rate than the two other temperature profiles. Severe 34 

spallation of interfacial corrosion oxide layers was observed under thermal shock 35 

conditions other than in isothermal and thermal cycling conditions and correlated to the 36 

overall performance after 28 days. The level of spallation of interfacial oxides across 37 

the three temperature profiles investigated in this study was linked to the induced 38 

stresses from mismatch in the thermal expansion properties between the corrosion oxide 39 

layer and the substrates.  40 

1. Introduction  41 

The urgent need for clean and renewable sources of energy has greatly promoted the 42 

development of the solar thermal electricity in last few decades. The concentrated solar 43 

power (CSP) plant, accompanied with thermal energy storage system (TES), is the most 44 

promising energy conversion technology by transferring the abundant but intermittent 45 

solar energy into renewable, dispatchable and stable electricity [1]. This process 46 

requires the participation of solar heat as a medium to capture and store thermal energy 47 

from the sunlight to heat steam for electricity generation. Many researchers [2-4] have 48 

been investigating the metallic components, thermal storage material and the working 49 

principles of CSP plants. Mainstream commercial CSP systems are based on solar 50 

power collector technology due to its high potential efficiency, low operation cost and 51 

low environmental impact [3]. In Solar power plants, molten nitrate salts (60 wt % 52 

NaNO3 and 40 wt % KNO3) are widely served as heat transfer fluids and thermal 53 

storage material, due to its good thermal-physical properties (such as high heat capacity, 54 

high thermal conductivity, wide working temperature range, low corrosivity, high 55 

viscosity and low cost) to collect, transfer and store energy in heat collectors, heat 56 

transfer pipes and hot tanks respectively [5-7].  57 

The operation of CSPs at the temperature ≥ 600˚C inevitably poses significant corrosion 58 

threats to all the metallic components in contact with molten salt. Corrosion threat to 59 
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metallic components is expected to increase with the recent push towards higher 60 

temperature up to 720˚C with more aggressive salt types such as chloride and carbonate 61 

salt [8] to reduce the levelized cost of electricity (LCOE) [9]. In this case, the optimal 62 

combination of salt type and metallic materials is of vital importance for safe and stable 63 

operation of CSP to avoid any potential failure caused by potential occurrence of 64 

corrosion. Many researches on the corrosion performance of carbon/low-alloys steel, 65 

stainless steels and Ni-based alloys with different salts at different temperatures are 66 

summarized by M. Walczak [2] respectively. Updated corrosion studies [10-12] 67 

investigating different alloys resistance in solar salt by immersion and electrochemical 68 

methods have been conducted under isothermal conditions. Despite different test 69 

methods employed, almost all the results are conducted under isothermal condition and 70 

provided quick material selection guide for the combination of salt and metals.  71 

However, in the real CSP plants, the operating conditions are more intricate and more 72 

complex due to the alternation of day/ night and even unpredictable and sharp weather 73 

change within a short period of time. In this study, we will introduce two new 74 

methodologies linked to two different temperature profiles encountered during CSP 75 

operations. These are ‘thermal cycling’ and ‘thermal shock’, which reflects the type of 76 

temperature changes that takes place during a typical CSP operation. Thermal cycling 77 

was developed to closely simulate real solar irradiation and storage cycles from the 78 

industrial scale CSP plant. It accounts for temperature profile during 12-hour peak day-79 

time heating and 12-hour night-time cooling within heat transfer pipes or heat storage 80 

tanks [13]. In a type CSP with two-tank sensible TES, the tanks and pipes are as much 81 

as possible under isothermal conditions. However, pipes from receivers to hot tanks and 82 

to turbines / heat exchangers experience hot isothermal heating profile during available 83 

solar radiation and ‘cold’ isothermal at night (just above melting temperature). Hot 84 

tanks at daytime would store as much as possible hot salts and then pump them out to 85 

turbine to generate electricity at 6-10 pm and 7-9 am [3] (peak-consumption of 86 

electricity). Typical CSP-TES systems [3] have maximum 7-hour storage capacity of 87 

hot tanks, which would experience ‘cold’ isothermal (290°C) after running out salt 88 

stock or deep cycling (i.e. to 30°C) after drainage of salt. Literatures reporting the effect 89 

of thermal cycling on the corrosion performance in CSP plant are limited. Bradshaw 90 

[14] found that thermal cycles could moderately increase the corrosion rate of stainless 91 

steels, while B.Li [15] investigated how thermal cycling affects the thermal stability 92 
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and properties of mixed carbonate salts. Previous study [13, 16] also reported that the 93 

thermal cycling reduces the mass loss and corrosion rate by slowing down the corrosion 94 

kinetics of the reactions. The thermal cycling / thermal shock should generally involve 95 

chemical degradation / dissolution of molten salt [9, 13] and mechanical degradation 96 

[17-19] of material under this study, which could further bring more complexity in a 97 

CSP fields.  98 

It is well established that, the availability of consistent solar irradiation could 99 

significantly affect the electric energy generation capacity and efficiency of CSPs. 100 

According to CSP operations and maintenance experience, the receiver pipe panels are 101 

expected to experience a rapid temperature drop by a few K per second from working 102 

temperature to ambient temperature (25°C) by the weather changes like dark clouds and 103 

strong winds. These are common scenarios (described as “thermal shock”) in real tower 104 

power plants constructed at northwest of China, where extreme weather attacks 105 

frequently. Under this circumstance, the engineers have to cut off the solar irradiation 106 

from mirrors (heliostats) in advance to take away the heat on the surface of the receiver 107 

pipe panels. The threat posed by irregular thermal shocks on material integrity is 108 

significant and always contributes to severe deformation, causing material failure and 109 

leading to the shutdown of the CSP system and causing significant economic loss. In 110 

other words, the deformation and explosion of receiver pipes induced by thermal 111 

stresses and thermal shock are fatal to the whole plant because those expensive parts 112 

are highly metallurgical precise, and difficult to repair. Also researchers affirmed that 113 

the spallation behaviours of the oxides layer [20] were attributed to the stresses 114 

mismatch [21] between the bulk material and oxide layers due to difference in the 115 

thermal expansion coefficient and elastic modulus of it [22].  116 

There are currently limited studies on effect of thermal shock on the corrosion 117 

