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Abstract 

Molten chloride salts are promising advanced high-temperature (400-800°C) thermal energy storage 

(TES) and heat transfer fluid (HTF) materials in next generation concentrated solar power (CSP) plants 

for higher energy conversion efficiencies. However, severe corrosion of structural materials in contact with 

molten chloride salts is one of the most critical challenges limiting their applications at elevated 

temperatures. In this work, two corrosion mitigation strategies are investigated to alleviate the hot 

corrosion of structural materials in molten chloride salts: (1) adding corrosion inhibitor and (2) using a Fe-

Cr-Al alloy with a protective alumina layer on the surface after pre-oxidation. Three commercial high 

temperature Fe-Cr-Ni alloys (SS 310, Incoloy
®
 800 H and Hastelloy

®
 C-276) were exposed to molten 

MgCl2-NaCl-KCl (60-20-20 mole.-%) mixed salts with 1 wt.-% Mg as corrosion inhibitor, for 500h at 700°C 

under inert atmosphere. By addition of the Mg inhibitor, the corrosion rates of the studied alloys were 

found to be significantly reduced, more precisely by ~83 % for SS 310, ~70 % for In 800 H and ~94 % for 

Ha C-276 compared with the exposure tests without Mg addition. To assess the second mitigation 

strategy two pre-oxidized alumina forming Fe-Cr-Al alloys were exposed to the same molten chloride salts 

without Mg corrosion inhibitor under the same conditions. It is observed that the adherent alumina scales 

can effectively inhibit the dissolution of Cr and Fe and the bulk penetration of corrosive impurities. Overall, 

both strategies offer enormous potential for enhancing the expected lifetime of commercial alloys in 

molten chloride salts. 

Highlights 

 By Mg-addition the corrosion rates of alloy SS 310, In 800 H and Ha C-276 are 

significantly reduced. 
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 Adding Mg inhibitor not only mitigates the corrosion caused by impurities, but also 

promotes the formation of protective MgO layer on metal surfaces. 

 The corrosion mitigation mechanism of Fe-Cr-Ni based alloys in molten chloride salts by 

adding Mg is discussed.  

 Pre-oxidized alumina forming Fe-Cr-Al alloys show promising corrosion resistance and 

stability in molten chloride salts at 700°C for 500h exposure. 

Keywords 

Concentrated solar power (CSP), Thermal energy storage (TES), Molten salts, Corrosion 

mitigation, Corrosion inhibitor, Alumina forming Fe-Cr-Al alloys. 

1. Introduction 

Molten salts become increasingly attractive as thermal energy storage (TES) or heat transfer 

fluid (HTF) materials due to their expected thermal stability at high temperatures (>600 °C) and 

low costs [1-4]. Their energy related applications in e.g., advanced concentrated solar power 

(CSP) plants and advanced nuclear power plants have been widely reported [5-11]. Fig. 1 

schematics a state-of-the-art CSP plant, in which the molten salts are used as low-cost HTF and 

large-scale TES materials. The key advantages of using molten salts as HTF and TES are their 

moderately low-costs, scalable energy storage capacity, low vapor pressure (unpressurized 

storage) and low viscosity (pumpability) [1-4]. Dispatchability in particular, makes CSP one of 

the most promising renewable energy technologies [2-5] in which nitrate salts are currently 

employed as TES and HTF materials [4,12-13]. Nitrate salts however, are limited to operating 

temperatures below 565°C due to thermal decomposition reactions and corrosion constraints 

[14-15]. Consequently, there is an urge to identify advanced HTF/TES materials with high 

temperature thermal stability and low costs, which will help improve the energy conversion 

efficiency and reduce the energy costs [1,4].  

Chloride salts are promising HTF/TES materials due to their low prices and wide operating 

temperature ranges [14,16-18]. Over the course of the SunShot Initiative, the U.S. Department 

of Energy (DOE) has supported the development of molten chloride salts for next generation 

CSP plants (Gen-3 CSP) [19]. Increasing the operation temperatures allows for higher 

conversion efficiencies of the power block. Furthermore, a larger temperature difference in the 

TES system reduces its capital costs. These benefits can result in reduced levelized costs of 

electricity (LCOE) [19]. Highly abundant chloride salts (e.g. NaCl, KCl) usually have a melting 
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point above 750°C and boiling point above 1400°C [4,12]. By addition of covalent metal halides 

like MgCl2 or ZnCl2, a eutectic mixed salt with low melting point (<400°C) and high boiling point 

(>800°C) is formed [16,18,20]. The chloride salts employed in this research are the mixed salts 

of MgCl2, KCl and NaCl (MgCl2-KCl-NaCl, 60-20-20 mole %). This mixture has a low melting 

point (<400°C), low price (<0.5 $/kg) and high thermal stability (>800°C) [21-22].  

 

Fig. 1 Concentrated solar power plants with molten salts as TES and HTF materials 

(source: US Department of Energy Report: The Year of Concentrating Solar Power, DOE/EE-1101, May 2014). 

However, the compatibility issues especially the severe corrosion of structural materials make 

chloride salts challenging for high temperature applications [1,12,21]. Corrosion in molten 

chloride salts is different from that in molten nitrates and carbonates, in that alloys will not form 

a passive oxide scale to inhibit the corrosion during exposure due to oxide dissolution in the 

melt [9,20]. Generally, the corrosion of metals in molten chloride salts can be in the forms of 

electrochemical corrosion, impurities-driven corrosion, galvanic corrosion and temperature 

effects [12,18,20,23]. The more negative the reduction potential of the alloying element in 

chloride salts, the easier it will be corroded [20-23]. Therefore, it was observed that Cr was 

prone to be corroded, followed by Fe, and Ni was noble [9,20-21]. Residual water from the 

added metal chlorides (covalent chlorides like MgCl2 are usually strongly hygroscopic) and 

increasing TES/HTF operation temperatures of CSP plants will accelerate the corrosion of 

structural materials, e.g., Fe-Cr-Ni based alloys [9,23-30]. The detrimental effects of residual 

moisture and oxygen in chloride salts and the atmosphere on the corrosion in molten chlorides 

have been reported by many researchers [9, 20-21, 23-30]. Vignarooban et al. (2015) [29] 
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indicated that the corrosion rate of Hastelloy C-276 was only 10 µm/year in ZnCl2-NaCl-KCl in 

the absence of air at 800°C, while it reached 80 µm/year even at 500°C in presence of air. 

Gomez-Vidal et al. (2016) [25] studied the corrosion behavior of Fe-Cr-Ni based alloys in molten 

NaCl-LiCl salts under nitrogen atmosphere. Inconel 625 with a high Ni content showed the best 

corrosion resistance at 650°C. But its high corrosion rate (2800±0.38 μm/year) caused by the 

impurities in the salts is not acceptable for commercial applications [25]. Besides, increasing the 

temperature on one hand improves the energy conversion efficiencies of CSP plants, on the 

other hand, aggravates the corrosion process. Gomez-Vital et.al [25] indicated that an increase 

of temperature from 650°C to 700°C doubled the corrosion rate of SS 310 and Incoloy 800 H. 

