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Abstract 

Molten chloride salts have been proposed to be used as the primary coolant in molten salt reactors, 

and as the heat transfer fluid in concentrated solar power plants in next generation energy system 

design. The corrosive properties of molten chloride salts make it challenging to find appropriate 

structural materials for plant/system realization. In this work, two corrosion mitigation strategies 

are investigated to determine the relative corrosion performance of high temperature alloys in 

molten chloride salt mixtures: (1) chemical purification of salt mixture using a Mg sacrificial anode 

and (2) developing a protective oxide layer on the surface of high temperature alloys after pre-

oxidation. These corrosion inhibitors are studied in combination with each other to determine the 

relative corrosion performance of three high temperature alloys: Incoloy 800H (chromia former), 

Haynes 214 (alumina former), and Noram SX (silica former). The unprotected and pre-oxidized 

alloys were exposed to molten chloride salt (62.5 wt % KCl + 37.5 wt % MgCl2·6H2O) with and 

without 1.7 wt % Mg as a corrosion inhibitor for 100 h at 700°C under inert Ar atmosphere. SEM-

EDS characterization was used to compare cross-sections and surfaces of each alloy exposed to 

molten salt with and without Mg additions.  

 SEM-EDS cross-sectional characterization revealed significant Cr depletion in each 

unprotected alloy, and reduced Cr depletion in alloys immersed in molten chloride salt mixtures 

with chemical purification included. The addition of Mg metal to the salt mixture resulted in the 

precipitation of MgO on the alloy surfaces. The oxide deposition of MgO on components may 

impact the thermal and mechanical performance of the system. Therefore, the addition of Mg 

should be optimized for use in an operational system. Cross-sectional analysis identified the 

dissolution of Cr2O3 and SiO2 oxide scales and a stable Al2O3 oxide scale post-exposure.  
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1.0 Introduction 
 

In November of 2020, the Government of Canada introduced the Canadian Net-Zero Emissions 

Accountability Act [1]. This Act formalized Canada’s target to achieve net-zero emissions by the 

year 2050. Deployment of advanced nuclear and renewable energy sources is considered necessary 

in the near term to meet this objective. Molten salt reactors (MSR) and concentrated solar power 

(CSP) are promising technologies that produce energy with zero greenhouse emissions. 

Descriptions of these two technologies and of the common limiting material challenges are 

provided separately below.  

1.1 Molten Salt Reactors (MSRs) 

In recent years, the government of Canada has expressed great interest and support in the 

development and deployment of small modular reactors (SMR) [2]. One candidate for a potential 

SMR is the MSR. MSRs are a class of nuclear fission reactors in which the primary coolant is 

molten salt containing dissolved fuel and fission products. MSRs were initially researched for 

civilian use throughout the 1960s by Oak Ridge National Laboratory (ORNL) in the project titled, 

“The Molten Salt Reactor Experiment (MSRE)” [3]. This project revealed many design benefits 

for MSRs compared to conventional water-cooled reactors.  

Molten fluoride and chloride salts are thermally stable which permits high temperature operation 

that facilitates a high energy conversion efficiency. They can operate at close to atmospheric 

pressure, which significantly reduces the cost of containment structures. MSRs have many inherent 

safety features that classify them as ‘walk-away safe’. MSRs are not cooled by water, therefore 

the risk of steam explosions is eliminated, and if the reactor temperature increases past a critical 
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point, then freeze valves are passively melted and the salt is drained into storage tanks. Thorium, 

uranium, or plutonium are readily dissolved in molten salts giving each of them the capability of 

being used as a dissolved fuel. This is especially important for countries that are short on uranium 

deposits since they can use the substantially more abundant thorium. Fuel can be processed online 

to remove or add selective components, whereas solid fuel must be removed, treated, 

remanufactured, and reinserted in the reactor.  

Terrestrial Energy is a nuclear company working on developing a 195 MWe Integral Molten Salt 

Reactor (IMSR®) in Oakville, ON [4]. Their design, as an example, incorporates many aspects of 

the MSRE that were researched, demonstrated, and proven by the test reactors at ORNL. Figure 

1.1 displays Terrestrial Energy’s Integral Molten Salt Reactor (IMSR®). This schematic 

demonstrates how this reactor can be used for a variety of applications such as power generation, 

grid services, and process heat uses.  

 

 

 

 

 

 

 

 

 

Figure 1.1: Terrestrial Energy's IMSR® concept [4]. 
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1.2 Concentrated Solar Power (CSP) Plants 

CSP technology is emerging as a future renewable energy system. CSP systems use thousands 

of curved mirrors that concentrate the sun’s energy to a receiving tower that transfers the energy 

to a heat transfer fluid. This heat transfer fluid can be used to drive traditional steam turbines that 

generate electricity or can be stored in thermal storage systems for later use. Figure 1.2 displays a 

CSP concept that includes a molten salt receiver tower and storage system. These systems have a 

much greater advantage over photovoltaic cells because they can generate dispatchable power in 

the absence of sunlight. Current CSP technologies use nitrate salt mixtures as the thermal energy 

storage medium and heat transfer fluid and operate at 500 °C [5]. Next generation CSP plants aim 

to increase operating temperatures to as high as 800 °C to increase the efficiency of the power 

cycle. This operation temperature increase requires a change in molten salt since nitrate mixtures 

decompose at temperatures above 550 °C. Candidate salts must have favourable thermophysical 

properties such as a low melting point, high heat capacity, high thermal conductivity, compatibility 

with containment materials, and thermal stability at temperatures as high as 750 °C [6]. Three 

candidate salts have been identified by the National Renewable Energy Laboratory’s CSP Gen3 

Demonstration Roadmap:  KCl-MgCl2, KCl- NaCl-ZnCl2, and Na2CO3-K2CO3-Li2CO3 [6]. 
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1.3 Common Material Challenge 

One of the most significant challenges that the commercialization of MSRs and CSP plants 

face is material degradation by corrosion. Structural metallic materials (alloys) must have 

maximized durability to extend the system’s lifetime, thereby increasing its economic 

competitiveness. The foundational work done by the MSRE revealed the instability of protective 

chromia oxide films and the selective removal of Cr from metal matrices when in contact with 

molten fluoride salt [3]. The selective removal of Cr by fluoride mixtures is described by the 

following chemical reactions [7]: 

 

Figure 1.2: Molten salt power tower with direct storage of salt [6]. 
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1. Due to impurities in the melt such as 

𝐹𝑒𝐹2 + 𝐶𝑟 → 𝐶𝑟𝐹2 + 𝐹𝑒 

2𝐻𝐹 + 𝐶𝑟 → 𝐶𝑟𝐹2 + 𝐻2 

2. Dissolution of oxide films from the metal surface such as 

2𝐹𝑒3+(𝑓𝑟𝑜𝑚 𝑓𝑖𝑙𝑚) + 3𝐶𝑟 →  2𝐹𝑒 +  3𝐶𝑟2+ 

3. Due to constituents in the fuel such as 

𝐶𝑟 + 2𝑈𝐹4  → 2𝑈𝐹3 + 𝐶𝑟𝐹2 

Research has shown that the selective removal of Cr is also common in molten chloride salts 

[5, 9-12, 34-35]. The conditions that accelerate corrosion rates in molten chloride salts are 

impurities, thermal gradients, irradiation (MSRs), and dissimilar material coupling. As an example 

of corrosion experienced by Cr-containing alloys, Figure 1.3 shows a cross-sectional SEM image 

of a Hastelloy N sample that was exposed to FLiNaK salt at 850 °C for 500 h and an associated 

distribution map acquired using X-ray dispersive spectroscopy (EDS). The Cr map clearly shows 

uniform depletion from the surface of Hastelloy N.     