mechanism and performance of metallic components molten salt. This further 118 

introduces more complexities to the corrosion mechanisms in comparison to thermal 119 

cycling and isothermal temperature profiles. In this study, the corrosion characteristics 120 

and performance of stainless steels (AISI 321 and 347) are investigated under 121 

isothermal, thermal cycling and thermal shock condition in molten nitrate salt with air 122 

as cover gas for up to 28 days. Thermal shock in this study is simulated between 565 123 

and 30°C, while thermal cycling is simulated between 565 and 290°C. The 124 
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methodology and results in this study could provide an updated guideline for the 125 

characterization and selection of the materials for use in CSP plants. 126 

2. Description of Experimental System  127 

2.1 Samples and salt preparation  128 

Solar salt (60 wt. % NaNO3 and 40 wt. % KNO3) was selected for this study due to its 129 

wide application in CSP plants. The salt was weighed and mixed to achieve the required 130 

ratio and placed in a box glove with inert gas for 2 days. Then the salt was moved to 131 

the furnace to dry at 120 for 24 hours. Details of salt purity and preparation procedure 132 

can be found in previous publication [13] and supplementary file.  133 

The materials used in this study were AISI 321 and AISI 347 austenitic stainless steels, 134 

and the composition of these alloys is provided in Table 1. The as-received pipes were 135 

supplied by Zhejiang JIULI Hi-tech Metals Co., Ltd China. Samples with dimension of 136 

23mm*13mm*3mm were wire-cut from the wall of seamless pipes, as shown in Figure 137 

1. The test samples were wet grind to 1200 grit with silicon carbide (SiC) paper and 138 

followed by polishing with 9 μm, 6μm, 1μm and 0.25 μm diamond paste. Polished 139 

samples were then degreased with acetone and deionized water, respectively, following 140 

by hot-air drying. The initial dimensions and mass of coupons were recorded using a 141 

micrometre and analytical balance (0.01mg, Ohaus Analytical Plus balance, New Jersey, 142 

United States).  143 

 144 

Figure 1 Geometry of samples obtained from the pipes and the dimensions. 145 

Table 1 alloy composition of 321 and 347 (wt%). 146 

Steel pipes 

23mm*13mm 

Thickness: 3mm 
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2.2 Experimental procedure 147 

The test samples were placed in individual crucibles and covered with dried nitrate salt 148 

mixture in accordance with the specification of ISO 17245:2015 [23]. The tests 149 

commenced after transferring each sample-containing crucible into the muffle furnace, 150 

as shown in Figure 2 (a) and (b).  The tests were conducted under isothermal, thermal 151 

cycling and thermal shock condition in air for 7 days, 14 days and 28 days respectively, 152 

according to the time-temperature profile shown in Figure 3 (a) and (b).  153 

The temperature fluctuation between 290 and 565°C every 12 hours in thermal cycling 154 

is designed to replicate as closely as possible the real-time cycle between daytime 12-155 

hour peak heating and night-time 12-hour cooling. The heating and cooling rate for 156 

thermal cycling is set as 10°C/min. 565°C was set as isothermal temperature and peak 157 

temperature for thermal cycling and thermal shock, below which the salt mixtures can 158 

remain stable. Most of the pipes and cold tanks are kept above the melting temperature 159 

of the salt (220°C) to prevent blockages, so 290°C was chosen for thermal cycling in 160 

this study. 161 

For thermal shock, the temperature of the samples drops significantly from 565°C in 162 

molten salt to 30°C in air within 10 minutes to simulate the drainage process of molten 163 

salt in the receiver pipes during the rapid cooling process that occurs as a result gust of 164 

cold wind and cloudiness, that cuts off the supply of solar irradiation. The thermal shock 165 

samples were taken out of salt-containing crucibles by tongs and kept in air at room 166 

temperature (30 ± 2˚C and relative humidity of 50 ± 5%) for 30 minutes. Afterwards, 167 

the samples were re-immersed into liquid salt immediately to exaggerate the effect of 168 

thermal shock [14]. This process was repeated once a day at a fixed time to compare 169 

the results with isothermal and thermal cycling test.  170 

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

AISI 321 0.018 1.44 0.519 0.0347 - 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. 
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 171 

Figure 2 The structure of muffle furnace whole (a) and part (b) for corrosion 172 
experiment: 1-Chimney; 2 Control unit; 3-test chamber; 4-heating unit; 5-crucible; 6-173 
specimen; 7-molten salt; 8thermocouple. 174 
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Figure 3: (a) the designed and (b) oven recorded time-temperature profile of 176 
isothermal immersion, thermal cycling and thermal shock 177 

2.3 Microstructural characterization  178 

A Bruker D8 X-ray diffractometer was used for X-ray diffraction analysis of alloys to 179 

identify the corrosion product on the corroded surface using monochromatic Cu Kα 180 

radiation (λ=1.5418 Å). It should be mentioned that the samples were cleaned with 181 

deionized water for 2 minutes to remove the residue salt on the surface. XRD patterns 182 

were collected in the 2θ range from 10° to 90° with a 1.5°/min scan rate. The surface 183 

morphology and cross-sections analysis of samples were investigated using a Zeiss 184 

optical microscope (OM) (Axio Imager 2) and Carl Zeiss EVO MA15 scanning electron 185 

microscope (SEM). The SEM was integrated with an Oxford Instruments Aztec Energy 186 

dispersive X-ray (EDX) system with an 80mm X-max SDD detector which provided 187 
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secondary and backscattered imaging, EDX elemental mapping and line scans. The 188 

incident beam voltage of 20 keV was employed and working distance of 8-9 mm. 189 

The samples for cross-section analysis were embedded in epoxy resin before 190 

mechanically grinding and polishing to the mirror surface without scratches. Then the 191 

low energy Ir sputtering for coating on cross-sectional samples is to enhance the 192 

conductivity in SEM-EDX system. Advanced surface characterisation using 193 

transmission electron microscopy (TEM) was performed on AISI 321 samples after 1 194 

week to investigate and understand the early stages of interfacial oxide formation 195 

kinetics under all test conditions. TEM samples were cut from the tested samples using 196 

Focused Ion Beam (FIB) operated at between 30 and 5 kV and beam currents between 197 

5 and 0.1 nA. The surfaces were coated with platinum before micro-machining and 198 

thinning of the samples to ~ 100nm thick for TEM analysis. TEM was performed using 199 