EDX analysis of corroded samples showed the preferential dissolution of Cr and Fe in molten 

salt using these Fe-Cr-Ni based alloys [25]. 

Since molten chloride salts were considered as HTF candidates in nuclear power plants, some 

strategies have been developed to mitigate the corrosion of structural materials in contact with 

molten chloride salts [9,20,31]. Water vapor (moisture) and oxygen contaminants have been 

observed to react with the chlorine anion to produce HCl and Cl2, thereby increasing the 

corrosion rates [18,20,32]. Exposure of the samples to salts containing MgCl2 under inert 

atmosphere has been proven to significantly reduce corrosion effects [29]. Moreover, salt 

purification technologies could significantly reduce the level of corrosive impurities in the salts, 

especially for chloride salts, and thus the corrosion rates of structural materials in contact with 

the molten salts [9,31]. For example, the chloride salts are purified by CCl4 bubbling (12h at 

550°C) to remove the impurities containing oxygen and hydrogen [9].  

Adding the corrosion inhibitor is an effective method to further mitigate the corrosion by lower 

the redox potential of the salts [23,33]. These inhibitors preferentially react with the corrosive 

impurities and consume them. Inhibitors used in different aggressive environments have been 

reported, for instance by adding Li metal in molten LiCl [34-35] or Mg in molten MgCl2-KCl [36], 

treating the FLiNaK salts with Zr, Be or Li [20,37] and adding corrosion inhibitors for steels in 

acidic media [38]. The results of adding Mg metal in molten MgCl2-KCl [36] showed that the 

corrosion rate of the Ni-based Cr-Fe-Ni Hastelloy 230 in MgCl2-KCl with 1.15 mol-% Mg under 

inert atmosphere at 850°C was 35 times lower than baseline tests without Mg, and the reduced 

corrosion rate of this alloy met the requirement for industrial applications (CR < 15 µm/year). 

However, this corrosion mitigation method and mechanism are still not investigated systemically 
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for the promising MgCl2-NaCl-KCl salts mixtures at relevant temperatures specifically for the 

CSP application. 

Alloy modification is another approach to improve the corrosion resistance of the structural 

materials by creating a barrier that can avoid the direct contact of the alloys with corrosive 

media [39-40]. The barrier should be thermodynamically stable and corrosion resistant towards 

the aggressive environments, and a strong adherence to the bulk material is required. One kind 

of these promising barriers is an in-situ grown oxide scale, preliminarily formed during a high 

temperature oxidation step [40]. These scales generally consist of Cr2O3, Fe2O3, Al2O3 or their 

mixtures [32,39-40]. It is reported that Cr2O3 has a high dissolution rate in molten chloride salts, 

while Al2O3 is considered corrosion resistant [41-43]. Li et al. (2005) [41] studied the corrosion 

behavior of Fe-35Cr alloy in molten NaCl-KCl salt mixtures in air. After 48h exposure at 670°C, 

only Fe2O3 remained while Cr2O3 was totally converted into chromates. Li et al. (2007) [42] 

showed that the degradation of Cr-forming alloys was caused by the formation of potassium 

chromate from Cr2O3 due to KCl. It was also shown that a protective alumina layer, formed on 

Fe-20Al alloy by pre-oxidation, was stable during exposure to the molten NaCl-KCl salt at 670°C 

for 48h under air atmosphere [42]. Vidal et al. (2017) [44] investigated the corrosion resistance 

of pre-oxidized alumina-forming alloys against molten MgCl2-KCl (35.59-64.41 wt.-%) mixtures. 

Their results demonstrated the positive role of an Al2O3 scale in inhibiting the corrosion attack 

from chloride salts. Additionally, the high temperature mechanical properties of the alumina-

forming alloys like strength and creep resistance can also be significantly improved by 

precipitation of secondary phases (NbC, Cr23C6, B2 [b-(Ni,Fe)Al], and Laves [Fe2(Mo,Nb)]) 

[40,45-46]. Such kinds of alloys including the alumina-forming austenitic (AFA) steels and ferritic 

Kanthal alloys have been successfully developed for high-temperature thermal applications 

[40,47]. Besides, these alloys with a high Al content can be considered not only as structural 

materials but also as coating materials [48-49].  

In this work, two corrosion mitigation strategies: (1) the addition of active metal Mg metal (2-5 

$/kg) as corrosion inhibitor and (2) the formation of a protective oxide scale on alumina-forming 

alloys are investigated to mitigate the hot corrosion in the molten chloride salts. Three 

commercial high temperature alloys with different Ni and Cr contents (SS 310, In 800 H and Ha 

C-276) are selected and exposed to the molten chloride salts (MgCl2-NaCl-KCl 60-20-20 

mole %) with 1 wt.-% Mg addition for 500h at 700°C under argon atmosphere. Another two 

alumina-forming Fe-Cr-Al alloys are pre-oxidized at 800°C in air and exposed to the molten 
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chloride salts without Mg corrosion inhibitor for 500h at 700°C under argon atmosphere. In order 

to guarantee the formation of a highly protective alumina oxide scale, 8 wt.-% Al is added in the 

Fe-Cr-Al alloys.  

2. Materials and methods 

2.1. Materials 

KCl and NaCl with a purity >99 wt.-% were purchased from Alfa Aesar, Germany, while 

anhydrous MgCl2 (>99 wt.-%) came from Magnesia, Germany. They were used to synthesize 

the salt mixture of MgCl2-KCl-NaCl (60-20-20 mole %). According to previous results [50], the 

heating of the salts was conducted as following: after vacuuming (≤ 30 mbar, 10 min), the salt 

mixture (with or without Mg additive) was heated under argon atmosphere (purity ≥ 99.999 %, 

H2O ≤ 3 ppm and O2 ≤ 2 ppm, 30 l/h (STP), the absolute pressure above the salts is ~1.1 bar) 

from room temperature to 200 °C with a heating rate of 5 °C/min, then kept at 200 °C for 1 hour 

to remove residual water from the hygroscopic MgCl2 salt. After that, it was heated to 700 °C 

and kept at this temperature for corrosion tests on the immersed alloy samples. In previous 

work [51], an electrochemical technique based on Cyclic Voltammetry (CV) is developed to in-

situ monitor the concentration of MgOH+ - the main corrosive impurity in the molten chloride 

salts. It could assist to control the corrosive impurity and thus the corrosive rate of structural 

materials in the molten chloride salts. The CV measurements showed that the concentration of 

the corrosive impurity MgOH+ in the salts after the heating process was ~5×10-2 mol/kg(salt) at 

700 °C [51]. 

Table 1 summarizes the chemical compositions of the commercial high temperature Fe-Cr-Ni 

based alloys (SS 310, In 800 H and Ha C-276) used in this study. Additionally, the theoretical 

standard electromotive forces (EMF) of the main elements in their chloride salts are indicated. 

