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Abstract 

There is currently an ever-increasing demand for higher process efficiencies in next generation 
(Gen3) concentrating solar power (CSP). Higher process efficiencies may be procured by 
increasing the operating temperature, and simultaneously, minimizing the degradation of 
materials used for construction of CSP plants (e.g., piping, thermal storage tanks, solar 
receivers and heat exchangers). Thus, understanding materials corrosion in the presence of 
molten salt mixtures used as thermal energy storage media and heat transfer fluids is 
indispensable for CSP development. The present paper provides insights into the effects of 
salt purification on the corrosion of a nickel-based alloy (Haynes 230) isothermally exposed 
to a stagnant chloride-based salt mixture at 800°C. The MgCl2-based salt mixture was 
thermally dehydrated and chemically treated with (0.1 and 0.5 wt. %) elemental magnesium. 
Results reveal the electrochemical nature of the corrosion process, and the formation of 
corrosion products such as oxides (MgO, MgCr2O4, and MgAl2O4) and nitrides (CrN) on the 
alloy surface and in sub-surface regions. Magnesium additions enhanced the ability to resist 
corrosion by reducing the concentration of impurities (H2O, MgOH+, OH- species) and 
polarizing the alloy surface. The formation of nitrides in all cases studied indicates the impact 
of using nitrogen as a protective gas in the system. Results also reveal that a single step 
treatment of the salt using metallic Mg could be considered as a measure to control the salt’s 
impurity level, e.g., if required for system control. 

Keywords: High-temperature corrosion; concentrating solar power; magnesium; oxidation 
and nitridation; cathodic protection 
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1. Introduction 
 

Concentrating solar power (CSP) with thermal energy storage (TES), also referred to as solar 
thermal technology, has the potential to become a key renewable energy source. Thus, research 
initiatives in solar-powered energy and CSP-TES are emerging across the world. In the SunShot 
initiative launched by the U.S. Department of Energy (DOE) in 2011, the development of the 
next generation of CSP system “Gen3-CSP”, that is cost-competitive with the fossil electricity 
generation, is expected to be completed in the coming decade [1, 2]. To realize this target, 
multiple technological challenges have to be addressed to achieve higher thermal-electric 
conversion efficiencies and cost reductions (from 2018’s benchmark at $0.098/kWh to 2030’s 
goal at $0.05/kWh). This requires improvements in the high-temperature capabilities in Gen3 
CSP.  
 
Presently, state-of-the-art CSP plants utilize so-called “solar-salt”, comprising a mixture of 
molten sodium/potassium nitrate salts (60 NaNO3/40 KNO3, wt.%) as the TES media and heat 
transfer fluid (HTF). Nitrate-based salt mixtures, however, have an operating temperature limit 
of 565°C as their thermal decomposition forms toxic NOx species at around 600°C [3-8]. To 
achieve a higher operating temperature range for Gen3 CSP (from 500°C to around 720°C), TES 
media and HTF requires substitution by molten salts that exhibit high-temperature performance. 
The proposed molten salt candidate by DOE to enable higher operating temperatures is a ternary 
MgCl2-KCl-NaCl [9]). The ternary molten chlorides unveil a suitable combination of thermo-
physical properties (e.g., heat capacity and thermal conductivity) and low (commodity) cost. 
Chloride salts have thus also been used in metals extraction, as coolant salts, and in 
electrochemical plating. But, notwithstanding their abundance and the desired properties for 
CSP/TES applications, molten chlorides can be quite challenging from a corrosion perspective 
[9-11]. Alkali-halides and alkaline earth-halides are thermodynamically favorable (i.e., they have 
a relatively lower free energy of formation) than the transition metal chlorides [9]. This suggests 
that when alloys mostly made of transition metals such as Fe, Ni, Cr, Mn, etc., are in contact with 
molten chloride salts, electrochemical corrosion reactions should not occur. Hence, the corrosion 
of high-temperature alloys in molten salts/chlorides are indeed controlled by oxidizing impurities 
including e.g., H2O, H+, OH-, HCl, and Cl2 species as well as the magnesium-hydroxy ions 
(MgOH+) in the melts - which is a result of hydrolysis reaction between the MgCl2 component in 
the ternary salt and water [12-15]. These impurities originate from various sources e.g., during 
the preparation and storage of the salts, contaminations in the system, corrosion products and the 
atmosphere [9, 12]. Additionally, the effect of temperature on the corrosion of alloys is 
remarkable. For example, it has been shown that a relatively modest increase in temperature from 
650 to 700°C in chloride molten salts, results in a significant increase (> 2 times) in the 
dissolution rate of Incoloy 800H (from 5.9 to 12.45 mm/year) [11]. Thus, the durability of 
metallic materials used in molten salt-based Gen 3 CSP is presently a key issue restricting their 
utilization at a large-scale.  

 
An overview of the research within the context of corrosion of Fe- and Ni-based alloys in the 
presence of molten chlorides can be found in Table S1 (see Supplementary Information). The 
physisorbed and chemisorbed impurities can cause a rather significant damage to the construction 
materials through a combination of several degradation mechanisms including electrochemical 
reactions, alloy chlorination, solid-state diffusion-intergranular corrosion, and finally alloy 
dissolution (Table 1). Given the corrosive nature of molten chlorides originating from impurities, 
some studies have been performed to quantify the impurity levels in the melts. For example, Ding 
et al. [15] developed an in-situ electrochemical sensor based on cyclic voltammetry (CV) and an 
acid-base titration to determine the concentration of MgOH+ in the salt. Klammer et al. [16] 
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introduced a solution comprising of methanol, water, and a tetravalent molecule (EDTA) titration 
procedure to quantify both MgOHCl and MgO in MgCl2-based salt mixtures. The next category 
of the investigations concerns exploring the effectiveness of applying different surface treatment 
approaches on high-temperature alloys, see Fig. 1. Examples are MCrAlX coatings [17], 
composite coatings [18], laser-cladding coatings [19], and surface graphitization of alloys [20]. 
These studies have demonstrated that surface treatment and coating strategies cannot alone 
address the corrosion issue in the presence of molten chlorides. Hence, impurities in the salt must 
be controlled to achieve salt based Gen3 CSP’s corrosion target. 
 

Figure 1 
 

Reducing, or ideally removing, the impurities/oxidizing species from salt mixtures have been 
extensively investigated to mitigate the corrosive nature of molten salts [9, 15, 16, 24, 26]. Many 
researchers have studied the thermal dehydration of molten salts by multi-step heating [36-38]. 
For example, Kipouros and Sadoway [36] introduced a stepwise heating procedure to perform 
sequential dehydration of MgCl2.6H2O to MgCl2.4H2O, MgCl2.2H2O, MgCl2.H2O and finally the 
target of a complete dehydration MgCl2. The second successful purification approach includes 
chemical treatment of salt mixtures. Early studies, e.g., [39], exploited the classical corrosion 
inhibition way of cathodic protection/sacrificial anode and used the reactive metal Li to purify 
molten chlorides, minimize the redox potential, and thus control the corrosion of alloys.  
 