FEI Titan Themis Cubed X-FEG (300kV) fitted with a high angel annular dark field 200 

detector and a Gatan OneView 16 Megapixel CMOS digital camera. 201 

2.4 Mass loss measurement and corrosion rate calculations  202 

Every 5 samples of AISI 321 and 347 were retrieved from each crucible after 7 days, 203 

14 days and 28 days, and cleaned in deionized water and acetone to remove the residual 204 

salt on the surface. Three of the samples were used for mass change / corrosion rate 205 

measurements and the other two were used to characterise the corrosion products by 206 

SEM-EDX, XRD and other morphological characterisation tests.  207 

Weight loss before and after immersion test were calculated via Equation 1 and thus 208 

corrosion rate was estimated by Equation 2 after removal of corrosion products on the 209 

surface according to the ASTM G1-03 [24] and British standard BS EN ISO 8407:2014 210 

[23]. More detailed experimental procedure of cleaning the corroded sample and the 211 

calculation of corrosion rate can be found in previous publication [13]. 212 

∆𝒎𝑺 = 𝒎𝟎 − 𝒎𝟏𝑺  Equation 1 

𝑪𝑹(𝝁𝒎/𝒚) = 𝟖𝟕𝟔𝟎𝟎 ∆𝒎𝝆 𝑺 𝒕  Equation 2 
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3. Results and discussion 213 

3.1 Mass loss and corrosion rate measurements 214 

The time dependence of mass loss or corrosion rate can be used to explain the process 215 

and mechanism of corrosion reaction. Pieraggi [25] introduced parabolic kinetics to 216 

illustrate the corrosion/oxidation performance; that mass loss increase linearly with the 217 

square root of time and described by the following parabolic law: 218 

𝚫𝐦 =  𝒌𝒑 𝒕𝟏/𝟐  + 𝑨𝒑 Equation 3 

Where kp is the parabolic rate constant (mg/(cm2⋅h1/2)), t is the exposure time (h), Ap is 219 

the intercept term (mg/cm2). Figure 4 shows the descaled mass loss with the square root 220 

of time for AISI 321 and 347 under different thermal conditions, from where we can 221 

observe that the mass loss for all samples increase with increase in exposure time. It is 222 

also observed from Figure 4 and Figure 5 that samples from thermal cycling tests 223 

recorded the lowest mass loss and corrosion rate values while samples from thermal 224 

shock showed the highest mass loss and corrosion rate values.  225 

In comparison to isothermal corrosion over 28-days, mass loss samples from thermal 226 

shock tests were observed to increase by ~35.7% for AISI 321 (from 2.33 mg/cm2 in 227 

isothermal to 3.157 mg/cm2 in thermal shock after 28 days), and ~285.7% for AISI 347 228 

(from 1.40 mg/cm2 to 5.40 mg/cm2 after 28 days). Similarly, mass loss of samples from 229 

thermal cycling tests was observed to decrease by 51.7% for AISI 321 (to 1.125 230 

mg/cm2), and 29.7% for AISI 347 (to 0.9845 mg/cm2) compared with that from 231 

isothermal test after 28 days. It is shown that the AISI 321 and 347 have similar profile 232 

of mass loss and corrosion rate changes with time under isothermal and thermal cycling 233 

condition. To have a better comparison between the three different  thermal conditions 234 

investigated in this study, the time scale of isothermal, thermal cycling and thermal 235 

shock was normalised based on the result of mass loss after 672-hour (4 weeks) 236 

immersion test. For AISI 321: 100h ISO – 207.0h TC (total time) – 73.8h TS – 103.5h 237 

TC (hot time only), for AISI 347: 100h ISO – 143 h TC (total time) – 25.9h TS – 71.5 238 

h TC (hot time only). It is worth mentioning that the normalised time for thermal cycling 239 

was calculated by ‘total time’ and ‘hot time’ respectively to give insight into the 240 

temperature dependency of corrosion kinetics. The samples for AISI 321 would be 241 

immersed for 207 hours and 74 hours under thermal cycling and thermal shock 242 
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condition to obtain the same level corrosion of 100-hour equivalent time for isothermal 243 

sample. Meantime, the AISI 347 samples were expecting much less equivalent time for 244 

thermal cycling and thermal shock than AISI 321. The detailed normalisation process 245 

was shown in the supplementary files.  246 

We concluded that AISI 321 depicts better corrosion resistance to temperature 247 

fluctuation, i.e. thermal cycling / shock than AISI 347.  The addition of titanium (AISI 248 

321) and niobium (347) to steel composition is efficient to reduce the sensitization (IGC) 249 

and lead to different corrosion resistance by preferential precipitating the (Ti, Nb)C  [26] 250 

rather than Chromium carbide. We assume that the titanium is a more efficient 251 

stabilizing agent than niobium based on the conditions explored in this study [27]. 252 

In addition, the mass loss increases linearly with square root of immersion time. This is 253 

presented in Figure 4. Parabolic terms; kp and Ap were obtained by fitting of mass loss 254 

against square root of time according to Equation 3. The values of kp and Ap listed in 255 

Table 2. The parabolic rate constants kp of AISI 321 and 347 increase with change in 256 

temperature profile of the immersion tests this order; thermal cycling < isothermal< 257 

thermal shock. This observation correlates with the observation mass loss in Figure 4 258 

and suggest the influence of the changing temperature profiles on the kinetic of 259 

corrosion of AISI 321 and 347 in molten nitrate salts. Also, the values of coefficient of 260 

determination (R2) for the fitted curves are greater than 0.75, indicating the good degree 261 

of fitting. 262 

Despite the increase of mass loss over time, the corrosion rate is observed in Figure 5 263 

to decrease with time for AISI 321 and 347 under Isothermal and thermal cycling 264 

conditions. The corrosion rate of AISI 321 and 347 after 28-day or 28-cycle immersion 265 

test were 38.2 and 22.7 µm/yr or 18.5 and 15.9 µm/yr. From weight loss analysis in this 266 

study, and in reference to the industry accepted threshold of 20 µm/yr of corrosion rate 267 

to provide a 30-year lifetime service for CSP plants [28], AISI 321 and 347 can be 268 

considered under thermal cycling condition for 30 years or isothermally employed for 269 