Chromium (high EMF value) in the Fe-Cr-Ni based alloys is preferentially corroded in molten 

chloride salts. Thus, Ha C-276 alloy with low Cr is selected for corrosion test, yet the high Ni 

content will increase the prices of the alloys. Therefore, SS 310 alloy with low Ni is selected for 

comparison. These three alloys were tested in the molten chloride salt mixture at 700°C before 

and showed severe corrosion [21]. In this study, they are tested in molten MgCl2-NaCl-KCl (60-

20-20 mole %) with 1 wt. % Mg metal (> 99.95 wt.-%, Alfa Aesar, Germany) addition in order to 

explore the role of Mg additive in mitigating corrosion of the alloys in contact with the molten 
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salts. Before each test, samples of each commercial Fe-Cr-Ni alloy (size: 10mm×10mm×10mm) 

were ground by sandpapers (600, 800 and 1200#), and washed by distilled water and acetone. 

Table 1. Compositions of the commercial alloys (main elements) (wt.-%),  

and the theoretical standard electromotive forces (EMF) in their chloride salts 

Alloy Fe  Ni  Cr Mn Si  Mo  W 

SS 310 Balance  17.51 25.87 2.02 2.36   …   … 

In 800 H Balance 29.40 20.84 1.06 0.78   …   … 

Ha C-276 6.15 Balance 15.38 0.40 0.03 14.12  5.89 

EMF(V) [52] 1.12800°C 

(Fe/FeCl2) 

0.88800°C 

(Ni/NiCl2) 

1.35800°C 

(Cr/CrCl2) 

1.81800°C 1.47100°C 0.47550°C  0.43300°C 

∆𝑮𝑴𝑪𝒍𝒙
𝟎 (kJ/mol) -216800°C -170800°C -261800°C     

𝑬𝑴𝑭 =
−∆𝑮𝑴𝑪𝒍𝒙

𝟎

𝒏𝑭
, where ∆𝑮𝑴𝑪𝒍𝒙

𝟎  is the standard free energy of formation of pure metal chloride (MClx) 

liquid, F is the faraday constant, 96485 s A/mol, n is the number of faradays involved in the 

electrochemical reactions. 

Table 2 gives the chemical compositions of two alumina-forming Fe-Cr-Al alloys. Compared with 

Fe-Cr-Ni based alloys, Fe-Cr-Al based alloys are less expensive. Addition of minor elements 

like Y, Zr and Hf has been reported to improve the oxide scale adherence [53-54]. Since the 

atmosphere used in the experiment is inert, these two alumina forming alloys were pre-oxidized 

in air to form a protective oxide layer before exposure to the molten salts. Two pieces of each 

alloy with a thickness of 1.5 mm were ground by 1200# sandpaper followed by washing with 

distilled water and acetone. The samples were isothermally stored at 800°C for 15h in a furnace 

in order to form the protective oxide scale. After pre-oxidation, one piece of each alloy was used 

for surface and cross section characterization by SEM/EDX. Another pre-oxidized piece was 

used for corrosion test in molten chloride salts (without addition of Mg corrosion inhibitor).  

Table 2. Nominal compositions of two alumina-forming Fe-Cr-Al alloys (wt.-%) 

Alloys Fe AL  Cr Y Zr 

AF-1 Balance  8 16 0.5 --- 

AF-2 Balance 8 16 -- 0.5 

 

2.2. Immersion tests 

Figure 2 shows the schematic diagram of the experimental set-up for immersion tests of the 

selected alloys in molten chloride salts. High temperature resistant glassy carbon crucibles 
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purchased from HTW Germany (Sigradur® G, GAZ 4) were used to avoid any reaction of the 

molten salts with the crucible. During the experiments, the temperature of the molten salts under 

an argon atmosphere was controlled by a thermocouple close to the molten salts. As shown in 

Fig. 2, in glassy carbon crucibles with a diameter of 30 mm and a height of 107 mm, the 

commercial Fe-Cr-Ni alloy samples were completely immersed into the molten MgCl2-NaCl-KCl 

(60-20-20 mole %, ~50 g) with 1 wt.-% Mg corrosion inhibitor, while the Fe-Cr-Al alloys were 

exposed in molten MgCl2-NaCl-KCl without Mg corrosion inhibitor. In order to ensure that all the 

surfaces of the samples are in full contact with the molten chlorides, they are hung into the 

molten salts using a Ni-wire and nickel tube placed across the glassy carbon crucible. After 

500h exposure at 700°C, the furnace was slowly cooled down under argon atmosphere. The 

samples were removed and cleaned using distilled water.  

 

Fig. 2 Schematic diagram of experimental set-up for immersion tests in molten MgCl2-KCl-NaCl. 

2.3. Corrosion analysis 

In order to analyze the microstructure of the samples after corrosion tests, the salts deposited 

on the sample surfaces were carefully removed with a small brush while the corrosion products 

(i.e., oxides) remained on the surface. After cleaning the samples, scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were employed to analyze 

the surface and cross section of each sample. For the cross section analysis of the exposed 

alloys, nickel was deposited by electroplating to protect the surface layer during polishing. 

SEM–EDX examination was performed with Philips XL40 equipped with a SAMx–EDX system. 
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Moreover, the phase composition of the corrosion products was analyzed using a Seyfert 

C3000 powder diffractometer (Cu Kα radiation, λ: 0.15405 nm) operating at 40kV and 25mA 

from 5° to 90° at a step size(∆2θ) of 0.05° and a counting time of 20 s per step. The X-ray beam 

shape was in point focus with a beam size of 1.5 mm. 

Corrosion rate is a typical parameter used to characterize the speed at which metals deteriorate 

in molten salts system. Usually electrochemical tests (e.g., potentiodynamic polarization, 

electrochemical impedance spectroscopy) and gravimetric weight loss are employed to 

measure it [16,20-21,25,28]. Electrochemical tests can in-situ measure the corrosion rate by 

applying a current or potential on the test cell. It is rapid but sometimes expensive equipment 

and knowledge of electrochemistry are required [28]. Gravimetric weight loss method takes 

hundreds of hours in order to calculate an average corrosion rate from the weight change over 

the exposure time. However, factors including the formation of corrosion products (oxides) and 

residual salts stayed in the corrosion pores, grain boundary depletion of Cr, result in the 

inaccuracy of the results [9,21]. Therefore, the maximum corrosion depths measured from the 

cross sections of exposed samples are employed to calculate the corrosion rates in this study. 

Based on the maximum measured corrosion depth from cross section by SEM-EDX, the 

average corrosion rate (CR, µm/year) was calculated by the following Eq.1 [29,30]:  

𝐶𝑅 = (365 × 24) ·
X

𝑡0
                                                                                                                 Eq. 1  

Where t0 is the exposure time (h), x is the measured maximum corrosion depth (µm, from cross 

section) after t0 h exposure.  

3. Results 

3.1. Corrosion tests of Fe-Cr-Ni based alloys in molten chlorides with Mg 

3.1.1. Surface characterization 

The plan-view surfaces of the samples after corrosion tests in Mg added molten chloride salts 

are shown in Fig. 3. The surfaces of all exposed alloys are entirely covered by polyhedral-

shaped crystals. These crystals observed on the surface of SS 310, Incoloy 800 H and 

Hastelloy C-276 (Fig. 3 a-c), as evidenced by quantitative EDS analysis shown in Fig. 4, consist 

mainly of Mg and O. Further measurements by XRD indicated that the crystals formed on 

surface are enriched with cubic MgO (JCPDS: 87-652), as shown in Fig. 5. Regions enriched 

with metallic Ni are observed on the surface of the Hastelloy C-276 (bright aspect ratio, Fig. 3(c), 
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inlet), as evidenced by EDS-mapping. Fig. 3d shows the bare metal surface of Hastelloy C-276 

obtained after the MgO layer was mechanically removed. The alloy surface is porous. The sizes 

of the pores which formed during exposure are around 1 µm. 