 

 

 

1.1 

1.2 

1.3 

1.4 
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Structural alloys must meet specific codes and standards such as the Boiler and Pressure 

Vessel Code (BPVC) from the American Society of Mechanical Engineers (ASME) to be approved 

by nuclear regulators for use in nuclear reactors. The process to approve new reactor materials is 

extensive and expensive, therefore corrosion control measures other than material selection should 

be sought. Mitigation methods are utilized as a less expensive strategy to lower the corrosion rates 

of structural materials exposed to molten salts. Adding a corrosion inhibitor is an effective method 

to mitigate corrosion by lowering the redox potential of the salts [1, 9-10]. These inhibitors 

preferentially react with impurities generated by corrosion reactions between the alloy and the salt. 

An alternative strategy is used to grow a protective oxide on a given alloy, as a surface pre-

treatment process, to help serve as a barrier layer between corrosive molten salt mixtures and the 

alloy [1, 11, 12]. Thus, the objective of this work is to compare the aforementioned control 

strategies on different scale-forming alloys when immersed in a molten chloride salt mixture.  

 

 

Figure 1.3: (a) SEM-BSE and (b) EDS Cr map of the cross-section of Hastelloy N after exposure 

to FLiNaK salt at 850 °C [8]. 

a b 

10 µm 10 µm 
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1.4 Thesis Outline 

Section 1 provides a description of MSR and CSP technologies, as well as their common material 

challenges, building upon the description provided above. Section 2 discusses the background 

information necessary to place the research conducted in this thesis within the context of the 

current knowledge base. Section 3 outlines the experimental procedures and parameters used in 

this project. Section 4 presents the results of the experimental procedure, whereas Section 5 

discusses the effectiveness of each mitigation method and compares the performance of each alloy. 

Section 6 presents the major conclusions made in this thesis and includes recommendations for 

future work.  
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2.0 Literature Review 
 

2.1 Characteristics of Molten Chloride Salt Corrosion  

The passive oxide film that protects an alloy from corrosion is chemically unstable when exposed 

to molten chloride salt [13-19]. When the native oxide film is dissolved by molten salt, alloying 

elements are vulnerable to dissolution. Exposed metal must be thermodynamically more stable 

than the salt constituents to resist dissolving into the salt as a metal chloride. Corrosion proceeds 

even after this condition has been met by other forms such as impurity-driven corrosion, galvanic 

corrosion, and corrosion caused by temperature gradients. This research addresses the impurity-

driven corrosion mechanism.   

2.1.1 Thermodynamics  

 Corrosion of metals in molten chloride salt is driven by the nobility of the metal. Metals 

with higher negative Gibbs free energies of chloride formation are more likely to form a chloride 

compound and dissolve in the salt, therefore initiating corrosion by the selective oxidation and 

removal of the least noble component [20-23]. Figure 2.1 below displays the Gibbs free energies 

of formation of metal chlorides. Of the most common alloys considered for use in MSRs and CSPs, 

those with Cr are unattractive since Cr forms a relatively stable chloride and is therefore prone to 

selective removal. Fe is also prone to selective removal, but not as severely as Cr. Equation (2.1) 

demonstrates an example of a chemical formula for the formation of CrCl2 involving Cl2 (g).  

𝐶𝑟(𝑠) + 𝐶𝑙2(𝑔) → 𝐶𝑟𝐶𝑙2(𝑠) 2.1 
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Figure 2.1 demonstrates that the chloride salt constituents are thermodynamically favoured over 

the chlorides of typical alloying elements. This indicates that the salt, without impurities, should 

not oxidize the alloying elements, and thus cause corrosion.  

 

 

 

 

 

 

 

 

2.1.2 Impurity-Driven Corrosion 

 It is well accepted that the corrosion of alloys in molten chlorides is primarily driven by 

the impurities within the salt [17, 21, 23-28]. Problematic impurities include, but are not limited 

to, moisture (H2O) and O2 dissolved in the chloride salts [29-31]. Moisture residing in salts is 

commonly found in the form of hydrates (discussed in more detail later) which promotes 

hydrolysis during heating. Equation (2.2) demonstrates an example of a hydrolysis reaction 

between MgCl2 (s) and H2O (g) [9]. This reaction between MgCl2 (s) and H2O (g) produces the 

corrosive impurities MgOHCl (s) and HCl (g). At temperatures greater than 550 °C, MgOHCl (s) 

decomposes in a molten MgCl2-containing mixture to form MgO (s), MgOH+, Cl¯, and HCl (g) as 

NiCl2 

FeCl2 

CrCl2 

MgCl2 

KCl 

Figure 2.1: Ellingham-Richardson diagram of common chlorides. 
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shown in Equations (2.3) and (2.4) [9]. HCl (g) can react with O2 (g) in the atmosphere to produce 

Cl2 and H2O as demonstrated in Equation (2.5).  

𝑀𝑔𝐶𝑙2(𝑠) + 𝐻2𝑂(𝑙) → 𝑀𝑔𝑂𝐻𝐶𝑙(𝑠) + 𝐻𝐶𝑙(𝑔) 

𝑀𝑔𝑂𝐻𝐶𝑙(𝑠) → 𝑀𝑔𝑂(𝑠) + 𝐻𝐶𝑙(𝑔) 

𝑀𝑔𝑂𝐻𝐶𝑙(𝑠) → 𝑀𝑔𝑂𝐻+ + 𝐶𝑙− 

𝑂2(𝑔) + 4𝐻𝐶𝑙(𝑔) → 2𝐶𝑙2(𝑔) + 𝐻2𝑂(𝑔) 

HCl (g) reacts with the metallic materials, as demonstrated in Equation (2.6) to form solid metal 

chlorides at target temperatures of Gen. IV MSRs and next generation CSP plants. MgOH+ 

corrodes metallic materials as shown in Equation (2.7). Cl2 (g) can diffuse through grain 

boundaries as well as cracks and pores, of the oxide scale to the substrate, where it reacts with the 

metal as shown in Equation (2.8). 

𝑥𝐻𝐶𝑙 (𝑔) + 𝑀(𝑠) → 𝑀𝐶𝑙𝑥(𝑠) +
𝑥

2
𝐻2(𝑔) 

𝑥𝑀𝑔𝑂𝐻+ + 𝑀(𝑠) → 𝑥𝑀𝑔𝑂(𝑠) + 𝑀𝑥+(𝑠) +
𝑥

2
𝐻2(𝑔) 

𝑀(𝑠) + 𝐶𝑙2(𝑔) → 𝑀𝑔𝐶𝑙2(𝑠) 

  The detrimental effects of impurities in molten chloride salts and its atmosphere have been 

studied by many researchers [22-26, 31-33]. Liu et al. [34] studied the corrosion mechanism of 

Ni-based alloys in molten chloride salts under air atmosphere. Isothermal corrosion tests were 

conducted at 600 °C, and alloys Inconel 625 (Ni-58Cr-22Fe-5), Hastelloy X (Ni-48Cr-22Fe-19), 

and Hastelloy B-3 (Ni-65Cr-1.5Fe-1.5) were immersed in molten NaCl-CaCl2-MgCl2. Since the 

experiments were carried out in air, it was expected that O2 (g) and H2O (g) would significantly 

2.2 

2.3 

2.5 

2.6 

2.7 

2.4 

2.8 
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accelerate corrosion. The following reactions were proposed to describe the corrosion observed. 