15 years. However, the result in this study is limited to the 4 weeks of exposure time. 270 

It is still unclear how the materials would behave with an extended exposure time 271 

beyond the 4 weeks considered in this study. For thermal shock condition, the mass loss 272 

significantly increase between 7 and 14 days of immersion test, and then decreases 273 

again after 28 days. The higher corrosion rate of AISI 347 than 321 shows the unique 274 

complexity introduced by the cycles of thermal shock.  275 
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As already established in a previous study [16], the range of temperature used for the 276 

cooling phase (290°C) during thermal cycling, and the long residence time during this 277 

period is believed to help to slow down the kinetics of corrosion, oxide formation, and 278 

thereby supress material loss rate. This intermittent cooling effect could also have 279 

similar effect on the aggressiveness of the molten salt chemistry [13]. Spallation 280 

behaviours were more likely to occur on samples from isothermal tests than from 281 

thermal cycling. However, the effect of thermal shock is believed to rapidly undermine 282 

the integrity and adherence of the corrosion oxide layers to continuously leave the fresh 283 

metal exposed to molten salt, and thus leading to an increase of corrosion rate. The 284 

detailed evidence and analysis are discussed in the next section of this paper. 285 

 286 

Figure 4 Mass loss of AISI 321 and 347 under different thermal conditions. Error bars 287 

represent the deviations in the mass loss measurement. Fitting curves are also 288 

presented with dot line in the figure. 289 

Table 2 Results of linear fitting of weight loss. 290 

Alloy Condition  kp (mg/(cm2⋅h1/2)) Ap (mg/cm2) R2 

321 TC 0.0491 -0.16 0.993 

 ISO 0.0833 0.1934 0.990 

 TS 0.1612 -0.8082 0.847 

347 TC 0.0381 0.0364 0.897 

 ISO 0.0398 0.6692 0.843 

 TS 0.2957 -1.7854 0.786 
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Figure 5 Corrosion rate of AISI 321 and 347 under different thermal conditions, error 292 

bars were also provided. 293 

3.2 XRD analysis  294 

XRD measurements were performed on the corroded surface of samples before they are 295 

embedded in resin to characterise the evolution of the chemical footprint of interfacial 296 

corrosion oxides at various immersion times for the three temperature profiles. As 297 

shown in Figure 6 (a, c and e), the main corrosion products formed on the AISI 321 are 298 

iron oxide (Fe2O3), iron chromium spinel (FeCr2O4), sodium ferrite (NaFeO2) and 299 

chromium oxide (Cr2O3), regardless of the thermal profile. Similar corrosion products 300 

chemistries were observed on the surface of AISI 347 shown in Figure 6 (b, d and f). 301 

Cr2O3 and FeCr2O4 are known to be more dense and protective when formed as inner 302 

layers, and are capable of providing substantial corrosion barrier to molten salts [29]. 303 

Porous and less protective oxide layers of NaFeO2 and Fe2O3 were found as outer layer 304 

of the corrosion product. Data on the distribution and relative thickness of the interfacial 305 

corrosion oxides are presented and discussed in the next section of this paper. 306 
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 307 

Figure 6 XRD patterns of AISI 321 and AISI 347 after 1-week and 4-week under thermal 308 
cycling, isothermal and thermal shock condition, respectively (the number with 309 
underline represents the 100% intensity of corresponding product). 310 

3.3 Characterisation of corrosion oxide layer  311 

After the immersion corrosion test in molten salt, different types of oxide layers were 312 

found and were believed to offer variable levels of protection to base metal against 313 

further infiltration of molten salt on the surface of samples. The formation process and 314 

distribution of corrosion products are important to improve on current understanding of 315 

the corrosion mechanisms. The morphologies and complementary EDX results of AISI 316 
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321 and AISI 347 under different thermal conditions are shown in Figure 7 and Figure 317 

8 respectively.  318 

It is evident that the surfaces became more coarse and were covered by corrosion oxide 319 

layers with time for isothermal condition (see Figure 7 (a) and (b) for AISI 321, and 320 

Figure 8(a) and (b) for AISI 347 after 1- and 4-weeks exposure respectively). Iron oxide 321 

was the main corrosion products on the surface after the 1-week with 12 wt% Cr 322 

contents in Figure 7 (a). This indicates the existence of protective Cr2O3 and/or FeCr2O4 323 

oxides with help from XRD result. After 4 weeks, the Fe and Na were found to be 324 

higher, while the Cr content reduced significantly in the outer oxide layers as identified 325 

from EDX analysis (P4 and P5) in Figure 7 (b). This indicates the increase in the 326 

formation of porous and non-protective Fe2O3 and NaFeO2 outer oxide layers (See 327 

Figure 7 b). Inner oxides layer, with a higher Cr content, was exposed to molten salt 328 

after spallation of outer layer.  Similar observation was recorded for AISI 347 in Figure 329 

8 (a) and (b), and EDX analysis in Figure 8 (region P3 and P4).  330 

Under thermal cycling conditions, the samples exhibited only a slight difference in 331 

terms of the overall surface features on the corroding interface after 1-week and 4-332 

weeks. Referring to Figure 7 (c) and (d), and Figure 8 (c) and (d) for AISI 321 and AISI 333 

347 respectively, it is evident that the corrosion oxide layers are more resilient and 334 

continuous across the entire surface. This is an indication of more stable oxide layers, 335 

with little or no spallation. From the result of EDX analysis in Figure 7 and Figure 8 (c) 336 

and (d) and XRD results in Figure 6 (c) and (d) , we can confirm that the main corrosion 337 

oxides formed on stainless steels under thermal cycling conditions samples are Fe2O3 338 

and mixture oxides of Fe and Cr (Cr2O3 and FeCr2O4). The overall effect of lower 339 

material loss rate (Figure 5) and surface features under thermal cycling conditions than 340 

isothermal is related to the effect of long residence time at lower temperature (290°C) 341 

in the heating cycle. The duration of the intermittent cooling process in the heating 342 

cycles has the direct effect of suppressing the kinetics of corrosion, oxide formation and 343 

rate of spallation. All of these three processes collectively influence the overall 344 

corrosion behaviour of materials under thermal cycling condition.  345 

Figure 7 (e) and (f), and Figure 8 (e) and (f), presents the SEM and EDX results for test 346 