 

 

Fig. 3 Surface morphologies of tested alloys after exposure to molten MgCl2-KCl-NaCl with 1 wt.-% Mg  

addition at 700 °C for 500 h. (a) SS 310, (b) In 800 H and (c) Ha C-276 and (d) the same Ha C-276 after  

mechanical removal of the MgO layer. Inlet in (c) and (d) show regions enriched with metallic Ni (bright regions) and 

porous surface, respectively. 

 

Fig. 4 EDS chemical composition measurement of the surface of exposed Ha C-276 after the corrosion experiment 

with 1 wt.-% Mg addition. 
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Fig. 5 XRD patterns of three tested alloys after the corrosion experiment with 1 wt.-% Mg addition. 

3.1.2.  Cross sections analysis 

Cross-section SEM back scattered electron (BSE) images of the three tested Fe-Cr-Ni based 

alloys are shown in Fig. 6. A thick and dense MgO layer is attached on the surface of all 

exposed samples (Figs. 6b, d and f). The thickness of the MgO layer formed on SS 310, In 800 

H and Ha C-276 is approximately 30±15 µm. Underneath the MgO layer, a porous and uniform 

corroded layer, which shows similar morphology and thickness in SS 310 and In 800 H, is 

visible, while only a thin corrosion layer is evident at the surface of Ha C-276. The measured 

maximum corrosion depth of SS 310, In 800 H and Ha C-276 is 17±4, 15±3 and 1.7±0.5 μm, 

respectively. 

Fig. 7 and Fig. 8 show the respective EDS elemental mappings of SS 310 and In 800 H after 

exposure to molten MgCl2-KCl-NaCl including Mg addition, at 700°C for 500h. In the SS 310 

sample (Fig. 7) the corrosion layer is depleted in Cr and the remains mainly consist of Fe and Ni. 

Pores with the size in the range of 1-3 µm are widely distributed among the corroded areas. In 

the In 800 H sample shown in the elemental mapping (Fig. 8) and the line scan (Fig. 9), a heavy 

depletion of Cr, a slight depletion of Fe and an enrichment of Ni towards the surface is visible in 

the corrosion layer. Besides, some MgO clusters are detected inside of the corrosion layers. 

Based on the morphologies and elemental distribution in the corroded area, SS 310 and In 800 

H show similar corrosion behavior. 
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Fig. 6 SEM-BSE cross section images of the alloys SS 310 (a and b), In 800 H (c and d) and Ha C-276 (e and f) 

after the corrosion experiment with 1 wt.-% Mg addition (a, c, e: 100X; b, d, f: 1000X). The maximum corrosion 

depths are measured and shown in (b,d,f). 

 

Fig. 7 SEM-BSE image and EDS elemental mapping of SS 310 after the corrosion experiment with 1 wt.-% Mg 

addition. 

Max. corrosion depth 

Max. corrosion depth 

Max. corrosion depth 
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Fig. 8 SEM-BSE image and EDS elemental mapping of In 800 H after the corrosion experiment with 1 wt.-% Mg 

addition. The maximum corrosion depth is measured based on EDS mapping of Cr, Fe and Ni. 

 

Fig. 9 SEM-BSE image and EDS line scanning profiles at the cross section of In 800 H after the corrosion experiment 

with 1 wt.-% Mg addition. 

Compared with SS 310 and In 800 H, only minor corrosion attack, with a depth of 1.7±0.5 μm, is 

observed on Ha C-276. EDS elemental mapping of the cross section of Ha C-276 is shown in 

Fig. 10. Mg and O are present as the main elements in the precipitate layer above the alloy 

surface. Below, a corrosion layer enriched with Cr and Mo is detected (Fig. 10 and Fig. 11). In 

the EDS elemental mapping (Fig. 10), it is clear that Mo and Cr are also enriched at the grain 

boundaries in the bulk of the sample. The Mo and Cr enrichment found in the corroded layer 

might be due to a grain boundary reaching the surface (see Fig. 10). 

Max. corrosion depth 
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Fig.10 SEM-BSE cross section image and EDS elemental mapping of Ha C-276 after the corrosion experiment with 1 

wt.-% Mg addition. 

  

Fig. 11 SEM-BSE cross section image (BSE) and EDS line scanning profiles at the cross section  

of Ha C-276 after the corrosion experiment with 1 wt.-% Mg addition. 
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3.2. Corrosion test of alumina forming model alloys 

3.2.1.  Pre-oxidization 

After 15h oxidation at 800°C in air, AF-1 and AF-2 show similar oxide scale structures. The 

example of the surface morphology of a dense and uniform oxide scale, formed on both model 

alloys, is shown in Fig. 12. Table 4 gives the measured average elemental compositions in wt.-% 

of the oxide surface of both alloys. Al and O, as evidenced by quantitative EDS analysis using 

20keV accelerating voltage, have a relatively high concentration in the oxide scales. The 

measured Fe and Cr concentrations are from the substrate indicating that the alumina layer is 

relatively thin.  

 

Fig.12 Surface morphology of AF-1 after 15h oxidation at 800°C in air. 

 

Table 4 Measured compositions of oxide surface of both pre-oxidized samples (wt.%). 

 

 

 

 

The EDS elemental mapping of cross section of the oxide scale (AF-1) is shown in Fig. 13. The 

surface oxide layer is rich in Al and O, as suggested by the first EDS analysis of the surface, 

with a few Cr enriched points embedded in the oxide layer. Especially since chromia and 

alumina readily form solid solutions, this result is not surprising. No evidence of Ni and Fe in the 

oxide layer is visible. The measured thickness of the oxide scale is around 1.1 µm, and most 

probably is a mixture of θ-Al2O3 and α-Al2O3 like observed in previous work [55-57].  

Alloys O Al Fe Cr Y Zr 

AF-1 36.77 45.1 8.26 9.14 0.73 -- 

AF-2 38.08 44.48 11.17 5.68 -- 0.59 
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Fig.13 SEM-BSE image and EDS elemental mapping of cross section for AF-1 After 15h oxidation at 800°C in air. 

3.2.2. Corrosion analysis 

(1) Surface characterization 

Fig. 14 shows SEM images in back-scattered mode of the plan-view surfaces of both pre-

oxidized model alloys after exposure to molten salts at 700°C for 500h under argon atmosphere. 

The oxide scales formed during the pre-oxidation are still intact and no spallation is evident for 

both samples. However, protrusions are visible on the surface of both alloys. As evidenced by 

quantitative EDS and XRD analysis, shown in Figs. 14 and 15, the granular scale covering the 

surface is mainly α-Al2O3 (JCPDS: 46-1212). The XRD pattern also indicates the presence of 

MgO on the surface layer as well as remains of the chloride salts. 