First, O2 (g) and H2O (g) impurities present in the atmosphere react with the molten salt according 

to Equations (2.9) and (2.10).  

𝑀𝑔𝐶𝑙2(𝑙) + 𝐻2𝑂(𝑔) → 𝑀𝑔𝑂(𝑠) + 2𝐻𝐶𝑙(𝑔) 

4𝐻𝐶𝑙(𝑔) + 𝑂2(𝑔) → 2𝐶𝑙2(𝑔) + 2𝐻2𝑂(𝑔) 

Dissolved O2 (g) from the atmosphere reacts with the alloys to form an oxide scale as demonstrated 

in Equation (2.11). 

𝑥𝑀(𝑠) +
𝑦

2
𝑂2(𝑔) → 𝑀𝑥𝑂𝑦(𝑠) 

Cl2 is then able to penetrate through the oxide scale and deeper into the inner corrosion layers 

through pores and cracks where it reacts with Cr to produce CrCl4 (g) as shown in Equation (2.12.)  

𝐶𝑟(𝑠) + 2𝐶𝑙2 → 𝐶𝑟𝐶𝑙4(𝑔) 

CrCl4 (g) then diffuses into the outer corrosion layer where it reacts with O2 (g) to form CrO2Cl2 

(g), according to Equation (2.13).  

𝐶𝑟𝐶𝑙4(𝑔) + 𝑂2(𝑔) → 𝐶𝑟𝑂2𝐶𝑙2(𝑔) + 𝐶𝑙2(𝑔) 

CrO2Cl2 (g) then diffused into the molten salt. Thus, corrosion manifests itself as a Cr depleted 

region in the alloy at the surface. It was concluded that the formation of Cl2 (g) due to the reaction 

between O2 (g) and H2O (g) as atmospheric impurities, and MgCl2 are the driving force for the 

corrosion of Ni-based alloys exposed to molten chloride salt under an air atmosphere. Cr is 

preferentially depleted due to due its high negative Gibbs free energy of chloride formation 

compared to other common alloying elements, as displayed in Figure 2.1.  

2.9 

2.10 

2.12 

2.11 

2.13 
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Ding et al. [35] presented a corrosion mechanism to describe how Cr is depleted from a 

Ni-Cr-Fe alloy exposed to molten NaCl-KCl-MgCl2 in contact with an inert atmosphere. First, 

MgOH+ disassociates into Mg2+, O2-, and H+ as described by Equation (2.14): 

𝑀𝑔𝑂𝐻+ ↔ 𝑀𝑔2+ + 𝑂2− + 𝐻+ 

H+ penetrates the sample surface and reacts with Cr to form Cr2+ according to Equation (2.15): 

𝐶𝑟(𝑠) + 2𝐻+ → 𝐶𝑟2+ + 𝐻2(𝑔) 

Cr2+ reacts with Mg2+ and O2- to form MgCr2O3 (s) as described by Equation (2.16).  

2𝐶𝑟2+ + 𝑀𝑔2+ + 3𝑂2− → 𝑀𝑔𝐶𝑟2𝑂3(𝑠) 

The formation of MgCr2O3 led to the enrichment of Cr-containing corrosion products on the 

surface of the alloys which resulted in a Cr-depleted region under the sample surface. Therefore 

Ding et al. concluded that the main driving force for alloys exposed to molten chloride salt under 

inert atmosphere is the dissociation of MgOH+. Figure 2.2 shows an example of a cross-section 

and an associated set of SEM-EDS maps of corroded Incoloy 800H after immersion in molten 

MgCl2-KCl-NaCl at 700 °C for 500 h. This cross-sectional analysis shows the corrosion products 

of Incoloy 800H contain Mg, Cr, and O. It was also observed that small Cr-depleted alloy 

fragments spalled off from the alloy surface during exposure.  

 

 

 

 

2.14 

2.15 

2.16 
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2.1.3 Alloying Elements 

The alloys of interest for MSR and CSP systems mainly include those containing Ni, Cr, 

and Fe. Most literature agrees that alloys with a higher Ni content and lower Cr content perform 

better from a corrosion perspective when exposed to molten salt compared to stainless steels [34-

40]. However, the conclusion that corrosion resistance increases with Ni content in molten chloride 

salt is not always true. Lai et al. [30] investigated alloys with varying Fe-Ni-Co compositions 

immersed in molten NaCl-KCl-BaCl2 at 840 °C for one month. The best performing alloys of those 

tested were stainless steel (Types 304 and 310), which exhibited a lower depth of corrosion than 

the high Ni alloys (Inconel 600 and 604). Research conducted by ORNL showed that Hastelloy N 

suffered the least corrosion in those alloys tested in molten fluoride salts [41-45]. However, 

experiments conducted by Vignarooban et al. [46] indicate that Hastelloy N may not be a 

compatible alloy with molten chloride salts. Corrosion rates of Hastelloy C-276 (Ni-57Cr-16), 

Hastelloy C-22 (Ni-56Cr-22), and Hastelloy N (Ni-71Cr-7) in molten NaCl-KCl-ZnCl2 salts at 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

Figure 2.2: Cross-section SEM-EDS elemental maps of Incoloy 800H after 

immersion in molten MgCl2-KCl-NaCl at 700 °C. *small Cr-depleted alloy fragments 

spalled off [35]. 
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500 °C were estimated using a steady-state potentiodynamic method. The corrosion rate was 

calculated to be >150 μm/year, 50 μm/year, and 42 μm/year for Hastelloy N, Hastelloy C-22, and 

Hastelloy C-276 respectively. These results suggest that alloys with higher Ni and lower Cr content 

experience more corrosion. 

The selection of appropriate Cr content is very important when considering corrosion of 

alloys in molten chloride salts. Cr alloying is used to help improve mechanical properties of high 

temperature alloys and to promote the growth of a protective chromia scale [37-40] but can also 

be selectively dissolved due to its low nobility. Polovov et al. [51] investigated the corrosion of 

stainless steels Types 316L and 321 molten equimolar in NaCl-KCl at 750 °C. Metallographic 

analysis post exposure indicated that the precipitation of Cr carbides and Cr depletion caused 

intergranular oxidation. Liu et al. [34] studied the corrosion of Inconel 625 (60Ni-23Cr), Hastelloy 

X (47Ni-22Cr), and Hastelloy B3 (65Ni-1.5Cr) in molten NaCl-CaCl2-MgCl2 at 600 °C. Hastelloy 

B3 suffered more corrosion than Hastelloy X and Inconel 625. Hastelloy X and Inconel 625 

exhibited large Cr depleted zones compared to Hastelloy B3, but both Hastelloy X and Inconel 

625 showed evidence of a compact protective layer of MgCr2O4 (s) that helped mitigate corrosion. 

These results indicate that a lower Cr content reduces the corrosion resistance of grain boundaries, 

but a higher Cr content helps to form a protective MgCr2O4 (s) scale that can resist molten chloride 

salts. Ding et al. [35] also found that Hastelloy C-276 exhibited the best corrosion resistance when 

compared to Type 310 stainless steel (Fe-Cr-24Ni-22) and Incoloy 800H (Fe-Cr-20Ni-30) in 

molten MgCl2-KCl-NaCl at 700 °C. The corrosion rates were measured to be 500 µm/year, 1000 

µm/year, and 2000 µm/year for Hastelloy C-276, Incoloy 800H, and 310 stainless steel 

respectively. The results from these two studies indicate that the optimal Cr content for Ni-based 

alloys is likely between 7 and 22 wt%.  
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Additions of Al and Si to alloys can promote the growth of protective Al2O3 and SiO2 

scales, which is discussed in more detail in Section 2.3.3. Table 2.1 provides a snapshot of the 

corrosion rates measured from various alloys in molten chloride salts reported in the literature for 

comparative purposes.  