More recently, purification by the affordable and earth-abundant element, Mg, that promotes 
magnesiothermic reductions, and thus, removal of impurities, is under consideration. Ding et al. 
[24] examined the purification of the ternary MgCl2-KCl-NaCl salt mixture via electrolysis with 
an Mg anode. They reported that the corrosion of alloy In 800H significantly decreased through 
a 93% reduction in the concentration of MgOH+ after the electrolytic purification of the melt, 
comparing with the unpurified melt. Zhao et al. [26] designed a step-wise thermal (based on the 
principles of Kipouros and Sadoway [36]) and chemical procedure (i.e. chemically treated by 
addition of elemental Mg) to purify the MgCl2-KCl-NaCl salt mixture and showed that the 
corrosion rate of the alloy Haynes 230 substantially decreased from >3200 µm/year to ~40 
µm/year at 800°C. The Mg addition was proposed to reduce the corrosion rate through 
functioning as a scavenger of: (1) impurities (MgOHCl, or the soluble MgOH+), and (2) oxygen, 
regulating the corrosion potential. This was a significant finding, demonstrating that the level of 
impurities in the chloride melts can further be minimized after a thermal purification procedure, 
and hence, a “Thermal + Chemical” treatment is required.  
 
Despite sustained research in identifying the best purification practice for the ternary Mg2Cl-
KCl-NaCl salt, there remains an ongoing desire to optimize the purification process, given the 
massive quantities of salt inventory (>10,000 Mt) required for TES in every individual molten 
salt Gen3 CSP plant in the future. The previous study performed by Zhao et al. [9, 26] highlights 
this need as well. They realized that an addition of 1.7 wt.% Mg for the purification process, the 
quantity recommended by the Savannah River National Laboratory (SRNL) based on their earlier 
investigation [40], was in excess, appearing in the sludge phase. In addition, there exist limited 
experimental data on corrosion of high-temperature alloys when in contact with purified chloride 
salt mixtures. Thus, the mechanisms by which alloy corrosion is mitigated by the Mg addition 
are not well-understood.  

 
The present investigation was performed in pursuit of extending understanding of Ni-alloy 
corrosion in a molten chloride mixture (MgCl2-KCl-NaCl), and specifically at a temperature 
relevant to Gen3 CSP (up to 800°C at the solar receiver) in an inert environment (N2). Hence, the 
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corrosion behavior of a nickel-chromium-tungsten-molybdenum alloy (Haynes 230) after 
exposure to the unpurified chloride salt mixture was carefully assessed as a baseline experiment. 
The salt was then purified using three different strategies involving thermal (dehydration) and 
chemical (using elemental Mg chips) procedures. The systematic investigation of the alloy 
corrosion behavior in different environments provides insights into the corrosion mechanisms 
involved as well as optimization of the purification process required.  
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2. Experimental  
 

2.1. Test material 
 
Haynes 230 (H230), which is a nickel-chromium-tungsten-molybdenum alloy was used as the 
test material in the present study (chemical composition in Table 1). With a solid-solution and 
carbide-strengthened austenitic structure (𝛾-Ni), the alloy exhibits good high-temperature 
strength, corrosion resistance and thermal stability. The microstructure of the alloy has been 
carefully investigated in the literature [41]. The two main carbide phases are M6C (W-rich) in the 
form of stringers, and fine M23C6 (Cr-rich) precipitates (see Fig. 2a). When exposed to air and 
water vapor at elevated temperatures, the alloy has been reported to develop a duplex external 
oxide scale (an inner Cr2O3 scale, and in some cases, an outer Mn-Cr spinel scale (MnCr)3O4) 
resulting in Al2O3 particles in the near-surface regions [42].  
 

 
Table 1 

 
 

2.2. Salt purification procedure    
 

The salt mixture used in this investigation was anhydrous carnallite (AC) received from Israel 
Chemicals Ltd (ICL) of composition 49.1MgCl2–38.6KCl–12.3NaCl (in wt.%) with 0.5 – 1 wt.% of 
water. About 500–800 g of AC was utilized for each purification procedure. The AC salt mixture was 
treated by two different purification approaches. In the first case, the AC salt was thermally purified 
based on Sadoway stepwise dehydration approach [36] to reduce the amounts of physisorbed moisture 
and chemisorbed hydrates in the MgCl2. The AC salt was thermally purified in an ultra-high-purity 
nitrogen environment following the heating schedule below: 
 

• From room temperature to 117°C at 10°C/min and hold for 24 hours 
• From 117°C to 180°C at 1°C/min and hold for 8 hours 
• From 180°C to 240°C at 1°C/min and hold for 2 hours 
• From 240°C to 400°C at 1°C/min and hold for 1 hour 
• From 400°C to 600°C at 1°C/min and hold for 1 hour 
• From 600°C to room temperature with natural furnace cooling 

In the second case, the raw salt was thermally and chemically treated by 0.1 wt.% Mg to further 
remove the impurities of the salt mixture, see details in [9]. Figure 2b illustrates the vessel used 
for the purification in this study. In summary, the AC and Mg mixture was heated up in an ultra-
high-purity nitrogen environment following the process schedule below: 
 

• From room temperature to 250°C at 1°C/min and hold for 2 hours 
• From 250°C to 670°C at 1°C and hold for 3 hours 
• From 670°C to room temperature with natural furnace cooling 

 

2.3. Corrosion testing  
 

The as-received H230 was cut using a waterjet machine to fabricate approximately 25 × 12 × 1.6 
mm3 corrosion specimens (see the specimen geometry in Fig. 2c). A hole with a diameter of 4 
mm was also drilled in the specimens to allow the specimen to be hung on a Ni wire. Each test 
specimen was then ground with 120-grit sandpaper in the presence of water. Corrosion 
experiments were done for 100 hours at 800°C in a 250 mL Ni crucible with a Ni crucible cover 
(both from Sigma-Aldrich). More details regarding experimental setup are provided elsewhere 
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[26]. During immersion testing, the temperature of the experiment was monitored using a K-type 
thermocouple (Omega Engineering).  
 
The rate of corrosion (CR) in µm per year was determined based on CR = ΔW/(rAt) assuming 
that corrosion occurred uniformly on the alloy surface, where ΔW is the mass change during the 
immersion test, t is the immersion time, and r is the specimen density (assuming that corrosion 
occurred uniformly on the alloy surface). The post-corrosion samples were cleaned with 
deionized water to remove any residual salt in an ultrasonication bath for at least 15 min 
(following similar procedures provided elsewhere [26]). The mass of the post-corrosion sample 
was recorded in order to calculate the mass change during the corrosion experiments.  
 
Both the purification and corrosion experiments were performed under dry N2 gas (max 10 ppm 
O2 and 4 ppm H2O). The gas was run through additional desiccators to further limit the H2O 
content in the gas stream. In total, four different corrosion exposures were conducted:  
 

1. Sample#1 (Baseline experiment): The alloy was exposed to raw (un-purified) AC. 
2. Sample#2 (Thermal purification of AC): The raw AC was thermally purified at different 

temperatures before the corrosion experiments (as per [26]). The salt mixture was cooled 
and then mixed with H230 coupons for corrosion experiments. 

3. Sample#3 (Thermal + Chemical + Removal of Mg in excess): After a thermal and 
chemical purification step with 0.1 wt.% of Mg, the salt mixture was cooled down and the 
bottom of the purified salt mixture was cut off to ensure removal of the excess magnesium. 
The clean portion of the purified salt mixture was used for the corrosion experiments such 
that no or little Mg could participate in corrosion. 