 

Fig. 14 Surface morphologies of AF-1 and AF-2 after exposure to molten MgCl2-KCl-NaCl without Mg addition at 

700°C for 500 h. 
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Fig. 15 XRD pattern of AF-2 after the corrosion experiment without Mg addition (BCC lines: substrate). 

 

(2) Cross-section analysis 

Cross-sectional SEM images of the exposed alloys AF-1 and AF-2 are shown in Fig. 16. A 

continuous oxide layer with a thickness of around 8-10 μm was found on the surface of both 

samples. From the cross-sectional line scanning shown in Fig. 17, a strong intensity of O and Al 

through the oxide layer can be identified. There is no evident Al depletion underneath the oxide 

scale. Also, no Cr depletion or penetration of chloride salts is evident in both samples. An 

increase in intensity of Mg is visible only in the outer part of the oxide scale, which in 

combination with the XRD measurement (Fig. 15) of the surface indicates that MgO precipitates 

are formed on the surface of the aluminum oxide layer. These observations are consistent with 

the elemental mapping of the cross section, shown in Fig. 18. Also, it indicates that the alumina 

barrier successfully inhibits the outer diffusion of Cr, Al and Fe and inner penetration of the 

chloride salts components. 
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Fig. 16 SEM BSE cross section images of AF1 and AF2 after the corrosion experiment without Mg addition. 

 

Fig. 17 Top: BSE image of the polished cross section of AF-1 after the corrosion experiment without Mg addition. 

Bottom: EDS line scanning profile of the cross section of AF-1. 
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Fig. 18 SEM BSE cross section image and EDS mapping of AF-2 after the corrosion experiment without Mg addition. 

4. Discussion 

4.1. Comparison of experimental corrosion rates with and without Mg addition 

After expose the three alloys in molten salts with Mg addition at 700°C for 500 h, the corrosion 

depths of SS 310, In 800 H and Ha C-276 which are measured from cross section, are 17±4, 

15±3 and 1.7±0.5 μm, respectively. The order of corrosion resistance of the test alloys after 

adding Mg in the molten chloride salts is: Ha C-276 > In 800 H ≈ SS 310. From comparison, Fig. 

19 shows the SEM images of cross section of the three alloys after corrosion experiments 

without Mg addition from our previous work [21]. SS 310 and In 800 H show serious corrosion 

attack, especially SS 310 with large pores and spallation of the remained corroded layer, as 

shown in Fig. 19(a). The order of corrosion resistance of the test alloys in molten chloride salts 

without Mg addition under inert atmosphere is: Ha C-276 > In 800 H > SS 310. The measured 

maximum corrosion depths of SS 310, In 800 H and Ha C-276, after immersion for 500h at 

700°C, are 100, 50 and 30 μm, respectively [21].  

The morphology of the MgO deposits on the samples surfaces, formed when using Mg addition, 

investigated in this study, are almost compact and continuous. No spallation of this MgO layer 

occurred even after grinding and polishing, which indicates the strong adherence of the MgO 

layers. According to the reference results, without Mg addition [21,30], a MgO shell that 

presumably originates from the decomposition of MgOHCl precipitates on metal surface when 
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the steels are exposed to molten chloride salts contaminated with oxygen impurities. However, 

these MgO based scales peel off during exposure.  

Fig. 20 compares the corrosion depths of the three alloys in absence and presence of Mg 

inhibitor. Based on the measured maximum corrosion depth and Eq. 1, the calculated corrosion 

rates of the three alloys exposed to chloride salts in the absence and presence of the Mg 

inhibitor are summarized in Table 5. By addition of Mg in the molten chloride salts, the corrosion 

rate can be reduced by ~83% for SS 310, ~70% for In 800 H and ~94% for Ha C-276 comparing 

with the exposure test without Mg addition. Ha C-276 shows the best corrosion resistance to 

molten chloride salts at 700°C in the presence of Mg addition with a corrosion rate of 29.8±8.7 

μm/year close to the requirement for commercial applications (15 μm/year). 

 

 

Fig. 19 SEM cross section images of (a) SS 310, (b) In 800 H and (c) Ha C-276 after exposure to molten  

MgCl2-KCl-NaCl at 700°C for 500h (without Mg inhibitor) [21].  

 

Fig. 20 Measured corrosion depth of three alloys after exposure to molten 

MgCl2-KCl-NaCl at 700 °C for 500 h; without and with Mg addition. 
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Table 5 Corrosion rate of three commercial Fe-Cr-Ni alloys in MgCl2-KCl-NaCl (without and with Mg inhibitor). 

Alloys Corrosion rate (μm/year) 

 In absence of Mg addition [21] In presence of Mg addition 

SS 310 1752 298±70 (~17%) 

In 800H 876 262±52 (~30%) 

Ha C-276 526 29.8±8.7 (~6%) 

 

Considering the chemical compositions of these three alloys and the EMFs of the alloying 

elements in Table 1, Ha C-276 alloy is a Ni-based high temperature alloy with low content of Cr 

and Fe which both are easily corroded in molten chloride salts. W and Mo have similar EMFs 

compared to that of Ni (see Table 1), which indicates the similar behavior in molten chloride 

salts. Besides, W and Mo alloying will presumably reduce the corrosion rate by lowering the 

diffusion of Cr along the grain boundaries [31,43,58]. SS 310 and In 800 H are both Fe-based 

alloys with more than 20 wt.-% Cr. The alloying elements Mn and Si in SS 310 are reactive 

towards the molten chloride salts, which has been observed in our previous work [21]. Although 

SS 310 contains less Ni than In 800 H, it has an almost similar corrosion depth compared with 

the latter, when Mg inhibitor is added. This may be explained with that Mg reduces the impurity 

level in the molten chloride salt, which is considered to be the main corrosion driver [21,31,36]. 

Moreover, the compact MgO layer formed on the alloy surfaces might prevent the direct contact 

of molten chloride salts with the alloys. 

4.2. Corrosion of Fe-Cr-Ni based alloys in molten chlorides with Mg addition 

4.2.1. Thermodynamic background 

Fe, Cr and Ni are the common elements for commercial alloys as structural materials. Since the 

free energy of formation of CrCl2, FeCl2 and NiCl2 is higher than MgCl2 (see Table 1), KCl and 

NaCl, the corrosion of alloys cannot be caused by MgCl2, KCl and NaCl [20,43]. Moreover, the 

alloys were immersed in the molten chlorides at a constant temperature and were not contact 

with other metals (see Fig. 2). This means that the electrochemical corrosion, galvanic corrosion 

and corrosion due to temperature effects cannot take place. Thus, other mechanisms driving the 

corrosion process, e.g. impurity-driven corrosion mechanisms, should be considered [21,23-30]. 

Generally, the corrosion of Cr-Fe-Ni alloys in molten chloride salts is due to oxidation and 

reduction reactions occurring in the system [31]. The oxidation reaction of the alloying elements 

(metal dissolution: Cr, Fe, Ni) and the reduction reaction of the oxidizing impurity in the molten 

salt (e.g., H+, MgOH+) can be defined by the following Eqs. 2 and 3: 
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Oxidation of metallic element M in the alloy (anode):   𝑀 = 𝑀𝑚+ +𝑚𝑒−                               Eq. 2 

Reduction of oxidizing impurity X in the molten salt (cathode):     𝑂𝑥 + 𝑛𝑒− = 𝑅𝑒𝑑                Eq. 3 

where Ox and Red represent the oxidant and its corresponding reductant, respectively. 