Table 1.1: Comparison of corrosion rates of various alloys exposed to molten chloride salts 

under various conditions.  

Alloy Molten Salt 
T 

(°C) 
Atmosphere 

Corrosion 

Rate 

(µm/year) 

Scale 

Forming 

Tendency 

Ref 

Hastelloy C-22 KCl-NaCl-ZnCl2 500 Air 35 Cr2O3 46 

Hastelloy C-276 KCl-NaCl-ZnCl2 500 Air 40 Cr2O3 46 

Hastelloy C-22 KCl-NaCl-ZnCl2 500 Air 45 Cr2O3 39 

Hastelloy C-276 KCl-NaCl-ZnCl2 500 Air 50 Cr2O3 39 

Hastelloy N KCl-NaCl-ZnCl2 500 Air >150 / 46 

SS 304 KCl-NaCl-ZnCl2 500 Air 381 Cr2O3, Fe3O4 39 

Hastelloy C-276 KCl-NaCl-ZnCl2 800 Air 500 Cr2O3 39 

SS 304 KCl-NaCl-ZnCl2 400 Inert 14 Cr2O3, Fe3O4 39 

Hastelloy C-276 KCl-NaCl-ZnCl2 800 Inert 10 Cr2O3 39 

Hastelloy C-22 KCl-NaCl-ZnCl2 800 Inert 14 Cr2O3 39 

Hastelloy C-276 KCl-NaCl-MgCl2 700 Inert 79 Cr2O3 35 

Incoloy 800H KCl-NaCl-MgCl2 700 Inert 364 Cr2O3 35 

SS 310 KCl-NaCl-MgCl2 700 Inert 1581 Cr2O3, Fe3O4 35 

SS 347 LiCl-NaCl 350 Nitrogen 7490 Cr2O3, Fe3O4 36 

Inconel 625 LiCl-NaCl 650 Nitrogen 2800 Cr2O3 36 

SS 310 LiCl-NaCl 650 Nitrogen 6420 Cr2O3, Fe3O4 36 

SS 310 LiCl-NaCl 700 Nitrogen 12450 Cr2O3, Fe3O4 36 

Incoloy 800H LiCl-NaCl 700 Nitrogen 14310 Cr2O3 36 

Ni (>99.97) NaCl-MgCl2 520 Air 57 / 21 

GH 4033 NaCl-MgCl2 520 Air 124 Cr2O3, NiFe2O4 21 

Inconel 625 NaCl-CaCl2-MgCl2 600 Air 200 Cr2O3, Fe3O4 32 

Hastelloy X NaCl-CaCl2-MgCl2 600 Air 220 Cr2O3, Fe2O3 34 

Hastelloy B3 NaCl-CaCl2-MgCl2 600 Air 440 Cr2O3 34 
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2.2 Corrosion Mitigation Strategies  

2.2.1 Thermal Dehydration 

 Molten MgCl2-containing salt mixtures are candidate heat transfer fluids for CSP and 

primary coolants for MSRs [20, 23, 35, 52-54]. MgCl2 is naturally hygroscopic and can easily 

bond with water to form a series of hydrate compounds (MgCl2·nH2O, n =1, 2, 4, 6, 7, 12) [9-10, 

25-26, 28]. It is undesirable for water to be present in molten salts due to hydrolysis reactions that 

occur at target operating temperatures of Gen. IV MSRs and next generation CSPs, as discussed 

in Section 2.12. The phase diagram outlined in Figure 2.3 displays the hydrated forms of MgCl2 

at various temperatures. The most hydrated form of MgCl2 at room temperature is MgCl2·6H2O.  

To drive off these six waters, the temperature must be increased to dehydrate MgCl2. The following 

dehydration reactions were outlined by Kipouros et al. [31]: 

𝑀𝑔𝐶𝑙2 ∙ 6𝐻2𝑂(𝑠) → 𝑀𝑔𝐶𝑙2 ∙ 4𝐻2𝑂(𝑠) + 2𝐻2𝑂(𝑔)~ 117°𝐶 

𝑀𝑔𝐶𝑙2 ∙ 4𝐻2𝑂(𝑠) → 𝑀𝑔𝐶𝑙2 ∙ 2𝐻2𝑂(𝑠) + 2𝐻2𝑂(𝑔)~ 180°𝐶 

Figure 2.3: Phase diagram of MgCl2 - water system [31]. 

2.17 

2.18 
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𝑀𝑔𝐶𝑙2 ∙ 2𝐻2𝑂(𝑠) → 𝑀𝑔𝐶𝑙2 ∙ 𝐻2𝑂(𝑠) + 𝐻2𝑂(𝑔)~ 240°𝐶 

𝑀𝑔𝐶𝑙2 ∙ 𝐻2𝑂(𝑠) → 𝑀𝑔𝐶𝑙2(𝑠) + 𝐻2𝑂(𝑔)~ 400°𝐶 

Equations (2.17)-(2.20) demonstrate how thermal dehydration can be utilized to remove waters 

present in MgCl2 salt. A consequence of the thermal dehydration process is the hydrolysis reactions 

that occur between MgCl2 and H2O to form corrosive compounds while the salt is drying according 

to Equation (2.2). To prevent the development of corrosive compounds, all hydrate waters need to 

be removed from the salt mixture before contact with metallic components to control corrosion. 

One such method to dehydrate an MgCl2-containing salt mixture is outlined in the Section 2.2.2.  

 Zhao et al. [9] studied the content of MgOHCl in molten NaCl-KCl-MgCl2 with and 

without thermal dehydration. Titration analysis was used to measure the concentration of MgOHCl 

in the original salt mixture, and salt mixture that had been thermally dehydrated at 117 °C for 8 

hours, 180 °C for 8 h, 240 °C for 2 h, 400 °C for 1 h, and 600 °C for 1 h. Each step of the thermal 

dehydration procedure corresponds to the dehydration process outlined by Kipouros et al. [31]. 

The results of this experiment are shown in Figure 2.4 which demonstrate that the additive stepwise 

heating of carnallite salt is effective at purifying the salt. This is due to the significant reduction of 

MgOHCl content between the non-treated salt, and the thermally purified salt after 600 °C. The 

authors explained that this decrease in MgOHCl concentration at 600 °C corresponds to the 

thermal decomposition of the compound as described by Equations (2.3) and (2.4). More than 2 

wt % MgOHCl content remained after the thermal dehydration process indicating that this method 

does not completely remove corrosive compounds. Figure 2.4 includes the MgOHCl content when 

a Mg corrosion inhibitor was added in the salt mixture. The content of MgOHCl was significantly 

lower compared to the thermally dehydrated mixture, indicating that chemical purification is an 

effective technique (discussed in more detail later).  