4. Sample#4 (Corrosion with excess Mg): The alloy in this final case was exposed to un-
purified AC salt which was mixed with 0.5 wt.% of Mg. Such a conservative concentration 
of Mg was applied to ensure that Mg in AC is in excess during the corrosion process, in 
contrast to the case for Sample#3. The key point is that this salt mixture was used directly 
for corrosion experiments without a separate purification step. This specific experiment 
was designed to examine an emergency measure in case an undesirable incident occurs for 
the salt quality, endangering the safety of the CSP plant. 

 
Figure 2 

 
Photographs of the AC salt before and after the purification process as well as after the corrosion 
experiments are shown in Figs. 2d-h. Phase analysis of the corrosion products formed on the 
surface of the specimens after the immersion tests were performed using X-ray diffraction (XRD) 
via a Bruker D8 Advance X-ray diffractometer with Cu-Kα radiation (λ = 0.154 nm) operating 
at 40 kV and 40 mA. The XRD data were characterized by ICDD PDF 4 and Bruker Eva® 
software. The morphology of the corrosion products and microstructure of corroded specimens 
were systematically investigated using an FEI Quanta 3D-FEG scanning electron microscope 
(SEM) as well as a Zeiss Ultra 55 FEG SEM using backscattered electron (BSE) and secondary 
electron (SE) detectors. The instruments were both equipped with energy-dispersive X-ray 
spectroscopy (EDXS) from Oxford instruments AZtec® X-ray analysis system. The EDXS 
analysis was performed at a range of acceleration voltages (from 5 – 20 kV) depending on the 
specific information of interests on the surface of the specimen. Metallographic preparation was 
conducted using sandpapers from 1000 to 4000 mesh in the presence of de-ionized water. The 
cross-sections were then polished via diamond paste of 1 µm on cloth, followed by a fine 
polishing step of oxidized porous silicon on a Buehler Microcloth® for 15 minutes.  
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3. Results  
 

3.1. Corrosion in a raw salt mixture (Sample#1: AC; No Purification) 
 

The Sample#1 condition subjected to the un-purified MgCl2-KCl-NaCl at 800°C for 100 hours 
revealed extensive corrosion, with a corrosion rate of 1456 ± 56 µm per year. Figure 3 shows 
SEM and XRD analysis of Sample#1.  

 
Figure 3 

 
Based on Image analysis, almost 90% of the alloy surface was covered by corrosion products 
(see the SE-SEM micrograph in Fig. 3a), while the remaining 10% exhibited characteristics of 
the alloys surface, appearing as bright areas in the BSE-SEM micrograph in Fig. 3b. There were 
also signs for residual salt particles on the alloy surface, verified by EDXS (see the MgCl2 
particles in Figs. 3a and b). To study the structure of the crystalline corrosion products formed 
on the alloy surface, XRD analysis was performed (Fig. 3c), indicating the formation of Al- and 
Cr-rich spinels (Mg(Al2Cr2-x)O4) as the dominating corrosion products. In addition, unknown 
phases appeared in the diffractograms with reflections at d = 2.26 Å and d = 3.42 Å (see the peak 
positions in Fig. 3c). The XRD analysis also identified peaks related to the austenitic matrix 
(from the alloy substrate) and salt particles in accordance with SEM analysis in Figs. 3a and b.    

 
 

Microscopy of corrosion of H230 exposed to raw AC at 800°C (Sample#1) was also performed 
at high magnifications to study the characteristics and composition of corrosion products locally. 
Figure 4 shows plan-view SE- and BSE-SEM micrographs accompanied with local chemical 
analysis performed using EDXS. Similar to the observations inferred from Fig. 3, the alloy 
surface was mainly covered by corrosion products and some minor particles of residual salts of 
KCl and MgCl2 (from the salt mixture). Three different regions were identified on the alloy 
surface, designated as Type 1 (Area 1), Type 2 (Area 2) and Type 3 (Area 3) in Fig. 4b with the 
EDXS area spectra presented in Figs. 4c-e. The EDXS spectrum for Type 1 (Area 1) showed 
elements of the alloy substrate including Ni, W, and Cr with evidence for N (presumably 
originating from nitrides, see below) and no evidence for O (oxides/spinels). The second type of 
surface features (Type 2), the more prevailing corrosion product formed on the alloy surface, 
contained O and a strong peak for Al, demonstrating the formation of an Al-rich spinel (see Fig. 
4b). The third type of surface features (Type 3), the sparsely formed corrosion product islands, 
exhibited a strong peak for Cr (and weak Al peaks), indicating the formation of a Cr-rich spinel. 
From SEM morphological inspections, it was noted that Cr-rich spinel islands tended to form on 
top of the Al-rich spinel layer. 

 

Figure 4 
 

Figure 5 shows SEM cross-sectional analysis of the alloy in contact with the un-purified chloride 
mixture at 800°C for 100 hours (Sample#1). Figure 5 indicates intergranular corrosion appearing 
as grain boundary degradation (or Cr-lean grain boundary region) throughout the entire cross-
section. It is important to note that the sub-surface area (around 150 µm below the surface) 
contained a much lower number of carbides (see the alloy carbides in Fig. 2a) as compared with 
the inner areas of the alloy substrate (designated as Carbide-free region in Fig. 5a). The Cr-
depleted grain boundaries are shown at high-magnifications in the SEM micrographs in Figs. 5b 
and c. There were two key observations: (i) internal voids were formed at the location of grain 
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boundaries (see Fig. 5b), and (ii) grain boundary carbides seemed to become fragmented and 
dissolved into much smaller particles.  

Figure 5 
 

The corrosion-affected zone immediately below the alloy surface is highlighted in Fig. 6. The 
elemental mapping was acquired from the region designated as the carbide-free region in Fig. 5. 
In the viewed region in Fig. 6a, a rather uniform and adherent corrosion product layer containing 
O, Mg, Al and Cr were present on the alloy surface, which can be ascribed to as the Al- and Cr-
rich spinel identified by XRD and plan-view EDXS analysis (Figs. 3 and 4). The bright O-lean 
particles with the size range from 0.2 – 4 µm embedded in the described corrosion product layer 
(marked as Ni-rich particles in the BSE-SEM micrograph Fig. 6b) were sourced from the 
substrate as alloy remnants. Immediately beneath the spinel layer, a MgO-rich layer was also 
identified by EDXS (the Mg and O maps in Fig. 6c).  
 
The bulk alloy below the surface was fully exhausted in Al and partially in Cr, the concentration 
of which dropping from 22 wt.% (in the alloy bulk) to only 2 wt.%. Cross-sectional analysis 
using EDXS elemental mapping also indicated the formation of internal oxides, forming as Cr-
lean Al-rich spinel with the formula MgAl2O4 (see O, Al, and Mg EDXS maps). In addition, the 
local chemical analysis provided a sign for internal nitridation, developing as the formation of 
small-sized CrN particles (EDXS point analysis not shown).  