under thermal shock condition for AISI 321 and 347 sample. Although corrosion oxide 347 

layers are observed in localised regions on the surface, there is also evidence of 348 

substantial spallation after 1 week (Figure 7 (e) for AISI 321 and Figure 8 (e) for AISI 349 
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347) due to the thermal shock resulting from the temperature profile. The coverage area 350 

of corrosion oxide layer reduces after 4 weeks due to severe spallation by extending 351 

periods of thermal shock (See Figure 7 (f) and Figure 8 (f). After 1-week thermal shock 352 

test for AISI 321, the inner surface (region P12 and 13) was observed with higher Cr 353 

and Ni content than the exfoliated of outer layer (region P14 and 15) in Figure 7 e. This 354 

observation is also the same for AISI 347 in Figure 8 (e) and (f). At other regions of the 355 

sample, there is evidence of dense, adherent and protective inner layer. This is likely to 356 

be a mixture of oxides of Fe and Cr, such as Fe2O3, Cr2O3 and FeCr2O4 (region P12 and 357 

13 Figure 7 e). Referring to evidence shown in region P14 and 15 from EDX analysis, 358 

it is clear that there is an outer Fe and Na rich oxide layer. This is likely to be the porous 359 

and poorly adherent layers, identified as Fe2O3 and NaFeO2 by XRD spectra in Figure 360 

6 (e) and previous publications [13, 16]. This outer layer is prone to being spalled off; 361 

particularly as a result of the substantial thermal amplitude the samples are subjected to 362 

under thermal shock conditions. It is also evident from Figure 7 (e) and (f), that majority 363 

of this outer layer has been lost to the thermal shock effect. After 4-week immersion 364 

test under thermal shock condition, severe spallation of corrosion layers was observed. 365 

The extend test duration also provided opportunity for reformation of initially spalled 366 

off oxide layers. This is shown in Figure 7 (f) that pieces of outer layer of NaFeO2 and 367 

Fe2O3 left after spallation are shown in region P19 for AISI 321. Evidence of Cr and Fe 368 

rich inner oxide layer after spallation is shown in region P18. Most of these outer oxide 369 

layers are shown in Figure 7 (f) to have spalled off due to thermal shock and inner Cr-370 

enriched layer is prone to dissolve into molten salt. After spallation of initially formed 371 

layers, new oxide mixtures of Fe, Cr and Na are formed on the site of region P16 and 372 

P17 in Figure 7 (f). Similar observation to AISI 321 was also recoded for AISI 347 after 373 

4-week test under thermal shock conditions. Evidence of scattered particles identified 374 

as NaFeO2 formed on superficial oxide layers can be seen at region P15 and P16 in 375 

Figure 8 (f).  376 
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 377 

 378 

 379 

Element in wt % Fe O Cr Na Ni 
P1 P2 and P3 60.3 ± 0.2 18.3 ± 1.2 12. ± 0.9 0.1 - 
P4 and P5  59.4 ± 1.2 30.0 ± 0.6 0.8 ± 0.3 9.4 ± 0.8 - 
P6 and P7 68.0 ± 1.4 25.2 ± 0.4 3.7 ± 1.4 0.1 - 
P8 and P9 63.3 ± 1.0 16 ± 1.5 10.7 ± 0.2 - 8.7 ± 0.3 
P10 and 11 64.2 ± 3.0 24.7 ± 1.3 7.4 ± 0.6 - 2.5 ± 0.2 
P12 and 13 65.3 ± 2.5 23.4 ± 2.1 6.5 ± 1.0  2.0 
P14 and 15 66.2 ± 4.5 20.3 ± 3.1 1.6 ± 0.2 2.1± 0.2  
P16 and 17 62.1 ± 1.0 23.6± 0.4 2.2 ± 0.5 7.2± 1.2 - 
P18 and 19 55.7± 0.2 23.5 ± 3.2 1.1 ± 0.6 5.3 ±1.2 - 

Figure 7 SEM surface observation of the oxide scales formed on AISI 321 after (a) 1-380 
week Isothermal; (b) 4-week Isothermal; (c) 1-week Thermal cycling; (d) 4-week 381 

(a) (b)  

P1 

P2 

P3 

P4 
P5 

P6 
P7 

outmost layer  

Inner layer  

P9 

P8 

(c)  (d) 

P11 

P10 

(e)  (f) 

new oxide layer  spalled off layers P13 

P14 

P12 

P15 

P16 

P17 

P18 

P19 



17 

 

Thermal cycling; (e) 1-week Thermal shock; (f) 4-week Thermal shock immersion test 382 
in molten nitrate salt. Table below shows the EDX data for regions. 383 

 384 

 385 

 386 

Element in wt % Fe O Cr Na Ni 
P1 and P2 66.2± 3.2 17.4 ± 0.5 12.6 ± 0.5 0.1 8.5± 0.5 
P3 and P4  62.5 ± 0.7 25.7± 0.9 1.1± 0.1 10.8 ± 0.1 0.01 
P5 and P6 70.8 ± 0.5 22.8 ± 0.3 3.8 ± 0.4 0.42 1.63 
P7 and P8 68.5 ± 3.2 10.4 ± 3.5 8.1± 0.5 0.1 5.5± 0.5 
P9 and P10  61.5± 1.7 24.9± 0.6 7.0± 0.6 3.5 ± 0.6 0.9± 0.2 
P11 and P12 66.1 ± 1.4 20.6 ± 2 8.0± 0.2 1.35 0.1 
P13 and P14  68.5± 2.1 23.7± 2.2 2.1± 0.1 2.7 ± 0.5 0.1 
P15 and P16  65.5± 2.4 22.3± 0.9 1.7± 0.1 5.5 ± 1.6 0.1 

Figure 8 SEM surface observation of the oxide scales formed on AISI 347 after (a) 1-387 
week Isothermal; (b) 4-week Isothermal; (c) 1-week Thermal cycling; (d) 4-week 388 
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Thermal cycling; (e) 1-week Thermal shock; (f) 4-week Thermal shock immersion test 389 
in molten nitrate salt. Table below shows the EDX data for regions. 390 