Therefore, the total reaction is:  

n

m
𝑀 +𝑂𝑥 ⇌

n

m
𝑀𝑚+ + 𝑅𝑒𝑑                                                                                                       Eq. 4 

In order to push the reaction towards the right side (i.e., corrosion of the alloys), the driving force 

of the reaction, i.e., the Gibbs free energy of formation (∆GF), should be negative. For an 

electrochemical reaction, the following function is applied to calculate the Gibbs free energy of 

the reaction [20,52]:  

∆𝐺𝐹 = −𝑛𝐹𝐸                                                                                                                            Eq. 5 

Where E = Er,c−Er,a is the potential difference between cathodic potential (Er,c) of Eq. 3 and 

anodic potential (Er,a) of Eq. 2; F is the Faraday constant; n is the number of exchanged 

electrons. 

According to Eq. 5, the more positive E, the more negative the ∆GF. If ∆GF is negative, the 

chemical reaction will be spontaneous. A more negative value of ∆GF represents stronger 

driving force of the reaction.  

Since most of the reactions happen in a non-standard condition, the electrode potential varies 

according to the experimental conditions. Based on the oxidation and reduction reactions 

described in Eqs. 2 and 3, as well as the total reaction described in Eq. 4, the half-cell real 

electrode potential of oxidation-reduction reaction can be calculated according to the Nernst 

equation, shown in the following Eqs. 6-7 [20]:  

𝐸𝑟,𝑎
𝑟 = 𝐸𝑟,𝑎

0 +
𝑅𝑇

𝑛𝐹
ln(

aMm+

CM
)
n

m                                                                                                       Eq. 6 

𝐸𝑟,𝑐
𝑟 = 𝐸𝑟,𝑐

0 +
𝑅𝑇

𝑛𝐹
ln(

aOx

aRed
)                                                                                                           Eq. 7 

where Er is the real electrode potential; R is the gas constant; aMm+ , aOx  and aRed  are the 

activities of the reaction species in the melt, which are the product of the concentration and 

activity coefficient; CM is the concentrations of the alloying element, which can be assumed unity 

for metals. 
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In the following section, the corrosion mechanism of molten chloride salts in absence and 

presence of Mg inhibitor will be discussed based on the above described oxidation-reduction 

reactions. 

4.2.2. Corrosion in molten chloride salts without Mg addition 

Corrosion tests results from Ambroseck et.al (2010) [9] and Wang et.al (2017) [23] have 

indicated that addition of MgCl2 in KCl-MgCl2 salts will accelerate the corrosion of alloys 

because of the increased concentration of corrosive impurities. Due to the strong hygroscopicity, 

covalent metal halides (e.g., MgCl2, CaCl2) are easily hydrated when in contact with air or 

moisture. Consequently, oxidizing corrosive impurities (e.g., hydroxide species, HCl) are 

produced from the hydrated salts during the heating-up procedure [9,18,26]. In addition, 

molecular O2 can react with Cl- to form corrosive O2- and Cl2. This corrosion phenomenon is 

consistent with the corrosion thermodynamics. According to Eq. 7, the increased concentration 

of corrosive impurities in the melt can increase 𝐸𝑟,𝑐
𝑟 . Thus, the Gibbs free energy of formation 

(∆GF) for the corrosion reaction in Eq. 5 will be more negative, i.e., stronger driving force of the 

corrosion reaction. Eqs. 8-10 and Fig. 21 describe the chemical reactions presumably producing 

the corrosive species in the molten salt. 

MgCl2 + H2O(hydrated) → MgOHCl + HCl(g)   Eq. 8 

MgOHCl(s) → MgOH+ + Cl- Eq. 9 

O2 + 4Cl- → 2O2- + 2Cl2(g) Eq. 10 
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Fig. 21 Hypothetical corrosion mechanism of Fe-Ni-Cr based alloys in molten MgCl2/KCl/NaCl without Mg corrosion 

inhibitor, adopted from previous work [21]. 

Chromium alloying will not only help improve the mechanical properties of commercial high 

temperature alloys, but also promote the formation of protective passive oxide scales as a 

barrier in oxidizing environment [45-46,56-57]. However, various experimental results have 

indicated that that Cr-alloying steels will not form a protective Cr2O3 scale in molten chloride 

salts because of the high dissolution of Cr-oxides in molten chloride salts [30,41]. Even Cr2O3 

itself is prone to dissolve as CrO4
2- [32,42]. Our previous work [21] showed that Cr is the most 

active element in the Fe-Cr-Ni alloys to be reduced in the anode, followed by Fe, and Ni is noble. 

The standard electromotive forces (EMF) shown in Table 1 represent standard reduction 

potentials of the alloying elements in their chloride salts. As Cr has a higher EMF value (i.e., 

more negative Er,a) than Fe and Ni, Cr will be preferentially oxidized in the Fe-Cr-Ni alloy system, 

according the corrosion thermodynamics. CrCl2 and FeCl2 will form which have a high solubility 

in molten chloride salts will leave sample surface. Fig. 21 shows the schematic diagram of the 

corrosion mechanism of Fe-Ni-Cr based alloys in molten MgCl2/KCl/NaCl without Mg corrosion 

inhibitor. The reactions between Cr and the corrosion impurities MgOH+, O2, Cl2, HCl in the 

corrosion layer in Fig. 21 are shown in Eqs. 11-15 [18,21]. The corrosion products can be the 

gaseous hydrated Cr-chlorides such as CrCl2·xH2O [59] and Mg-Cr oxide precipitates like 

MgCr2O4 which have been found in previous work [21].  

Cr + 2MgOH+ → Cr2+ + 2MgO(s) + H2(g)  Eq. 11 

Cr + 2H+ → Cr2+ + H2(g)     Eq. 12 

Cr + Cl2 + xH2O → CrCl2·xH2O(g)  Eq. 13 

12Cr2+ + 3O2 → 2Cr2O3(s) + 8Cr3+  Eq. 14 

2Cr3+ + Mg2+ + 4O2- → MgCr2O4(s)  Eq. 15 

4.2.3. Effects of Mg addition 

In order to understand the effects of Mg addition, the thermodynamics of the corrosion of alloys 

in molten chlorides is considered. Corrosion can be caused by any agent (e.g., H+, MgOH+) that 

controls the redox potential. For simplicity, HCl(l)/H2 is considered here. According to the 

reaction below: 
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1

2
H2(g) +

1

2
Cl(g) = HCl(l),∆𝐺𝐻𝐶𝑙

0  
 Eq. 16 

the redox potential of the molten chloride (i.e., chlorine potentials ∆𝐺𝐶𝑙2) can be defined as the 

redox potential of the molten fluoride (i.e., fluorine potentials ∆𝐺𝐹2) in [37]: 

∆𝐺𝐶𝑙2 ≝ 𝑅𝑇 ln 𝑝𝐶𝑙2 = 2𝑅𝑇 ln (𝑎𝐻𝐶𝑙 √𝑝𝐻2⁄ ) + 2∆𝐺𝐻𝐶𝑙
0 ,  Eq. 17 

since the standard free energy of formation of Eq. 16 is 

∆𝐺𝐻𝐶𝑙
0 = −𝑅𝑇 ln𝐾 = −𝑅𝑇 ln(

𝑎𝐻𝐶𝑙

√𝑝𝐻2√𝑝𝐶𝑙2
), 

 Eq. 18 

where K is the equilibrium constant of the reaction in Eq. 16, and 𝑎𝐻𝐶𝑙 is the activity of HCl in 

molten chlorides, 𝑝𝐻2 and 𝑝𝐶𝑙2 is the partial pressure of H2 and Cl2, respectively. The activity is a 

product of the molar fraction and the activity coefficient of this component. 