 
Figure 6 

 

3.2. Corrosion in thermally purified salt (Sample#2: Thermal Purification) 
 

Corrosion of H230 subjected to MgCl2-KCl-NaCl at 800°C for 100 hours was mitigated by the 
thermal purification of the salt mixture (Sample#2). Thus, Sample#2 exhibited a corrosion rate 
of 468 ± 68 µm per year, a much lower corrosion rate than Sample#1 (as indicated above, around 
1500 µm per year). This readily implies the effectiveness of the thermal purification process, in 
agreement with previous studies [9, 26]. In contrast to the plan-view SEM observations of 
Sample#1 (Fig. 4a), almost 95% of the alloy surface, in this case, contained no corrosion 
products. Instead, there was evidence for an active dissolution of the alloy substrate (Fig. 7b). 
The remaining 5% of the surface was covered by the darker patches in the BSE-SEM 
micrographs (Fig. 7a). A closer look at the darker regions coupled with EDXS analysis (Fig. 7c) 
and XRD (Fig. 7d) pointed towards the formation of Al- and Cr-rich spinel on the alloy surface, 
which was identical to one of the spinel compounds detected on the surface of Sample#1 (see the 
EDXS spectrum of Type 2 corrosion product in Fig. 4d). 
 

Figure 7 
 

Figure 8a shows SEM micrographs obtained from the cross-section of the alloy after exposure 
to the thermally purified AC (Sample#2). The cross-section viewed in Fig. 8a may be compared 
with that of Sample#1 (Fig. 5). Cr-depleted grain boundaries were also noticeable in the sub-
surface areas of this sample. The depth of the grain boundary Cr-depletion zone was however 
much less than Sample#1 with a value of around 600 µm (Fig. 8a). It may be noted the extensive 
Cr depletion of the alloy in Sample#1 was also manifested in the raw/thermally purified salt color 
change after the corrosion experiments (see ethe greenish solidified salt in Fig. 2e. Further grain 
boundary EDXS analysis was performed on this specimen (see examples in Figs. 8b and c). The 
analysis clearly showed that grain boundaries are depleted in Cr. However, it was noted that grain 
boundaries were also rich in W, verified by carefully assessing the W and Cr EDXS peaks.  
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Figure 8  

Figure 9 exhibits SEM-EDXS analysis on the cross-section of Sample#2 at a higher 
magnification than the image shown in Fig. 8a. The BSE-SEM micrographs in Figs. 9a and b 
demonstrate that the sub-surface area in this sample (Sample#2) was also free of any carbides 
indicating that carbides were dissolved during the corrosion experiment. In contrast to Sample#1, 
which was noted to develop a corrosion product layer on its surface (Fig. 6), there was no 
evidence for oxide formation on the surface of Sample#2 (see the BSE-SEM images together 
with the O map in Fig. 9). EDXS point analysis (not shown here) revealed the formation of CrN 
particles immediately below the carbide-free zone. Internal nitridation was also evident in this 
case forming as CrN particles on top of the layer designated as internal oxidation (see BSE-SEM 
images couple with the Cr and N maps in Fig. 9).   

 

Figure 9 
 

Internal oxidation was observed in the sub-surface area as MgAl2O4 spinel (Mg, O, and Al maps 
in Fig. 9). The Cr-transgranular depletion front that was also observed in Sample#1 could be seen 
in the BSE-SEM image and the corresponding Cr map in Fig. 9. Finally, it is important to be 
mentioned here that the EDXS spectra acquired from the region viewed in Fig. 9a (not shown) 
constantly showed Cl peaks with a quantity of around 0.2 wt.%, pointing towards penetration of 
chloride deep into the alloy bulk (i.e. chlorination). The surface of Sample#2 as well as the 
corrosion-affected zone in its cross-section are summarized in Fig. 10.   

 
Figure 10 

 
3.3. Corrosion in the presence of elemental Mg (Samples#3 and #4) 

 
In this section, the corrosion behavior of two specimens (Smaples#3 and #4) with substantially 
lower corrosion rates than Sample#1 (1500 µm/year) and Sample#2 (500 µm/year) are described, 
with values of only 33.1 ± 7.8 and 26.9 ± 7.5 µm/year, respectively. The investigations were 
commenced with Sample#3, where the Ni-based alloy H230 was subjected to both thermally and 
chemically chloride salt mixture (Thermal + Chemical treatment) at 800°C for 100 hours. As 
indicated in the Experimental section, the Chemical treatment included the addition of 0.1 wt.% 
Mg on the thermally treated salt mixture to minimize the fraction of impurities [9]. Additionally, 
the excess Mg was removed in this case from the purified salt mixture before the corrosion 
experiment. This modification was conducted because in a previous study, magnesium 
precipitations/droplets were noted in the sludge phase after the final purification procedure [26]. 
Regarding the precipitation/plating of molten Mg in the molten chloride loop, the difference 
between the melting point of Mg (~ 650°C) and the temperature range for the chloride salt loop 
in this application (500°C and 720°C) should be considered. Plating of molten Mg is expected to 
occur during the salt circulation from the hot zone of the loop at 720°C to the cold zone of the 
loop at 500°C (e.g., when the salt is cooled down inside the primary heat exchanger). The reason 
for removing the excess Mg at this stage is that Mg plating is a primary concern as it could plug 
the heat exchanger channels, pointing towards a potential risk for the molten salt loop 
components. Hence, the excess Mg should be avoided and in the present investigation it was 
removed after the purification process and prior to the corrosion experiments. 
 
The new adjustment in the purification process reduces the amount of elemental Mg in the molten 
salt during corrosion of H230. The surface of Sample#3 exhibited no corrosion product covering 
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the surface as a continuous or semi-continuous layer (see representative SEM micrographs in 
Figs. 11a-c). The dominant degradation mechanism was the intergranular corrosion (seen in Fig. 
11b and d). Moreover, some darker isolated particles were visible on the alloy surface, which 
were identified as MgAl2O4 and CrN by EDXS. Local analysis using EDXS confirmed the 
formation of Cr-N nitride and Mg-Al spinel compounds in the corrosion-affected zone of this 
specimen (see Fig. 11e). Finally, the XRD analysis on Sample#3 mainly revealed peaks that 
could be ascribed to the alloy substrate. XRD could not detect the spinel MgAl2O4 and CrN 
formed on the alloy surface due to their low fraction.  
 

Figure 11 
 

The final case studied was Sample#4, where H230 was immersed into the unpurified molten 
chloride mixture at 800°C for 100 hours with the addition of 0.5 wt.% Mg. The corrosion 
performance of Sample#4 was examined in a similar way as the other three specimens (Figs. 3-
11). As indicated above, the rate of corrosion for Sample#4 was similar to Sample#3. It was 
apparent from the SEM inspections that the surface morphology of Sample#4 was drastically 
different from the other three specimens described above. In this case (Sample#4), over 92% of 
the alloy surface was covered by a faceted and seemingly crystalline corrosion product layer 
(Figs. 12a-c). The layer seemed to be adherent to the alloy substrate. However, the layer was not 
continuous on the alloy surface, i.e. one of the attributes of a protective oxide scale. The bright 
areas in BSE-SEM images (i.e. the remaining 8% of the alloy surface) were analyzed by EDXS 
and inferred to be the alloy surface (see Fig. 12c) which were not covered by this same layer. 
This surface morphology was not observed on the surface of Sample#1 (Fig. 3) and Sample#2 
(Fig. 7) or Sample#3 (Fig. 11).  