Cross – Sectional Analysis 391 

Cross-sectional analysis was conducted to examine the corrosion layer formed during 392 

the immersion test. As shown in Figure 9 for AISI 321, there are no indication of 393 

intergranular corrosion. From the SEM analysis above, it is evident that uniform 394 

corrosion driven by rate of spallation of interfacial oxide layers is the primary mode of 395 

corrosion attack for the conditions and duration explored in this study. Referring to 396 

Figure 9 and Figure 10 for AISI 321 and AISI 347 respectively, oxide layer with a 397 

mixture of oxides of Fe and Cr; likely Cr2O3 and Fe2O3 (confirmed by XRD in Figure 398 

6) was found as an interfacial oxide layer under isothermal (after 1 week) and thermal 399 

cycling (after 1 and 4 weeks) condition (see Figure 7 (a), (c) and (d)). The thickness of 400 

the corroded layer are 2 and 4 µm after thermal cycling and 3.5 and 9.3 µm after 401 

isothermal test, as annotated in Figure 9. For AISI 347, the thickness of the oxide layer 402 

formed under isothermal condition was ~2.5 µm, which increases with exposure time 403 

to around 12.5 µm after 4 weeks in a similar trend to AISI 321. A thin corrosion oxide 404 

layer formed after thermal cycling immersion test in Figure 10 (c) and (d). From the 405 

embedded line scan, Fe2O3 was the main oxide formed.  406 

Double oxide layers was found on the 4-week isothermal samples in Figure 9 (b) for 407 

AISI 321. This double oxide layer with an outer NaFeO2 layer was also observed after 408 

4 weeks on AISI 347 (See line scan in Figure 10 (b)). This interface consisted of outer 409 

(Fe, Na)-rich oxides and inner (Cr, Ni)-rich oxides. This observation corroborates with 410 

the XRD pattern in Figure 6 and the SEM Images in Figure 7 and Figure 8.  411 

Outer Fe2O3 and inner Cr2O3 layer were observed on AISI 321 after 1-week thermal 412 

shock with uniform thickness of 3 µm (See Figure 9 (e). Similar oxide layer with a 413 

uniform thickness of 4 µm was observed for AISI 347 as shown in Figure 10 (e). After 414 

4 weeks test under thermal shock condition, a large size detached oxide particle was 415 

observed above a continuous corrosion oxide layer. Quite of corrosion oxides spalled 416 

off during the test, and thus cannot be detected in the cross-section observation. This 417 

correlates the spallation process and believe to drive the oxide removal mechanism with 418 

the surface observation in Figure 7 (f) and Figure 8 (f) for AISI 321 and 347 respectively. 419 

Underneath this detached oxide particle of NaFeO2, consist of two thin layers of Fe2O3 420 

(intermediate layer) with higher Fe content and inner mixture of oxides of Fe and Cr. 421 
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The spallation of corrosion oxide layer was also observed on Figure 10 (e) for AISI 347 422 

after 1-week thermal shock test. In this case, the detached layer was identified as Fe2O3 423 

which prevent the dissolution of Cr-compound by other researchers [30, 31] under 424 

isothermal conditions. It is clear that the Fe2O3 layer has been undermined by the 425 

thermal shock heating cycles. It is probable that after the spallation of the protective 426 

layers, the inner Cr-oxides layer is become exposed for dissolution into salt due to the 427 

solubility of chromium compounds in nitrate salt [30, 31]. Newly formed Fe2O3 layer 428 

was formed again beneath the spalled layer as a potential barrier for the inner mixture 429 

oxide of Cr from dissolution into molten salt [9, 16]. After 4-week thermal shock test, 430 

superficial oxide mixtures of Na and Fe were believed to be NaFeO2 and Fe2O3 from 431 

results of XRD and SEM-EDX. This outer oxide layer is about 3 µm thick and has been 432 

shown to be porous and loose in previous study [32, 33]. However inner mixture of (Fe, 433 

Cr)2O3 is 2 µm thick, and is likely to continue to grow due to unhindered molten salt 434 

induced corrosion activities at the metal – molten salt interface without the protection 435 

from the outer corrosion oxide layers. This is shown in Figure 10 (f). 436 
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437 

Figure 9 cross-sectional images of AISI 321 by SEM-EDX after (a) 1-week Isothermal; 438 

(b) 4-week Isothermal; (c) 1-week Thermal cycling; (d) 4-week Thermal cycling; (e) 1-439 

week Thermal shock; (f) 4-week Thermal shock immersion test in molten nitrate salt. 440 
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 441 

Figure 10 SEM-EDX profile of AISI 347 after (a) 1-week Isothermal; (b) 4-week 442 

Isothermal; (c) 1-week Thermal cycling; (d) 4-week Thermal cycling; (e) 1-week 443 

Thermal shock; (f) 4-week Thermal shock immersion test in molten nitrate salt. 444 

3.4 Corrosion behaviour and the Evolution of Interfacial oxide Layers 445 

In order to better understand the evolution and characteristics of the interfacial oxide 446 

layers on stainless steel in molten nitrate salt under different thermal conditions, a 447 

combination of FIB, SEM and TEM was used to characterize the interfacial oxide layers. 448 

This is shown for AISI 321 after 1 week in Figure 11 for isothermal, thermal cycling 449 

and thermal shock test conditions. 450 
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After 1-week test under all thermal conditions, relatively thin oxide layers (below 3 µm) 451 

were observed on the AISI 321 surface. Figure 11 (a) shows the cross-sectional image, 452 

corresponding EDX mapping images, and SEAD patterns for samples after of 1-week 453 

test under isothermal condition. A 1.37-µm outer layer was formed on the surface, 454 

which was identified as mixture of Fe2O3 and NaFeO2 by patterns for annotated area a1 455 

and EDX mapping in Figure 11 (a). An intermediate oxide layer of about 0.64 µm thick, 456 

was found as Cr-enriched layer in region (a2). The TEM pattern shows the intermediate 457 

layer was mainly Cr2O3 and FeCr2O4 spinel, which is known to be protective against 458 

further corrosion. A 0.2-µm (Cr, Ni) enriched layer was also found as an inner layer 459 

adjacent to the bulk material. This (Cr, Ni) rich inner oxide layer is believed to have 460 

been formed at an earlier early stage in the corrosion process.  461 

For samples after thermal cycling tests, the thickness of the oxide layer was about 0.87 462 

µm in Figure 11 (b), consisting of a 0.33-µm outer NaFeO2 and Fe2O3 layer in region 463 