The corrosion reaction of the alloys in molten chlorides (e.g., dissolution of Cr) is: 

Cr(s) + 2HCl(l) = CrCl2(l) +H2(g),∆𝐺𝐶𝑟𝐶𝑙2
0   Eq. 19 

with the equilibrium expression of: 

𝑝𝐻2𝑎𝐶𝑟𝐶𝑙2
𝑎2𝐻𝐶𝑙

= exp(−
∆𝐺𝐶𝑟𝐶𝑙2

0 − 2∆𝐺𝐻𝐶𝑙
0

𝑅𝑇
), 

 Eq. 20 

where ∆𝐺𝐶𝑟𝐶𝑙2
0  is the standard free energy of formation of pure CrCl2 liquid (at 800°C, ∆𝐺𝐶𝑟𝐶𝑙2

0 =    

-261 kJ/mol), and 𝑎𝐶𝑟𝐶𝑙2 is the activity of CrCl2 in molten chlorides. Using Eq. 17 to eliminate the 

partial pressures of H2 and HCl yields 

𝑅𝑇 ln(𝑎𝐶𝑟𝐶𝑙2) = ∆𝐺𝐶𝑙2 − ∆𝐺𝐶𝑟𝐶𝑙2
0 .  Eq. 21 

Thus, the lower the redox potential ∆𝐺𝐶𝑙2, the lower equilibrium concentration the CrCl2 in the 

molten chloride has. 

Addition of the metals (e.g., Mg) to the molten chlorides can reduce the redox potentials (i.e., 

chlorine potential ∆𝐺𝐶𝑙2). For Mg, the formation reaction of MgCl2 is 

Mg(s) + Cl2(g) = MgCl2(l),∆𝐺𝑀𝑔𝐶𝑙2
0   Eq. 22 

with the equilibrium expression of: 
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𝑎𝑀𝑔𝐶𝑙2
𝑝𝐶𝑙2

= exp(−
∆𝐺𝑀𝑔𝐶𝑙2

0

𝑅𝑇
), 

 Eq. 23 

Where ∆𝐺𝑀𝑔𝐶𝑙2
0  is the standard free energy of formation of pure MgCl2 liquid (at 800°C, 

∆𝐺𝑀𝑔𝐶𝑙2
0 =-475 kJ/mol [52]), and 𝑎𝑀𝑔𝐶𝑙2 is the activity of MgCl2 in molten chlorides. Therefore, the 

redox potential of the molten chloride ∆𝐺𝐶𝑙2 is reduced by adding Mg: 

∆𝐺𝐶𝑙2 ≝ 𝑅𝑇 ln 𝑝𝐶𝑙2 = 𝑅𝑇 ln(𝑎𝑀𝑔𝐶𝑙2) + ∆𝐺𝑀𝑔𝐶𝑙2
0 ,  Eq. 24 

Substituting the redox potential of the molten chloride ∆𝐺𝐶𝑙2 in Eq. 24 into Eq. 21 yeilds 

𝑅𝑇 ln(𝑎𝐶𝑟𝐶𝑙2) = 𝑅𝑇 ln(𝑎𝑀𝑔𝐶𝑙2) + ∆𝐺𝑀𝑔𝐶𝑙2
0 − ∆𝐺𝐶𝑟𝐶𝑙2

0 , 

→ 𝑎𝐶𝑟𝐶𝑙2 = 𝑎𝑀𝑔𝐶𝑙2∙ Exp (
∆𝐺𝑀𝑔𝐶𝑙2

0 − ∆𝐺𝐶𝑟𝐶𝑙2
0

𝑅𝑇
). 

 Eq. 25 

For FeCl2 and NiCl2, the equations are: 

𝑎𝐹𝑒𝐶𝑙2 = 𝑎𝑀𝑔𝐶𝑙2∙ Exp(
∆𝐺𝑀𝑔𝐶𝑙2

0 − ∆𝐺𝐹𝑒𝐶𝑙2
0

𝑅𝑇
). 

 Eq. 26 

→ 𝑎𝑁𝑖𝐶𝑙2 = 𝑎𝑀𝑔𝐶𝑙2∙ Exp (
∆𝐺𝑀𝑔𝐶𝑙2

0 − ∆𝐺𝑁𝑖𝐶𝑙2
0

𝑅𝑇
). 

 Eq. 27 

From Eqs. 25-27, the equilibrium molar fractions of CrCl2, FeCl2 and NiCl2 in MgCl2-KCl-NaCl 

(60-20-20 mole %) with Mg addition can be calculated, using the standard free energy of 

formation of MgCl2 (-475 kJ/mol), CrCl2, FeCl2 and NiCl2 (see Table 1). Under the assumption 

that the activity coefficients of MgCl2, CrCl2, FeCl2 and NiCl2 in the melt are the same and equal 

to 0.1 [37], the redox potential of the MgCl2-KCl-NaCl (60-20-20 mole %) with Mg addition at 

800°C as well as the equilibrium molar fractions of CrCl2, FeCl2 and NiCl2 in the melt are 

calculated and presented in Table 6. 

Table 6 Calculated redox potential of MgCl2-KCl-NaCl (60-20-20 mole %) with Mg addition at 800°C, and calculated 

equilibrium molar fractions of CrCl2, FeCl2 and NiCl2 in the melt. 

T (°C) Redox potential ∆𝑮𝑪𝒍𝟐 

with Mg (kJ/mol) 

Mg
2+

 (mol %) Cr
2+

 (mol %)  Fe
2+

 (mol %)  Ni
2+

 (mol %) 

800 -500 0.6 2.3×10
-11

 1.5×10
-13

 8.5×10
-16

 

 

In equilibrium, the molar fraction of Mg2+ in the melt is much higher than that of Cr2+, Fe2+ or Ni2+. 

Thus, Mg reacts preferentially with the oxidizing impurities in the melt than Cr, Fe and Ni, when 

exposure of Fe-Ni-Cr alloys in molten MgCl2-KCl-NaCl with Mg addition. Fig. 22 shows the 
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schematic diagram of the corrosion mitigation mechanism of Fe-Ni-Cr based alloys in molten 

MgCl2/KCl/NaCl with Mg corrosion inhibitor. The following reactions (Eqs. 28-32) are assumed 

to describe the interactions between Mg metal and corrosive impurities in the molten salts. 