 
Figure 12 

 
Chemical, structural and morphological investigations were performed using SEM, EDXS, and 
XRD on the top surface as well as the cross-section of Sample#4 (see e.g., Fig. 13). The plan-
view EDXS elemental mapping implied that the faceted corrosion product layer, covering most 
of the alloy surface, was MgO deposits (see the top-surface EDXS elemental maps in Fig. 13a 
and the XRD data in Fig. 13b). The bright particles were either interior alloy or W- or Cr-rich 
carbides. In addition, local chemical analysis using EDXS point analysis (not shown) indicated 
that nitride-rich compounds (CrN) were present on the surface of Sample#4, in areas that were 
not covered by the MgO layer (i.e. the dark needle-shaped particles formed on the bright areas 
seen in Fig. 12c). The formation of crystalline MgO on the alloy surface as the dominating 
corrosion product was confirmed by XRD (Fig. 13b). In line with the relatively low corrosion 
rate of this sample and similar to Sample#3 (Fig. 11a), a significantly shallower depth of 
corrosion affected zone encompassing internal oxidation (MgAl2O4 spinel) and internal 
nitridation (CrN) was noted in the cross-section of this sample (see Fig. 13c) as compared to 
Sample#1 (Fig. 5) and Sample#2 (Fig. 8).  
 

Figure 13 
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4. Discussion 

 
4.1. An overall assessment of the four studied conditions  

 

The surface and cross-section of the Ni-based alloy H230 after immersion in an un-treated molten 
chloride mixture (the AC mixture: 49.1MgCl2–38.6KCl–12.3NaCl in wt.%) and in the AC 
mixture purified using three different approaches were investigated. The analysis included 
examining the composition and morphology of the corrosion products, see a condensed summary 
of the results in Fig. 14. The main corrosion mechanisms in the case of H230 subjected to the un-
purified AC (Sample#1) were the formation of either Al- or Cr-rich spinels (covering over 90% 
of the alloy surface), extensive intergranular corrosion and Cr depletion, dissolution of the 
surface and sub-surface carbides, and internal oxidation (Figs. 3-6). This specimen was corroded 
the most, with a corrosion rate of around 1500 µm/year. When the AC mixture was thermally 
purified (Sample#2), based on the stepwise heating procedure [26], the rate of corrosion 
decreased by a factor of 3 to a value of about 500 µm/year. The alloy, in this case, exhibited no 
corrosion product layer covering the surface (Fig. 7), as was the case for Sample#1 (Fig. 3). The 
key degradation mechanisms in Sample#2 (Figs. 7-10) were: alloy dissolution, intergranular 
corrosion, and Cr depletion, simultaneous penetration of the three corrosive species, i.e. O 
(internal oxidation), N (internal nitridation), and Cl (alloy chlorination) into the bulk alloy as 
well as dissolution of (sub-) surface carbides. In Sample#2, a much greater fraction of internal 
nitrides (forming as CrN particles) compared to Sample#1 was notable. However, the absence of 
surface oxides (Fig. 7) partnered with the decreased corrosion rate and the more extensive 
formation of nitrides (Fig. 10) in the sub-surface regions can be considered signs for the 
effectiveness of thermal purification in reducing water content in the salt, i.e. in the absence of 
water, nitrogen reacted with the alloy.  
 
Additionally, while the alloy, in this case, corroded three times less than the un-treated AC case, 
the depths of internally oxidized zones in two cases (Sample#1 and Sample#2) were comparable 
(e.g., compare Figs. 9a and 6a or the two cases put together in Fig. 14). This observation suggests 
that the diffusivity of oxygen in the alloy is mainly governed by the two unchanged factors in the 
two experiments (Sample#1 and Sample#2): (1) the amount of the electrolyte (molten salt), and 
(2) the exposure temperature, whereas the diffusivity is less dependent on the oxygen 
concentration. Thus, regardless of oxygen content in the molten electrolyte, the two samples have 
the same diffusion length and consequently the same depth of internally oxidized zones. It is 
cautioned however that this interpretation needs to be further verified in the future studies.  
 
When the alloy was exposed to the thermally and chemically purified AC mixture combined with 
the removal of Mg after the salt purification process (Sample#3) the rate of corrosion decreased 
again, substantially, to around 30 µm per year. In this case, the alloy surface was not covered by 
a corrosion product layer (Fig. 11), however, some small-sized spinel (MgAl2O4) and nitride 
(CrN) particles were noted to be present on the surface and also in sub-surface regions of the 
alloy. The depth of the corrosion-affected zone was limited to a few tenths of microns. In 
Sample#4, where the AC was only treated by 0.5 wt. % Mg chips, a large fraction of the surface 
was covered by a crystalline MgO layer. The rate of corrosion and the extent of internal 
oxidation/nitridation were analogous to Sample#3.  
 
Regarding the corrosion rate values, it may be noted that the growth of the intergranular corrosion 
layer is not expected to be linear with time as the loss of the Cr through intergranular corrosion 
could be limited by multiple factors such as the diffusivity of Cr inside the bulk and the 
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concentration of the Cr leached into the molten salt. This means that ~30 µm after 100 h corrosion 
experiment should not be directly translated to ~ 3000 µm rate of corrosion per year. Thus, the 
measurement performed in the present study could be considered as an underestimation of the 
corrosion rate. For sample #4, the XRD analysis in Fig. 13 (b) showed that a layer of MgO formed 
on the sample surface. The MgO layer is on the order of 10 µm in thickness. Assuming the MgO 
layer is fully dense with a density of ~3.6 g/cc, covering 100% of the coupons’ area, then the 
corrosion rate should be corrected by (3.6 g/cc x 10 um)/(8.97 g/cc x 100 hours) = 352 µm/year 
where 8.97 g/cc is the density of H230. However, this is clearly an overestimate because the 
assumption of 100% coverage by the MgO layer is not accurate based on Fig. 12 (a). Neither is 
the assumption of a fully density MgO layer with a 3.6 g/cc density based on Fig. 12 (b). The 
assumption of a uniform 10-µm MgO layer across the entire coupon surface may also be 
inaccurate, where internal nitridation may produce a different product than MgO. Based on a 
different corrosion study (unpublished) under similar corrosion conditions for different Haynes 
alloys (including H230), acid cleaning procedures following ASTM G1-90 usually correct the 
corrosion rate by 50-100 um/year. Therefore, it could be estimated that the true corrosion rate for 
Sample #3 and Sample #4 is likely in the range of 80 um/year to 130 um/year, which is still 
significantly better than that for Sample #1 and Sample #2. 