2.19 

2.20 
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Hosoya et al. [55] tested Hastelloy X in molten NdCl3-NaCl-KCl that had been pre-dried 

at 550 °C for 70 minutes, 600 °C for 70 minutes, and 800 °C for 600 minutes. The corrosion rate 

of Hastelloy X when immersed in the molten salt mixture for 3 h at 250 °C was reported to be 5 

mg/cm2/h, 0.5 mg/cm2/h, and 0.25 mg/cm2/h for the salts dried at 500 °C, 600 °C, and 800 °C 

respectively. XRD post-exposure examination identified a NiO phase in each sample. Further 

examination using an atomic force microscope revealed that the NiO scale was stripped off and 

the bare metal experienced intergranular oxidation. The authors concluded that once the oxide 

scale was removed, corrosion of the alloy proceeded due to the reaction with HCl that was formed 

by Equation (2.21).  

𝑁𝑑𝐶𝑙3 + 𝐻2𝑂 → 𝑁𝑑𝑂𝐶𝑙 + 2𝐻𝐶𝑙 

 

Figure 2.4: MgOHCl concentrations during thermal dehydration 

of NaCl-KCl-MgCl2 carnallite salt [9]. 

2.21 
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2.2.2 Chemical Purification  

 As previously mentioned in Section 2.12, corrosion of alloys in molten chloride salt 

mixtures is primarily driven by impurities. Impurities such as H2O and O2 react with the salt 

components and produce corrosive compounds as shown in Equations (2.1)-(2.7). Chemical 

purification is a technique that uses a sacrificial anode to selectively react with corrosive MgOH+, 

therefore mitigating corrosion of structural alloys. Active metals can be added to the salt mixture 

to help reduce the redox potential of the mixture, and therefore decrease the concentration of 

MgOH+ [5, 9-10]. The Gibbs free energy of formation is plotted against different cations in Figure 

2.5. The chosen active metal must form a more stable cation than the alloying elements but cannot 

be more stable than the other constituents in the salt [9]. This leaves Mg metal as a good candidate 

since it does not introduce other elements into a MgCl2 salt system.  

 

Figure 2.5: Gibbs free energy of formation for different cations at 827 °C [9]. 
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Additions of Mg metal to molten chloride salt mixtures promotes oxygen scavenging. When a 

soluble MgOH+ impurity is produced by the decomposition of MgOHCl (Equation (2.4)), it can 

transport oxygen to the substrate where it reacts with the alloying elements as described by 

Equation (2.7) [9]. Mg metal can reduce MgOH+ to form MgO and H2 as shown in Equation (2.22): 

2𝑀𝑔𝑂𝐻+ + 𝑀𝑔 → 𝑀𝑔2+ + 2𝑀𝑔𝑂 + 𝐻2 

Garcia-Diaz et al. [53] studied the corrosion rates of alloys in molten KCl-MgCl2 that 

contained 1.15 mol% of Mg. They found that samples immersed in the molten chloride salt mixture 

containing Mg metal as a corrosion inhibitor showed a corrosion rate that was 35 times lower than 

the samples immersed without the inhibitor added. Ding et al. [5] also investigated the effects of 

adding Mg metal as a corrosion inhibitor to molten chloride salt mixtures. Ni-based alloys were 

exposed to molten MgCl2-NaCl-KCl at 700 °C for 500 h with an addition of 1 wt % Mg metal. 

The corrosion rate was reduced by 83% for Type 310 stainless steel, 70% for Incoloy 800H, and 

94% Hastelloy C-276 when Mg metal was added.  

Chlorinating processes have been studied as an effort to help reduce the hydrolysis reaction 

within molten chloride salt mixtures [20, 56]. Studies performed by ORNL found that drying 

chloride salts under vacuum before heating, then treating the salt with dry HCl (g), and finishing 

with an inert gas purge of HCl (g) from the salt, almost completely removed bound oxygen from 

the salts [20]. Cherginets et al. [56] found that a more effective method of removing oxygen from 

molten chloride salt mixtures is carbochlorination. A eutectic mixture of KCl-LiCl was melted and 

purified in a flow of N2 saturated by CCl4 vapour for 4 hours at 800 °C. This process successfully 

resulted in the reduction of oxide impurity concentrations to approximately 3 ppm. 

2.22 
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2.2.3 Pre-Oxidation Treatment 

 Pre-oxidation is a treatment applied to alloys to help enhance their protection through the 

growth of a homogeneous and compact oxide scale [12]. The developed oxide scale helps mitigate 

further oxidation during service, thus improving corrosion resistance. The tendency of the oxide 

scale to protect the metal from corrosion is related in part to the relative volumes of the oxide and 

metal, which is described by the Pilling-Bedworth (PB) ratio [57]. The Pilling-Bedworth ratio 

expresses the ratio of the volumes in Equation (2.23): 

𝑃𝐵 𝑅𝑎𝑡𝑖𝑜 =  
𝐴𝑜𝜌𝑀

𝐴𝑀𝜌𝑜
 

where AO is the molecular weight of the oxide (kg/k·mol), AM is the atomic weight of the metal, 

ρO is the oxide density (kg/m3), and ρM is the metal density (kg/m3) [57]. Metals with PB ratios 

less than unity tend to have porous oxide layers that are unprotective, whereas metals with PB 

ratios greater than unity form protective oxide layers [57]. Table 2.2 displays common protective 

oxide scales researched for MSR and CSP systems with their respective PB ratios. The protective 

oxide layers of Al, Cr, and Si formers is discussed and analyzed further.  

Table 2.2: Pilling-Bedworth ratios for metal oxides [57]. 

Metal Oxide PB Ratio 

Al Al2O3 1.29 

Ni NiO 1.69 

Fe FeO 1.69 

Mn MnO 1.76 

Cr Cr2O3 2.00 

Si SiO2 2.14 
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Mathieu et al. [60] examined oxidation of Cr2O3 and Al2O3 forming alloys in dry air, air + 

H2O, and Ar-H2O. Surface observations indicated that the specimens exposed to water vapour 

atmospheres did not uniformly oxidize. This suggests that a dry oxidizing environment should be 

used in pre-oxidation treatments for the formation of dense and uniform oxide scales.  

Ding et al. [5] investigated the pre-oxidation of Al2O3-forming alloys as a mitigation 

strategy against molten chloride salt corrosion. The alloys AF-1 (75.5Fe-8Al-16Cr-0.5Y) and AF-

2 (75.5Fe-8Al-16Cr-0.5Zr) were heated to 800 °C for 15 h in a furnace to promote a protective 

oxide scale, then the treated alloys were immersed in molten NaCl-KCl-MgCl2 at 700 °C for 500 

h. Figure 2.6 (a) displays a BSE image of pre-oxidized AF-1 post-exposure, demonstrating the 

formation of a dense and uniform Al2O3 scale. Figure 2.6 (b) displays the EDS line scans through 

the cross-section of pre-oxidized AF-1 after immersion in the molten chloride salt mixture. There 

was an enrichment Mg at the surface of the alloy, but the Al2O3 scale effectively stopped the 

penetration of Mg into the matrix. No Cr depletion is evident in the cross-section of pre-oxidized 

AF-1 after immersion.  

 

 

 

 

 

 

 

Figure 2.6: (a) BSE image of polished cross-section of AF-1 after immersion in molten NaCl-KCl-

MgCl2 at 700 °C for 500 h, and (b) EDS line scans through the cross-section of AF-1 post-exposure 

[5]. 

a b 

Al2O3 
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Vidal et al. [11] studied the pre-oxidation treatment of Al2O3 forming alloys as a corrosion 

mitigation strategy for molten chloride salt exposure. It was found that, of the various alloys tested, 

Inconel 702 (75Ni-15Cr-3Al-2Fe) produced the most protective Al2O3 scale. The scale consisted 

of two distinct zones: a denser layer on top, and thicker, dispersed inner layer. XRD analysis 

confirmed a crystalline polymorphic α-corundum phase. The authors explained that this phase is a 

very protective structure because it lacks crystalline defects. The worst performing alloy was 

Haynes 224 since the alloy formed mixed oxides consisting of Al, Cr, and Fe.  