(b1), a 0.16-µm middle mixed (Cr, Fe) oxide layer at region (b2), and a porous mixture 464 

of Cr2O3, FeCr2O3 and Fe2O3 layer at inner layer in region (b3). The formation of the 465 

porous inner layer is linked to the dissolution of the Cr-enriched inner layer into solar 466 

salt at initial stage and later formed Fe-enriched layer above it could hinder the 467 

chromium removal from the substrate. The relatively lower thickness of the layer is 468 

linked to the repressed kinetic of the corrosion reaction and oxide formation by 469 

intermittent cooling period at low temperature (290°C) and shorter residence time at 470 

peak temperature (565°C) during thermal cycling test when compared to isothermal test 471 

condition.  472 

The corrosion layers formed on samples from thermal shock test exhibited multi-layer 473 

structure. A 0.38-µm needle like layer; identified as NaFeO2 and Fe2O3 was observed 474 

as the outmost surface. The middle layer in region (c2) was identified as Fe2O3 and 475 

inner layer identified as a mixed oxide layer of (Cr, Fe) in form of Cr2O3 and FeCr2O4 476 

spinel. It is worth noting that a 73 % reduction in thickness of outer layer from 477 

isothermal to thermal shock was observed, which correlates inversely with significantly 478 

higher weight loss results from thermal shock test than isothermal test (Refer to Figure 479 

9 (a1) and (c1)).  480 

From the mass loss results, we can say that higher corrosion rate of thermal shock 481 

samples led to a more corroded surface and thicker corrosion layers. The SEM surface 482 

observation confirmed that. But the cross-section of thermal shock samples show lower 483 
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thickness of interfacial oxide layers than isothermal ones, which is not consistent with 484 

the mass loss results and surface observation. The FIB- HRTEM results shows a 485 

thickness of 0.38-µm and 1.37-µm outer Fe2O3 / NaFeO2 layer for thermal shock and 486 

isothermal samples respectively, a thickness of 0.99-µm and 0.84-µm inner Cr2O3 layer 487 

were also observed . From the discussion above, we can say that the outer Fe-based 488 

layers of thermal shock have not survived due to enhanced spallation during the 489 

immersion test. The thermal stress and the corresponding frequency under thermal 490 

shock will cause the interfacial oxide layers to spall off faster leading to higher mass 491 

loss and lower thickness of interfacial oxide layers. In general, the multi-layered 492 

corrosion products formed on the surface of stainless steels always exhibited an inner 493 

Cr-enriched layer (Fe, Cr)2O3, which was considered as initially formed passive layer. 494 

Dense inner layer of Cr2O3 and FeCr2O4 as observed in this study are capable of being 495 

adherent to substrate, and provide good protection for material against the alloy element 496 

diffusion [13]. The dissolution of Cr2O3 into solar salt results in Fe2O3 were found to be 497 

the primary corrosion oxides, and the existence of inner soluble Cr-enriched layers 498 

indicates the outer Fe2O3 layers are served as barrier in preventing solar salt penetration 499 

[31]. Fe2O3 forms as an outer layer but potentially transforms into NaFeO2 and is 500 

spalled off from the surface depending general thermal operating cycles.  501 
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 504 

Figure 11 HRTEM images of samples after (a) 321 1-week isothermal (b) thermal 505 
cycling and (c) thermal shock and its corresponding EDX mapping and SAED patterns 506 

3.5 Interfacial Oxide Formation Mechanism, Evolution and Stability in Relation 507 

to Oxide spallation and Overall material loss. 508 

While results [33, 34] published recently and from this study have shown a measured 509 

rate of material degradation for AISI 321 and 347 in molten nitrate salt, the occurrence 510 

of spallation of outer oxide layer due to the thermal stress under thermal shock condition 511 

further accelerates corrosion kinetics and increases the rate of material loss. Therefore, 512 

an understanding of the mechanism of formation, evolution and behaviours of 513 

interfacial corrosion oxides is critical to better understand the corrosion mechanism of 514 

AISI 321 and 347 in molten nitrate salt under different thermal conditions as observed 515 

in this study.  516 

Firstly, the passivation and corrosion resistance of stainless steels rely on the formation 517 

of thin and dense Cr2O3 and FeCr2O4 directly at the steel surface, protective properties 518 

of which can be further improved by alloying with Ni and Mo [2]. The formation 519 

reactions of Cr2O3, Fe2O3 and FeCr2O4 are shown in Equation 4 - Equation 6. However 520 

the Cr2O3 and Fe2O3 have a complete range of solubility across all composition range 521 

[35]. With the known solubility of Cr compounds in molten nitrate salt, Cr2O3 and 522 

FeCr2O4 could be found at the inner region of corrosion layers, identified by XRD 523 

spectra in Figure 6.  524 
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𝑭𝒆𝑶 + 𝑪𝒓𝟐𝑶𝟑 → 𝑭𝒆𝑪𝒓𝟐𝑶𝟒 Equation 5 

𝟐𝐅𝐞 + 𝟑𝑶𝟐− ↔ 𝑭𝒆𝟐𝑶𝟑 + 𝟔𝒆− Equation 6 

𝑶𝟐 + 𝟒𝒆− ↔ 𝟐𝑶𝟐− Equation 7 

The formation of Fe2O3 identified in this work occurred due to the oxidizing nature of 525 

nitrate salt with oxidizing species like NO2
- and O2- from decomposition of solar salt 526 

[10]. In addition, the oxygen in air can play a major role in accelerating oxidation as 527 

shown in Equation 7 [31]. The research [31] also found that hematite occupied the 528 

middle region of corrosion scales in AISI 304 stainless steel, maintaining its inner 529 

protective chromium oxide and limiting chromium dissolution from metals [36, 37]. 530 

With increase of immersion time or temperature, the decomposition of nitrate to nitrate 531 

becomes more favourable [9, 13]. The relatively more protective Fe2O3 outer layer is 532 

converted to non-protective NaFeO2 and accelerate the corrosion process. Ahmed [31] 533 

also found NaFeO2 on stainless steel after exposure to KNO3 –NaNO3 eutectic and 534 

offered the following formation mechanism. Consequently, NaFeO2 formed on the top 535 

surface of the corrosion layers. 536 𝑵𝒂𝑵𝑶𝟐 ↔ 𝑵𝒂𝟐𝑶 + 𝑵𝑶 + 𝑵𝑶𝟐 Equation 8 𝟏𝟐 𝐅𝐞𝟐𝑶𝟑 + 𝟏𝟐 𝑵𝒂𝟐𝐎 ↔ 𝐍𝐚𝐅𝐞𝑶𝟐 Equation 9 