 
4.2. Corrosion of the alloy in the four conditions  

 

Corrosion of the alloy in the absence of elemental Mg It was abundantly clear from the analysis 
that H230 was unable to form a protective Cr2O3 oxide scale. This is anticipated considering the 
high solubility of this corundum oxide in Cl-containing molten salts, see e.g., the study performed 
by Ishitsuka et al. [43], who experimentally demonstrated that Cr2O3 oxide scale converts readily 
to 𝐶𝑟𝑂!"# in molten chloride-based environments. The main corrosion products were spinel oxides 
(AB2O4), the binary Mg(Al, Cr)2O4 compounds including magnesium chromate MgCr2O4, and 
magnesium-aluminum spinel MgAl2O4 (forming a semi-continuous layer). In addition, EDX 
point analysis revealed the formation of dense MgO precipitates at the alloy/spinels interface in 
the case of the alloy exposed to the raw AC (Sample#1), see also the Mg and O maps in Fig. 6c. 
The cross-sectional analysis implied the occurrence of internal oxidation in which the most 
oxygen-active element in the alloy, i.e., Al, forms MgAl2O4 particles in all cases to varying 
extents. Of the identified corrosion products, MgO and MgCr2O4 have been previously reported 
to form as the principal corrosion products on Fe- and Ni-based alloys in similar environments 
[32, 44]. The Mg-rich spinel compound has also been reported to form upon exposure of alloys 
to molten nitrate mixture (e.g., 20LiNO3 + 28NaNO3 + 52KNO3 [45]).  In all samples, chromium, 
the second most active element in the alloy [46], was diffused along the grain boundaries (Figs. 
5a, 8a, 11d) and also from within alloy grains close to the surface towards the melt (e.g., the 
transport paths in Fig. 9b). The driving force for the extensive outward diffusion of Cr is its 
tendency for selective oxidation into chromium chloride (CrCl2) at the alloy/molten salt interface. 
 
Assuming that the primary source of oxidant in the melt is MgOHCl, alloy chlorination can occur 
via the following reactions: 
 

Cathodic 2MgOHCl(melt) + 2e-  = 2MgO(s) + 2Cl-(melt) + H2(g) (Eq. 1) 
Anodic Cr(ss) = Cr2+(melt) + 2e- (Eq. 2) 
Cell reaction Cr(ss) +2MgOHCl(melt) = CrCl2(melt) + 2MgO(s) + H2(g) (Eq. 3) 

 
 

The CrCl2 is then dissolved in the molten salt. It is worth stating that in cases where the voids are 
filled by molten salt, Cr dissolution occurs also in the voids (Fig. 5b and c) to form CrCl2. 
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The cathodic reaction requires electrons which are supplied by the anodic reaction. The whole 
process can only run if the sites of the anodic and cathodic reactions are connected both 
electronically (in the alloy) and by ionic conduction (in the molten salt). The reaction stops if the 
cathode becomes covered by an electronically insulating phase such as MgO. The generated 
electrons out of the electrochemical reactions (Eqs. 1-3) are transferred into the surface pushing 
down the surface potential. In other words, the anodic dissolution of chromium into the melt 
results in cathodic polarization of the metal, so as to suppress the dissolution of both iron and 
nickel, see e.g., Ni and Fe elemental map in Fig. 6c and Fig. 9a. It may be noted that alloy 
chlorination could also happen beneath a continuous oxide scale by chemical (to form CrCl2; see 
[2, 11]) and electrochemical routes. In the electrochemical route, the scale must be able to 
conduct ions and electrons. The latter condition excludes MgO and MgAl2O4. 
 
The Cr-rich spinel MgCr2O4, as one of the abundant corrosion products forming on the alloy 
surface, is suggested to start forming as islands on the alloy surface (see Type 3/Area 3 in Fig. 
4b) when the alloy was exhausted in Al (and thus the formation of the Al-rich spinel MgAl2O4 
was stopped). The Cr-rich spinel can be formed via the following reactions (see e.g., [47]):   
 

Cr2+(surface) + MgCl2(melt) + 2O2(diss.) = MgCr2O4(s) + Cl2 (Eq. 4) 
2Cr3+ + Mg2+ + 4O2- → MgCr2O4(s) (Eq. 5) 
MgO + Cr2O3 = MgCr2O4 (Eq. 6) 

 
 

The extensive formation of MgAl2O4 on the alloy surface (see Type 2/Area 2 in Fig. 4b) can be 
explained by Eq. 7 and also the notion that aluminum is the least noble alloying element (has the 
highest affinity for oxygen) in H230 in the chloride environment [48]. The Al-rich spinel can 
also be converted to other corrosion products that were found amply on the alloy surface, e.g., 
MgCr2O4, through Eq. 8 [47]: 
 
MgO(s) + Al2O3(s) = MgAl2O4 (s)                                                             (Eq. 7) 
MgAl2O4(s) + 2CrO2-(surface) → MgCr2O4(s) + 2AlO2-(melt)                 (Eq. 8) 
 
The Al-rich spinel was also present inside the alloy bulk as internally isolated oxide particles in 
all the cases (e.g., Fig. 6b and Fig. 11e). Regarding the formation of internal Al-rich spinel 
particles, it may be noted that only elemental magnesium could have been transported across the 
alloy towards the sub-surface areas via solid-state diffusion (unlike the case for inward diffusion 
of oxygen and nitrogen ions [49]). Hence, if the alloy is not in direct contact with elemental 
magnesium, MgAl2O4(s) can only form if there is contact with the molten salt, such as in an open 
pore (so that Mg2+(melt) or MgO(s) can reach Al2O3(s)). The formation of Al-rich spinel indicates 
the likely formation of a complex 3D porous structure in sub-surface areas of the alloy. 

 
Another consistent observation on the alloys exposed to raw AC (Sample#1) and the thermally 
purified salt (Sample#2) was the effect of corrosion on carbides in sub-surface regions (see the 
partial and complete dissolution of carbides in Fig. 6a and Fig. 10c). Given the constant changes 
in the chemical composition of the alloy surface, and especially, the substantial outward diffusion 
and depletion of Cr, the local equilibrium in sub-surface regions was constantly altered during 
the corrosion process. As Cr depleted in the surrounding areas of carbides, the equilibrium for 
the formation of carbides changed and caused the complete dissolution of carbides in the matrix.  
(Note: chromium carbides, type M7C3 and M23C6 (M = Fe, Cr), containing a Cr content 
between 24 to 60 wt. %, see [49]). Thus, as carbides were dissolved, the elements inside carbides 
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including Cr, Mo, W, and C are transferred to the austenite (γ-Ni). Sub-surface microstructural 
changes involving carbide dissolution affect the alloy corrosion response.  
 
The porous structure and internal voids are evidently not an artifact of metallographic 
preparation, but rather a product of Cr depletion process and Cr outward diffusion along the grain 
boundaries. The voids are a pathway for the diffusion of corrosive species (Cl-) and oxidant into 
the alloy bulk, further triggering internal oxidation and carbide dissolution. Some large-scale 
microstructural changes beneath the alloy surface involves not only dissolution but also oxidation 
of the Cr-carbide particles at or near the surface regions, e.g., based on Eq. 9 (see [50]) due to 
the notions that carbides are less stable than oxides, and where O and C are present, the more 
stable oxides are expected to form. Nevertheless, no evidence for oxidation of Cr-carbides was 
documented in the present investigation due to the low pO2

 in the environment. If such a reaction 
would occur under the current condition, the local oxidation of the carbide particles is suggested 
to cause the formation of the Mg-rich spinel (Eq. 10): 
 

2Cr7C3(s) + !"
!