Israelsson et al. [58] investigated the pre-oxidation and corrosion of the Al2O3 forming 

Kanthal APMT (Fe-21Cr-5Al-3Mo) alloy. The pre-oxidized specimens were heated to 900 °C and 

1100 °C for 1 and 24 h, then exposed to KCl solution that was sprayed on the specimens, then 

dried with flowing air. The KCl-coated samples were studied though isothermal exposures at 600 

°C in a 5 % O2 + 40% H2O + 55 % N2 environment for 24 h. The Al2O3 scales formed during pre-

oxidation treatment for 1 h at 900 °C and 1100 °C were both unable to protect the alloy against 

corrosion due to breakaway oxidation that initiated at flaws of the oxide scale. These results 

demonstrate that a dense and continuous Al2O3 scale is required to provide sufficient protection to 

the alloy against molten chloride salt corrosion.  

Abdullah et al. [59] studied the effect of pre-oxidized Cr2O3 forming alloys that were 

exposed to molten glass via electrochemical methods. The results showed that as-prepared alloys 

experienced severe corrosion, whereas the pre-oxidized samples developed a thick and adherent 

Cr2O3 scale that effectively hindered corrosion. It was also concluded that the solubility limit plays 

a major role in determining the ability of an oxide scale to provide protection to alloys. It was 

found that the dissolution of Cr2O3 occurs simultaneously with the growth, therefore corrosion 

protection depends on relative rates of both processes.  
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Pan et al. [61] investigated the corrosion of pre-oxidized Fe-Ni-Al-Cr alloys in molten KCl 

contaminated air. Severe degradation of the formed Cr2O3 scale due to the formation of chromate 

was observed, as shown in Equation (2.24): 

4𝐾𝐶𝑙 + 𝐶𝑟2𝑂3 +
5

2
𝑂2 → 2𝐾2𝐶𝑟𝑂4 + 2𝐶𝑙2 

The equilibrium Cl2 (g) partial pressure of Equation (2.24) is 10-5 atm [61]. This value is 

substantially higher than the value for Al2O3 (10-15 atm) and Fe2O3 (10-12 atm), as represented by 

Equation (2.25) and (2.26) respectively [61-62]: 

2𝐾𝐶𝑙 + 𝐴𝑙2𝑂3 +
1

2
𝑂2 → 2𝐾𝐴𝑙𝑂2 + 𝐶𝑙2 

2𝐾𝐶𝑙 + 𝐹𝑒2𝑂3 +
1

2
𝑂2 → 2𝐾𝐹𝑒𝑂2 + 𝐶𝑙2 

The high equilibrium Cl2 (g) partial pressure of Cr2O3 implies that it is the more reactive oxide of 

the three considered with KCl, and Al2O3 is the least reactive. Kassim et al. [12] investigated pre-

oxidation treatments of Hastelloy C22 that would develop a protective Cr2O3 chromia scale. It was 

found that the oxide scale thickness increases with the temperature of the pre-oxidation treatment. 

The most protective oxide scale of the pre-treatments applied was 1000 °C for 4 h, which coincided 

with the growth of a dense and adhering scale comprised of Cr2O3 and MnCr2O4. Pre-oxidation 

temperatures greater than 1000 °C resulted in an oxide scale that spalled due to the volatilization 

of Cr2O3 according to Equation (2.27): 

𝐶𝑟2𝑂3(𝑠) +
3

2
𝑂2(𝑔) → 2𝐶𝑟𝑂3(𝑔) 

2.24 

2.25 

2.26 

2.27 
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 These results suggest that the pre-oxidation temperature must be equal to or less than 1000°C to 

avoid the spallation of Cr2O3. Examination of the pre-oxidized Hastelloy C22 post-exposure via a 

field emission electron microscope revealed a loose and porous Cr2O3 scale with large crack 

structures. It was concluded that the instability of the Cr2O3 layer was due to the formation of 

K2CrO4 (s) as described in Equation (2.24). K2CrO4 (s) is not protective from a corrosion 

perspective because it has a high solubility in molten chloride salts [12, 63].  

Li et al. [62] investigated corrosion of a Fe-15Cr-5Si alloy that had been pre-oxidized in 

air with a presence of solid KCl salt. Cross-sectional analysis of the alloy post-exposure via SEM 

revealed a double-layered oxide layer that included an external K2CrO4 scale, and an inner SiO2 

scale. It was concluded that the Cr2O3 scale transitioned into K2CrO4 via Equation (2.24), but the 

inner SiO2 scale acted as an effective barrier that could repress the evolution of Fe oxides. More 

research is needed to fully understand how SiO2 scales provides corrosion protection for high 

temperature alloys in molten chloride salt mixtures.  

Table 2.3 displays the thickness of oxides formed on various alloys exposed to different 

pre-oxidation conditions for comparative purposes. Oxide scale thickness increases with and 

increase of temperature, and generally increases with an increase of exposure time.  
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Table 2.3: Comparison of alloys subjected to pre-oxidation treatments under various conditions. 

Alloy Time (h) T (°C) 
Oxide Thickness 

(µm) 
Ref 

Ni-30Cr 2 1100 2.5 59 

Ni-8Al-28Cr 2 1100 10 59 

AF-1 (Fe-8Al-16Cr-0.5Y) 15 800 1.1 5 

Hastelloy C22 

(Ni-21Cr-13Mo-4Fe) 
4 800, 900, 1000, 1100 0.5, 2.2, 3.4, 7.1 12 

Haynes 224 

(Ni-20Cr-3Al-27Fe) 
4, 8, 15 1050 5, 2, 2 11 

Kanthal APMT 

(21Cr-5Al-70Fe) 
8, 16, 20 950 2.5, 1, 4 11 

Inconel 702 

(75Ni-15Cr-3Ni-2Fe) 
4, 8, 25 1050 1, 2, 2.5 11 

Kanthal APMT 

(21Cr-5Al-70Fe) 
24 1100 1.5 58 

602CA 

(Ni-9Fe-24Cr-2.3Al) 
48 950 0.5 58 

Manaurite 40XO 

(Ni-26Fe-28Cr-1.6Al) 
48 950 1.5 60 

Inconel 693 

(Ni-6Fe-29Cr-3.2Al) 
48 950 1 60 

Fe-15Cr-5Si 48 650 5 62 

 

2.3 Research Objective 

The main forms of corrosion for Fe-based and Ni-based alloys are in the form of electrochemical 

corrosion, and impurity driven corrosion. In molten chloride salt mixtures, Fe-based and Ni-based 

alloys will not form a passive oxide scale to inhibit corrosion. Corrosion of metals in molten 

chloride salt is driven by the nobility of the metal. Metals with higher negative Gibbs free energies 

of chloride formation are more likely to form a chloride compound and dissolve in the salt, 

therefore initiating corrosion by the selective oxidation and removal of the least noble component. 

Therefore, Cr is preferentially corroded, followed by Fe, and Ni.  