Corrosion of AISI 321 and 347 alloy is known to follow a parabolic law at 565˚C in 537 

molten salt, indicating the oxidation process was controlled by ion diffusion through 538 

the oxide scales [38]. Therefore, thermodynamic and kinetic analysis on interfacial  539 

oxide scales; typically composed of Fe2O3, Cr2O3 and/or FeCr2O4 can help to better 540 

understand oxide stability and evolution [16].  541 

The potential oxide forming corrosion reactions and the corresponding Gibbs free 542 

energy of formation of oxides on the surface of stainless steels during oxidation process 543 

are listed in Table 3. The change of Gibbs free energy of formation of the oxides was 544 

obtained by following Equation 10 [39].  545 

𝜟𝑮 = 𝜟𝑮𝜽 + 𝑹𝑻 𝒍𝒏( (𝜶𝑶)(𝜶𝑴)(𝒑𝑶𝟐)𝟏/𝟐) Equation 10 
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ΔGθ: standard Gibbs free energy of formation (25˚C, 1 atm); T: temperature in Kelvin; 546 

pO2: partial pressure of oxygen in Pa, which was assumed to be 0.21 from other study 547 

[40]; R: gas constant 8.3145 J⋅K−1⋅mol−1. αO and αM represent the activity of the oxide 548 

and the metal. αO is 1; αM can be approximately obtained by atomic concentrations.  549 

Cr2O3 is believed to be preferentially formed due to the lowest ΔG value (~ -1018 550 

kJ/mol) at 565˚C for stainless steels. Considering the solubility of chromium 551 

compounds in nitrate salt [30], other oxides starts to formed once average Cr 552 

concentration was lower than a critical value (NCr*) [41]. Afterwards, the Fe-based 553 

oxides starts forming at this stage. FeO is known to form at temperature over 1000°C 554 

[22] and FexOy tend to form at temperatures below 570°C [40]. According to ΔG values 555 

of FexOy in Table 3 and the diffusivity order of metallic ions in chromia (DFe > DNi > 556 

DCr) [42], Fe3O4 and Fe2O3 starts to form to provide a level of protection against further 557 

Cr dissolution from the substrate. This oxidation process is controlled by ionic diffusion. 558 

The outward diffusion of Fe in the Cr2O3 and high affinity of Fe to oxygen resulted in 559 

formation of (Fe, Cr) oxides mixture [16]. As shown in this study, Fe2O3   preferentially 560 

forms as the most outer layer of the interfacial oxide layers shield inner Cr-oxide layer 561 

from aggressive molten salts. Meanwhile, it is worth noting that Fe2O3 tended to convert 562 

to NaFeO2 with increase of exposure time and temperature, thus causing the corrosion 563 

interface to lose its outermost shielding layer increase overall material loss.  564 

Table 3 Gibbs free energies of formation of oxides in stainless steels with molten nitrate 565 
salt at 565˚C[16]. 566 

Alloy Reaction 
∆G°(kJ/mol) 

25˚C 1atm 

∆G(kJ/mol) 565˚C (838K) 

AISI 321 AISI 347 

Fe2O3 2Fe+1.5O2= Fe2O3 -742.2 -721.276 -721.24 

Fe3O4 3Fe+2O2=Fe3O4 -1015.5 -1015.5 -986.83 

Cr2O3 2Cr+1.5O2=Cr2O3 -1058 -1018.658 -1018.549 

NiO Ni+0.5O2=NiO -211.7 -189.520 -189.75 
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4. Conclusion  567 

In this study, the corrosion behaviours of the AISI 321 and 347 were experimentally 568 

investigated under isothermal (at 565˚C), thermal cycling (between 290 - 565˚C) and 569 

thermal shock (565˚C - 30˚C) at air atmosphere using a combination of gravimetric 570 

corrosion method and advanced surface and subsurface characterisation techniques. 571 

Here are the key conclusions from this study.  572 

1. Thermal shock causes a higher rate of material loss than isothermal and thermal 573 

cycling heating profiles. This is linked to the effect of the synergy of substantial 574 

cyclic thermal stress and electrochemical activities on the resilience of the metal – 575 

molten salt interface.  576 

2. The higher corrosion rate under thermal shock is also contributed to by the effect of 577 

the synergy of substantial cyclic thermal stress and electrochemical activities on the 578 

protective properties and/or rate of spallation interfacial oxide layers. The damage 579 

and spallation behaviours of the protective oxides layer were attributed to the stress 580 

mismatch between the bulk material and oxide layers across the interface, and 581 

linked to difference in the thermal expansion coefficient. The electrochemical 582 

activities are related to redox and/or chemical reactions that drives evolution of 583 

interfacial oxides and their dissolution.   584 

3. The corrosion of AISI 321 and 347 under different thermal cycles follows this order 585 

in decreasing corrosion rates; thermal shock > isothermal > thermal cycling. The 586 

corrosion rate decreases with increase of immersion time under isothermal and 587 

thermal cycling, which is due to the resilience of the interfacial oxide layer and 588 

relative to test under thermal shock condition.  589 

4. Results from this study suggests that the “thermal cycling” conditions suppresses 590 

corrosion kinetics which has always been considered as a corrosion-accelerate 591 

factor. Therefore stainless steel samples AISI 321 and AISI 347 can be considered 592 

as strong candidates to meet the down-selection requirement for use in hot tank and 593 

pipes for solar thermal energy storage system under isothermal and thermal cycling 594 

conditions. And the receiver pipes should consider using more corrosion-resistant 595 

Ni-based alloys, which are likely to suffer from the thermal shock. Note that this 596 

conclusion is limited by the results from a 4-week experiment.  597 
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5. The evolution in the chemistry of interfacial corrosion oxides was also affected by 598 

the different thermal cycles investigated. This is related to the effect of thermal 599 

cycles on the diffusion of species across the corrosion interface, kinetics of 600 

corrosion and oxide formation. 601 
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