O2 = 7Cr2O3 + 6C (Eq. 9) 

Cr2O3(s) + MgO(s) → MgCr2O4(s) (Eq. 10) 
 
Internal nitridation was also a consistent observation in all the cases (Samples#1-4), with 
Sample#2 exhibiting the severest nitridation in its sub-surface region. While the corrosion of 
alloys in molten salts under N2 gas has previously been reported in several studies [9, 11, 17, 26], 
to the best of the authors’ knowledge, the formation of (internal) nitrides has not been reported. 
Internal nitridation is a significant phenomenon to be discussed as it leads to further removal of 
Cr content in the alloy bulk. The principal product of internal nitridation was noted to be CrN. 
Similar to some other nitrides such as TiN and VN, the nitride precipitate detected in this study 
(CrN) is a characteristic metallic nitride and precipitates in the rock-salt (AX: NaCl) structure. 
With a rCr3+/rN3- ratio of 0.42, the Cr3+ ions are situated in the octahedral interstices in a face-
centered cubic (fcc) arrangement of nitride ions. 
 
Generally, it is known that when a protective oxide scale, i.e. a continuous and adherent Al2O3 
(see e.g., [51]) and Cr2O3 (see e.g., [51-53]), fails, "open" cracks or voids are formed within the 
oxide scale. Under such circumstances and under nitriding environments (i.e. low oxygen partial 
pressure pO2), nitrogen becomes dissociated at the alloy/oxide interface followed by nitrogen 
ions absorption by the alloy. In the present case, the alloy surface is not protected by Al2O3 and/or 
Cr2O3 uniform oxide layers. Also, the spinel layers are not continuous and fully protective in any 
of the cases studied. The results indicate that atomic nitrogen is dissolved in the molten chloride 
environment and reaches the alloy surface. As the corrosion process proceeds, the nitrogen 
content in the subsurface regions increases, leading to CrN (and presumably Cr2N deeper in the 
alloy, see [49]) formation (Figs. 10c and 11e). In this setting, a CrN particle forms through an 
electrochemical process alike the (Wagner) thermal growth of oxide layers:  
 
Cr (ss) + ½N2 (g) → CrN (s)             (Eq. 11) 

 

Nitrides tends to oxidize over time [49, 51]. The more nitride formation in Sample#2 than 
Sample#1 is another indication that there is less water available in the thermally purified salt to 
form a semi-protective oxide scale such as the Mg-rich spinels described above. Thus, in the 
absence of water, nitrogen reacted with the alloy. Internal nitridation can cause problem in the 
long term since it further depletes the alloy in Cr. It should however be noted that the choice of 
the ultra-high-purity nitrogen gas as cover gas in this investigation (instead of other more inert 
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gases such as Ar) was made taking into account the economic and accessibility considerations. 
Nitrogen gas is likely the main affordable cover gas that can be used by a CSP plant in a remote 
area. Based on Figs. 11 and 13, for H230 in chemically purified salt, the internal nitridation is 
limited to 10-20 μm from the corrosion interface. This is relatively minor compared to the other 
concerning corrosion mechanism (intergranular corrosion). Hence, it seems more important to 
overcome the impurity-driven corrosion, as shown by the major results presented herein. 

 
The observation that internal nitridation was severest in Sample#2 (thermally purified salt) 
deserves commenting. This could be coupled with the similar depth of internal oxidation (where 
MgAl2O4 particles were present in the subsurface regions) in Sample#1 and Sample#2. A 
comparison between the two depths (depth of internal oxidation and internal nitridation) is 
important because Sample#2 exhibited a corrosion rate that was about one third of Sample#1, 
also, the depth of Cr depletion in grain boundaries was substantially less in Sample#2 than 
Sample#1. The most prevalent internal nitridation in Sample#2 might be due to (i) the absence 
of a corrosion spinel layer on its surface (see the corrosion product layer in Sample#1 (Fig. 6) 
and bare alloy surface in Sample#2 (Fig. 9)), and (ii) less available water in the thermally purified 
salt. Thus, these results indicate the main mass loss in the specimens is associated with Cr 
depletion, agreeing well with studies proposing that Cr-depletion is the main corrosion 
mechanism in molten chloride environments [11, 54, 55].  

 
The subsurface region in Samples#1 and 2 exhibit a layer with a thickness of 5-10 µm 
immediately below the sample surface where there is no oxide/nitride particles (e.g., Figs. 9b and 
10c). This layer is in the location where Cr depletion is the severest, reaching values of less than 
1 wt. %. Similar to the scenario where carbides are dissolved, the extensive Cr depletion in the 
near-surface region is suggested to change the local equilibrium and causes the dissolution of 
CrN and MgAl2O4 particles, moving the corrosion front deeper in the subsurface areas.  
 
Alloy Corrosion in the presence of elemental Mg. Two corrosion experiments were performed 
to study the effect of metallic Mg. In the first case (Sample#3), the raw AC was first thermally 
and then chemically purified with the addition of 0.1 wt. % of Mg. Before the corrosion 
experiment, the Mg excess was also removed from the bottom of the purified salt. In the second 
case (Sample#4), the corrosion test was performed only using the raw AC with an addition of 0.5 
wt.% elemental Mg. The latter experiment was designed to develop a control measure in cases 
where the chloride-based salts are degraded to a critical level due to moisture ingress and 
corrosion must be controlled.  
 
While the rate of corrosion, the depth of Cr depletion or the corrosion affected zone as well as 
the chemistry of the subsurface regions were similar in Sample#3 and Sample#4, the surface 
morphology of the alloys in the two cases was different. In Sample#4, most of the alloy surface 
was covered by a thick MgO layer while no such layer was present on the surface of Sample#3. 
MgO has been suggested [9, 24, 26] to form via reaction of Mg with impurities in the molten 
chloride, based on Eqs. 12-14: 
 

Mg2+ + O2- → MgO(s) (Eq. 12)    
2Mg (diss.) + O2 (diss.) → 2MgO (s) (Eq. 13) 
Mg (diss.) + 2MgOH+ = Mg2+ +2MgO(s) + "

!
H2 (g) (Eq. 14)    

 

The improved corrosion resistance of the alloy in the presence of metallic Mg was noteworthy. 
The previous investigations have suggested that metallic Mg can mitigate the corrosion of alloys 
in molten chloride salts through diminishing the concentration of oxidizing species such as metal-
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hydroxyl ions and dissolved O2/Cl2 including MgOHCl and oxygen atoms (i.e. the oxygen 
scavenging effect), via Eqs. 12-14. Ding et al. [24] suggested that the metallic Mg addition also 
reacts with every other oxide forming on the alloy surface (e.g., Cr-, Fe- and Ni-rich corrosion 
products), based on Ellingham diagram (Eq. 15), finally precipitating on the alloy surface: 
 

yMg + MxOy → yMgO + xM (where M is the alloying element) (Eq. 15)    
 

As indicated in the introduction, metallic Mg has also been suggested to result in cathodic 
protection, with Mg acting as a sacrificial anode. Electrochemical studies have confirmed that 
the addition of elemental Mg shifts the alloys corrosion potential by >0.5 V to be lower than that 
of chromium chlorides (CrCl2 and CrCl3). Thus, elemental Mg makes the Cr content of the alloy 
thermodynamically more stable. This is an important effect, given that Cr depletion is the 
principal degradation mechanism in Cr-bearing alloys in chloride-based salt mixtures.  
 