 

27 

 

The objective of this research project is to determine the relative corrosion performance of high 

temperature alloys with different protective scale forming tendencies when exposed to molten 

KCl-MgCl2 salt mixture. The corrosion performance is investigated using two corrosion mitigation 

methods, relative to the unprotected (UP) case: chemical purification (CP) of the molten salt 

mixture by Mg metal additions to render it less corrosive, and thermal pre-oxidation (PO) of the 

alloys to render them less prone to corrosion.  
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3.0 Experimental Methods 

3.1 Materials 

Three high temperature alloys were chosen for investigation, which include Incoloy® 800H 

(Cr2O3-forming), HAYNES® 214 (Al2O3-forming) and NORAM SXTM (SiO2-forming). The 

chemical compositions of the alloys, as specified in the mill certificates, are listed in Table 3.1. 

Incoloy® 800H (I800H) was provided in plate form (0.12 mm) by VDM Metals (Toronto, ON), 

HAYNES® 214 (H214) was provided in plate form (0.50 mm) by Haynes International 

(Cambridge, ON), and NORAM SXTM (SX) was provided in tube form (1.9 mm outer diameter × 

1.6 mm inner diameter) by NORAM Engineering (Vancouver, BC). The relative high Al and Si 

content in H214 and SX, respectively, promotes the formation of thin and compact protective inner 

Al2O3 [64-68] and SiO2 layers [62, 66, 69], underneath a Cr2O3-base scale during high temperature 

oxidation. 

Table 3.1: Chemical compositions (wt.%). 

Alloy Ni Fe Cr Mn Si Mo Cu Al Ti Co 

I800H 30.7 Bal. 20.6 0.60 0.30 - 0.03 0.50 0.60 - 

H214 Bal. 3.6 16.3 0.20 - 0.50 - 4.20 0.50 2.00 

SX 19.2 Bal. 17.8 0.52 4.60 0.40 2.00 - - - 

 

Square (10 mm × 10 mm) test coupons were cut out of the as-received I800H and H214 

plates and ¼ rings segment test coupons (~15 mm x 5 mm) were cut out of the SX tube using a 

SiC blade in a precision cutter with a commercial cutting fluid (Cooli Additive Plus). All coupon 

surfaces were mechanically abraded to a 600 grit finish using SiC abrasive papers and water as a 
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lubricant, ultrasonicated for 15 minutes in deionized water, rinsed with ethanol and dried in lab air 

at room temperature and weighed using a digital balance with 0.1 mg precision prior to testing.  

One coupon of each alloy was cold mounted in cross-section in epoxy, polished and etched 

to reveal the starting microstructure (procedure described in more detail later). Light optical 

microscopy (LOM) images of the starting microstructures are shown in Figure 3.1. All three alloys 

exhibit an equi-axed grain structure with relatively minor twinning. There is a notable difference 

in grain size between the alloys. The average grain sizes of H214, I800H, and SX (with 95 % 

confidence intervals), as measured using the ASTM E112-13 intercept procedure, are 45±3.4 µm, 

138±5.6 µm, and 50±11.3 µm respectively. Large spherical particles are distributed along the grain 

boundaries and within the grains of I800H. Such particles are commonly observed in this alloy 

and characterization by SEM-EDS has revealed them to be either Ti-containing carbides, or 

nitrides [70-74]. 
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Figure 3.1: Starting microstructures of (a) I800H, (b) H214, and (c) SX. 
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3.2 Heat Treatment 

Thermal pre-oxidation exposures in air at various temperatures and durations were 

conducted to grow a protective oxide scale on the surface of the three alloys as a corrosion control 

measure. A high temperature silicon carbide horizontal tube furnace and alloy test coupons were 

used for this purpose. Each alloy was subjected to three thermal pre-oxidization treatments, as 

listed in Table 3.2. Table 2.3 shows the wide range of temperatures and exposure times used for 

pre-oxidation treatments of high temperature alloys in literature. The treatments for this work were 

chosen based on these results published in literature that demonstrated effective oxide scales were 

developed on the experimental alloys used in this work [64-65, 75-79]. Of these three, one was 

selected to move forward with for corrosion testing in the molten KCl-MgCl2 salt mixture. The 

qualitative criteria used for selection included the formation of a uniform, compact and adherent 

oxide scale, as judged from cross-sectional SEM images (procedure described in more detail later).  

Table 3.2: Thermal pre-oxidation treatments. 

Treatment Time (h) Temperature (°C) Reference 

1 2 1000 [58, 60, 80] 

2 4 1000 [11, 60, 80] 

3 24 800 [5, 62, 75-76] 

 

Backscattered electron (BSE) cross-section images of the oxide scales formed on the alloys 

subjected to the three thermal pre-oxidation treatments are shown in Figure 3.2. Based on the 

qualitative criteria stated above, the following treatments were selected for corrosion testing: 4 h 

at 1000 °C for I800H (Figure 3.2(d)), 4 h at 1000 °C for H214, (Figure 3.2(e)), and 24 h at 800 °C 

for SX (Figure 3.2(i)). The selected Treatment 2 for I800H is not considered ideal since it also 
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produces intergranular oxidation (about 4 µm deep) in the alloy. Treatment 1 also produced 

intergranular oxidation in this alloy, but is much deeper (about 25 µm), whereas Treatment 3 

produced a loose and cracked oxide scale, indicating a tendency for oxide spallation. Treatment 2 

produced a layered oxide scale (thicker outer layer (bright)) on top of a thinner inner layer (dark)) 

consistent with the formation of an Al2O3 layer underneath a Cr2O3 layer [64-68]. Treatment 3 was 

the only treatment of the three to produce a crack-free oxide scale on SX.  
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Figure 3.2: Cross-sectional BSE images after pre-oxidation treatment (in air) of I800H (a) 2 h at 

1000 °C, (d) 4 h at 1000 °C, (g) 24 h at 800 °C, H214 (b) 2 h at 1000 °C, (e) 4 h at 1000 °C, (h) 24 h 

at 800 °C, and SX (c) 2 h at 1000 °C, (f) 4 h at 1000 °C, (i) 24 h at 800 °C. 
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3.3 Molten KCl-MgCl2 Mixture 

The salt mixture chosen for corrosion testing is 78.2 wt % KCl – 21.8 wt % MgCl2 (dry 

basis), which is consistent with CSP and MSR applications [6, 20, 81-86]. Mixtures were prepared 

using reagent grade KCl and MgCl2·6H2O powder crystals. The mixture was thermally dehydrated 

in-situ during subsequent corrosion testing by using the thermal dehydration cycle shown in Figure 

3.3, which was originally published by Kipouros et al. [31]. Two water molecules are driven off 

at 117 °C, two more are driven off at 180 °C, one more is driven off at 240 °C and the last one is 

driven off at 400 °C. 

 

Figure 3.3: Temperature-time plot showing thermal dehydration cycle following procedure 

originally published by Kipouros et al. [31]. 
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An XRD measurement (described in more detail later) was used to validate successful 

thermal dehydration using this thermal cycle. Figure 3.4 shows the XRD spectrum acquired from 

the KCl-MgCl2 after being subjected to the thermal dehydration cycle. The experiment followed a 

typical corrosion test (procedure described in more detail later). Two clear sets of peaks are 

identified: one set belonging to KCl and another set belonging to MgCl2·6H2O. MgCl2 cannot be 

differentiated from MgCl2·6H2O due to overlapping peaks. Therefore, validation was based on a 

MgCl2 proportion comparison before and after thermal dehydration. The proportion of 

MgCl2·6H2O in the starting salt mixture was 37.5%. After thermal dehydration, the proportion of 

MgCl2/MgCl2·6H2O was 15%. The significant reduction indicates dehydration occurred. From a 

dry basis perspective, the proportion of MgCl2 after thermal dehydration is lower than that 

expected before thermal dehydration (15% versus 21.5%). A lower value can be expected based 

on the hydrolysis reaction (Equation (2.2)) involving MgCl2 as a reactant that are known to occur 

during thermal dehydration [5, 9-10, 31]. 