Mg + 2MgOH+ → Mg2+ + 2MgO(s) + H2(g)  Eq. 28 

Mg + 2H+ → Mg2+ + H2(g)  Eq. 29 

Mg + Cl2 → Mg2+ + 2Cl-  Eq. 30 

Mg2+  + O2- → MgO(s)   Eq. 31 

2Mg + O2 → 2MgO(s)      Eq. 32 

 

Fig. 22 Corrosion mitigation mechanism of Fe-Ni-Cr alloys in molten MgCl2/KCl/NaCl with Mg corrosion inhibitor. 

A considerable amount of MgO is produced, as evidenced by the SEM/EDS analysis shown 

earlier. Since MgO has a low solubility in molten chloride salts (solubility in MgCl2-NaCl: 4.6×10-

3 mol/kg(salt) at 730°C [50,60]), its precipitation leads to the observed thick and dense MgO 

layers, which cover the alloy surfaces. We assume that this layer acts as a diffusion barrier. 

Regarding the growth of MgO layer on the metal surface, we assume that Mg dissolved in the 

molten salts will react with initial Cr-, Fe- and Ni-based oxides according to the Ellingham 

diagrams [61] and Eq. 33. Subsequently, the formed MgO will precipitate on metal surface (as 

schematically shown Fig. 22). 
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yMg + MxOy → yMgO + xM,                                                                                                  Eq. 33 

Where M is Cr, Fe, Ni. 

Besides, this solid metal-liquid salt-interface will provide a nucleation site for MgO (see Fig. 22). 

On the one hand, this thick MgO scale might prevent diffusion, thereafter lowering the corrosion 

rates of structural materials. On the other hand, the thick MgO scales might impact the thermal 

performance of the system, causing challenges for the engineering design of the main 

components, like the heat exchanger and the receiver. Therefore, the corrosion of structural 

materials caused by molten chloride salts could be mitigated by applying an approach in which 

salt purification techniques should be combined with an optimized Mg-metal addition.  

Although the corrosion layers are reduced, compared with the experiments performed without 

Mg addition, there are still corrosion attacks detected on all test alloys. This may be explained 

by the fact that at the beginning of the exposure test, Mg metal needs time to dissolve and react 

with impurities. Therefore, the corrosion at the alloy surface may happen due to the high 

concentrations of corrosive impurities at the initial stage. In a closed system, the concentrations 

(i.e., activities) of oxidants (impurities) will be decreased after reacting with Mg. Then, the 

corrosion of alloys will slow down or even stop, as well as the growth of the MgO scale, when 

the corrosive impurities are totally consumed.  

4.3. Corrosion of pre-oxidized alumina forming Fe-Cr-Al alloys 

Both of the pre-oxidized alumina forming Fe-Cr-Al alloys show corrosion resistance towards the 

molten chloride salts in the 500 h isothermal test at 700°C under inert atmosphere. No depletion 

of Cr in the matrix is visible. After 500h exposure to molten salts at 700°C, only α-Al2O3 and 

MgO phases are detected in the oxide scales, as shown in Fig. 15. Our results indicate that pre-

oxidized Al2O3 scale can effectively mitigate the hot corrosion of structural alloys in molten 

chloride salts at 700°C under inert atmosphere.  

 

Compared with a chromia layer, the dense α-Al2O3 scale is more protective at high temperature 

because it is thermodynamically stable and slowly growing over time [56,62]. In the molten 

chloride salts, Al2O3 is stable and inert to the corrosive impurities [42,63], while Cr2O3 is easily 

dissolved as Chromate ion (CrO4
2-) [32,42]. Results from Pan et.al (2011) [64] and Li et.al (2007) 
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[42] show that the chlorine partial pressure produced by Eq. 34 is 10-15 atm in comparison to 10-

5 atm produced by chromia, indicating the stability of Al2O3 in chloride environments.  

2KCl(s,L)+Al2O3(s) +1/2O2(g) = 2KAlO2(s) + Cl2(g)                                                             Eq. 34 

The protective Al2O3 scales show strong adherence to the base materials in case of both alloys. 

It has also been demonstrated elsewhere that, like in this study, some elements (like Y, Zr, Hf) 

can improve the adherence of the scales significantly [53,62].  

Both model alloys show a tremendous increase in thickness of the oxide scale after exposure to 

molten salts from ~1 µm to ~9 µm. The growth of the alumina layer which requires oxygen, is an 

indication of the oxygen species’ presence in the molten salt. Therefore, any oxidizing species 

in the chloride salts should be reduced prior of their use, by purification techniques, in order to 

reduce the corrosion of the structural materials and the growth rate of the oxide scale on their 

surface during exposure. 

5. Conclusions 

Based on the results, the main conclusions are:  

(1) After 500h exposure at 700°C in molten MgCl2-KCl-NaCl salts with Mg addition under inert 

atmosphere, the measured corrosion depths of SS 310, In 800 H and Hastelloy C-276 are 17±4, 

15±3 and 1.7±0.5 μm, respectively. The calculated corrosion rate of SS 310, In 800 H and Ha 

C-276 is 298±70, 262±52, and 29.8±8.7 μm/year, respectively. Hastelloy C-276 shows the best 

corrosion resistance, and approaches the demands for commercial applications as structural 

materials (<15 µm/year). 

(2) Adding Mg (1 wt.-% Mg) as corrosion inhibitor in chloride salts can significantly reduce the 

corrosion rate in case of Fe-Cr-Ni based alloys. The corrosion rate can be reduced by ~83 % for 

SS 310, ~70% for In 800 H and ~94% for Ha C-276 compared with the exposure tests without 

Mg addition. 

(3) The degradation of Fe-Cr-Ni based alloys in molten chloride salts is considered as impurity-

driven corrosion. According to the corrosion thermodynamics of alloys in molten chlorides with 

Mg addition, Mg preferentially reacts with the impurities in the salts until either Mg or the 

impurities are consumed. The formed MgO layer on the alloy surface might act as a barrier to 

inhibit direct contact between salts and metals. However, the formation, the growth, the 

compactness and the influence on the corrosion process of the MgO deposit should be future 

explored during long term experiments. 



 

30 

(4) The alumina scale obtained by pre-oxidizing the Fe-Cr-Al alloys is corrosion resistant to the 

molten chloride salts when exposed at 700°C for 500h under inert atmosphere. It can effectively 

prevent the diffusion of Cr into the salt and the penetration of corrosive impurities into the alloy. 

Moreover, it shows strong adherence on the alloy substrates. 

(5) After 500h exposure to molten salts at 700°C, only stable α-Al2O3 phase is detected in the 

oxide scale. Long term experiments performed in molten chloride salts with improved purity are 

required to monitor the alumina growth rate and stability. 

(6) We present results on two promising approaches to minimize corrosion rates of structural 

materials in contact with molten chlorides for next generation thermal energy storage and heat 

transfer fluid application in concentrating solar power plants (see Fig. 23). This progress on 

material aspects will support the development of molten chloride salt technology. 

 

Fig. 23 Corrosion mitigation strategies for structural materials in molten chlorides for next generation CSP plants 

under in-situ impurity monitoring based on cyclic voltammetry (CV): a) active metal corrosion inhibitor, b) alumina 

forming Al-containing alloys. 
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