The amount of Mg required for reducing alloys corrosion rate is also an important parameter for 
commercialization of the process given the magnesium higher price compared to the MgCl2-
based salt mixtures. Early studies [40] had recommended a 1.7 wt. % addition of elemental Mg 
to ensure that Mg is in excess so that chemical purification is performed effectively. As described 
in a previous study [9], the raw AC, the salt used in this research, comes with initial MgOHCl 
and H2O (physical moisture and chemical hydrates) contents of around 0.75 and 0.5 wt. %, 
respectively, totaling 0.0376 mol MgOHCl per 100 g of raw AC. Based on Eq. 15 (above), each 
mole of MgOHCl consumes 0.5 mol of Mg for complete reduction. Thus, the amount of Mg 
needed is approximately 0.0376 ÷ (2 x 24.305 g/mol) = 0.45 g (or 0.45 wt. %) per 100 g of AC. 
Zhao et al. [9, 26], noted however that even when much lower Mg content than the calculated 
value is used (e.g., 0.1 wt. % Mg), excess Mg droplets appeared in the sludge phase at the bottom 
of the salt mixture after the purification process. This is because, in a “Thermal + Chemical” 
purification approach, a large fraction of MgOHCl and other water species are already removed 
from the salt during the stepwise heating process [9].  
 
To date, few studies have been performed regarding alloy corrosion in molten chlorides in the 
presence of elemental Mg. The results presented in this study (Sample#3 in Fig. 10 and Sample#4 
in Fig. 11) and also those presented in the literature indicate that the amount of Mg added to the 
molten chlorides governs the alloys’ surface morphology/chemistry in molten chlorides. Ding et 
al. [56] investigated corrosion of Fe-Cr-Al/Ni alloys in MgCl2-NaCl-KCl using 1 wt. % metallic 
Mg. After corrosion testing at 700°C for 500 hours, it was reported that the entire alloy surface 
being covered by a thick and continuous MgO layer. The authors suggested that the MgO layer 
on the alloy surface might act as a diffusion barrier, lowering the rate of corrosion, and that the 
thick oxide layer might also cause concerns for the thermal performance of the equipment such 
as heat exchanger and the receiver. In the present study, much lower metallic Mg (0.1 (Sample#3) 
and 0.5 (Sample#4) wt. %) was used than the amount used in previous studies by e.g., Ding et 
al. [56]. While the initial concentration of impurities in the salt mixtures used in the present study 
(AC) and that of Ding et al. [56], were undoubtedly different (and so the test temperature and 
time), the corrosion rates and the extent of corrosion in the sub-surface regions of the specimens 
investigated in [56] and in the current case (Figs. 10 and 11) are comparable. An assessment 
between Sample#3, where no MgO layer was formed, and Sample#4, where MgO layer was not 
fully continuous, and those studied in the literature, where the entire alloy surface was covered 
by a MgO layer [56], indicates that the MgO layer is only a ‘by-product’ of the chemical 
treatment with rather minimal effect on the alloy corrosion behavior. Indeed, it is noted that MgO 
formation does not occur all over the surface where cathodic polarization occurs.  
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One final comment regarding the choice of structural alloy in this study: containment alloys for 
high-temperature molten salt remains a challenge for the next generation of CSP plants. The 
challenge is not only in the chemical resistance in the molten chloride environment but also the 
high-temperature mechanical properties at the same time. Nickel-based alloys are more 
expensive than Fe-based alloys. They are however one of the only viable options that could 
potentially provide both types of properties. Most Fe-based alloys have inferior corrosion 
resistance in this environment and exhibit a precipitous drop of strength above 500-600°C. This 
study is focused on the chemical resistance of H230. If H230 possesses good chemical 
compatibility with the salt that is properly purified, there can be other engineering solutions to 
reduce the overall containment material cost. One example is cladding where H230 serves as the 
corrosion barrier while other lower-cost metals could serve as the main structure (i.e., hybrid 
constructions). In addition, the result of this work can also be applied to applications such as 
construction of a high-temperature molten-salt-to-gas (e.g., supercritical CO2) heat exchangers. 
Therefore, the relatively high cost of Ni-based alloys is not a major factor that impacts this work.
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5. Conclusions  
 

The present study investigated the high-temperature corrosion behavior of the nickel-chromium-
tungsten-molybdenum alloy (Haynes 230) subjected to anhydrous carnallite (49.1MgCl2–
38.6KCl–12.3NaCl (in wt. %)) at 800°C. This chloride-based salt mixture is a candidate for use 
as thermal energy storage media and heat transfer fluids in next generation concentrating solar 
power plants. The main conclusions of the present investigation are as follows: 
 
1. As a baseline, the alloy was exposed to raw anhydrous carnallite, where corrosion was most 

severe at ~1500 µm per year. The main observations from the baseline experiment were the 
formation of Cr- and Al-rich spinels (MgCr2O4 / MgAl2O4) and nitride precipitates (CrN) on 
the alloy surface, and in near-surface regions. The possible chemical reactions for the 
formation of corrosion products were discussed. Chromium depletion was documented at a 
significant level, from both grain boundaries and from within alloy grains. Surface and sub-
surface carbides were dissolved due to corrosion-induced alteration of local chemical 
composition. The baseline experiment indicated the need for purification of the salt.  

 
2. Thermal purification of anhydrous carnallite using a well-established stepwise heating 

procedure reduced the rate of corrosion by three times, to ~500 µm per year, concomitant 
with a minor appearance of corrosion products and a shallower depth of Cr depletion. 
However, for the conditions of this testing, where the concentration of oxidants was 
expectedly lower, internal nitridation was triggered. The rate of corrosion (~500 µm per 
year) remained higher than a desired corrosion rate of ~24 µm per year - and hence chemical 
treatment using an active metal (magnesium in the present case) was necessary.   

 
3. Subsequently, alloy exposure was carried out in anhydrous carnallite that was first purified 

thermally and then chemically modified with 0.1 wt. % metallic magnesium. Removal of the 
magnesium in excess from anhydrous carnallite after purification ensured corrosion 
conditions with negligible/insignificant participation of metallic Mg. The rate of corrosion 
in such conditions was ~ 30 µm per year. Furthermore, for such conditions the alloy surface 
exhibited minor formation of corrosion products, with sub-surface regions revealing similar 
types of corrosion products as the two aforementioned conditions. 

 
4. Corrosion of the alloy in the presence of the salt treated by a short-cut single step (0.5 wt. % 

Mg, without separate purification) was also studied. The rate of corrosion, morphology, and 
chemistry of the sub-surface areas were observed to be analogous to the case where the salt 
was purified by the two-step thermal + chemical procedure. Such findings were promising 
in terms of the alloy corrosion performance in this practically simple purification process. 
This process was initially designed as a control strategy in rare cases where the salt may be 
contaminated (e.g., due to a leak in the process loop).  

 
The results suggest that such a single-step process can also be used to protect the alloy surface 
instead of ‘purifying’ the salt. However, from a system integration perspective, using Mg may 
not be feasible if it is molten on the hot leg of the CSP plant at 720°C and subsequently plate out 
on the cold leg of the plant at ~500°C. Using Mg above its melting point is more of a remedial 
or intervention measure. 
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