 

 

 

 

 

 

 

 

KCl 

MgCl2·6H2O 

Figure 3.4: XRD spectrum acquired from KCl-MgCl2 after being subjected to the thermal 

dehydration cycle.  

MgO 
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Chemical purification of the molten salt mixture by additions of Mg metal as a sacrificial 

corroding metal was also conducted as a corrosion control measure. This was achieved by adding 

1.7 wt % Mg (99.8% purity) chips to the starting KCl-MgCl2 mixture: a value based on the research 

conducted by Zhao et al. [9].  

3.4 Molten Salt Corrosion Testing 

The apparatus used for corrosion testing in the molten KCl-MgCl2 mixture is shown in 

Figure 3.5. Argon cover gas was transferred from the tank, through the gas regulator where it was 

converted to supply a constant rate of 1.48 cm/s to the stainless-steel gas inlet of the furnace. The 

gas was carried over a set of alumina crucibles placed on a rectangular alumina charge tray within 

a quartz glass tube inside the horizontal furnace (Thermocraft). Cylindrical, alumina crucibles (0.6 

mL capacity, height: 14 mm, inner diameter: 9.5 mm) were purchased from Goodfellow 

Corporation (Coraopolis, Pennsylvania). The gas picked up any gaseous products associated with 

thermal dehydration and corrosion and carried them out of the furnace into a scrubber solution 

containing 1 M NaOH (aq). The scrubbed gas was then vented to atmosphere in a fume hood. 

1 

2 

3 

4 
5 

6 7 

8 

Figure 3.5: Photograph showing the apparatus used corrosion testing in the molten KCl-MgCl2 

mixture at 700 °C. 1: Ar gas tank. 2: Gas regulator. 3: Furnace controller. 4: gas inlet. 5: quartz 

tube. 6: Thermocraft furnace. 7: gas outlet. 8: NaOH scrubber. 
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Corrosion testing involved placing an alloy coupon into an alumina crucible containing the 

starting KCl-MgCl2 mixture that was filled to capacity. The isothermal hot zone of the tube furnace 

permitted the use of six such crucibles in each test. Three crucibles contained a triplicate set of 

coupons immersed in the starting KCl-MgCl2 mixture without Mg metal, added and the remaining 

three crucibles contained a second triplicate set of the coupons immersed in the starting KCl-

MgCl2 salt mixture with Mg metal added. Each alumina crucible was initially filled to 50% 

capacity with the starting KCl-MgCl2 mixture, then the coupon, and Mg metal when required, was 

placed into the salt mixture and covered with the starting KCl-MgCl2 mixture until the crucible 

was 100% filled. The total mass of the starting KCl-MgCl2 mixture added to each crucible was 

about 0.54 g. When required, 0.01 g of Mg metal was added to each crucible. A set of photographs 

documenting this procedure is shown in Figure 3.6. The crucibles were 0.5 cm taller than the 

charge tray wall, and there was a 100 mm gap between the top of the crucibles, and the glass tube 

of the horizontal furnace. This gap was necessary to permit gas flow pattern over the crucibles, 

and therefore effective removal of water vapour and gaseous corrosion products. Alloys were 

tested with and without chemical purification (CP) by Mg metal addition and with and without 

thermal pre-oxidation (PO) as a corrosion control means. Thus, the comparative basis consists of 

three cases: (i) unprotected (UP): without CP or PO, (ii) protected by CP, (iii) protected by PO and 

(iv) protected by both CP and PO (CP+PO).  
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The furnace dwelled at 700 °C for 100 h, then returned to room temperature. The stepwise 

heating procedure of the furnace for the corrosion exposure, complete with in-situ thermal 

dehydration is shown in Figure 3.7. Crucibles were taken from the furnace and the coupons were 

removed from the solidified salt mixture with tweezers. Extracted coupons were ultrasonicated for 

15 minutes in deionized water to dissolve the bulk of the adhered solidified salt mixture from the 

surface prior to re-weighing.  

 

Alloy coupon Alloy coupon 

Mg chip 

Figure 3.6: Photographs showing the steps involved in preparing the crucibles for 

corrosion testing: (a) coupon immersed in starting KCl-MgCl2 mixture without Mg metal 

added, (b) coupon immersed in strating KCl-MgCl2 mixture with Mg metal added and (c) 

arrangement of filled crucibles on charging tray. 

a b 

c 
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Crucibles were cleaned by first submerging them in boiling deionized water for 10 minutes. 

They were then submerged in reagent grade HCl (aq) for 5 minutes. The crucibles were dried for 

30 minutes in a drying furnace at 150 °C. This was done after each corrosion test so that the 

crucibles could be reused. Each crucible was weighed before and after drying to ensure all moisture 

and salt deposits were removed.  

3.5 Material Characterization Techniques 

The materials characterization techniques that were used include LOM, SEM and associated EDS, 

XRD, and TEM and associated EDS of FIB-prepared samples. The objective being to determine 

links between near-surface structure and corrosion extent of the alloys exposed in the molten KCl-

Figure 3.7: Temperature-time plot showing heating procedure for corrosion testing, complete 

with the initial in-situ thermal dehydration. 



 

38 

 

MgCl2 mixture at various length scales. Specific details pertaining to each technique are provided 

separately below.  

Coupons (pre-and post-corrosion exposure) were sectioned using a SiC blade in a precision 

cutter and cold mounted in cross-section (exposing the rolling direction-normal direction RD-ND 

plane for the I800H and H214 plates and longitudinal direction-radial direction of the SX tube as 

the working surface) using epoxy. The H214 surface was ground with 320 grit SiC paper, and 

polished with 9 µm diamond, 3 µm diamond, and colloidal silica (OP-S) suspension. The SX and 

I800H surfaces were ground with 320, 400, 600, 800, and 1200 grit SiC abrasive paper and water 

as a lubricant, then polished with OPS suspension. Both SX and I800H are softer Fe-based alloys 

compared to the Ni-based H214, and therefore required a less aggressive polishing procedure. 

For the LOM images of the starting microstructures, etching was done using a “chrome-

regia” solution. The etchant was made by mixing one-part reagent grade H2CrO4 (aq), with one-

part hot water, and three-parts reagent grade HCl (aq). The sample mounts were immersed face-

up for approximately 1-3 s. Etched surfaces were observed under a Nikon Eclipse LV100 optical 

microscope. 

Post-corrosion surfaces were imaged in plan-view and/or cross-section view (unetched) 

with a JEOL 6610LV scanning electron microscope operated using an acerating voltage of 20 keV 

and working distance of 10 mm. Both BSE and secondary electron (SE) imaging modes were used. 

BSE imaging was used to reveal information about composition and contrast, whereas SE imaging 

was used to analyze surface morphology and topography. 

Element distribution maps and line scans of the scale/alloy interface in cross-section were 

acquired using SEM-EDS. An Oxford X-max 20 mm2 silicon drift detector equipped as part of the 
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JEOL 6610LV SEM microscope was used for this purpose. Line scans and element distribution 

maps were taken at three locations for each sample. The three common major alloying elements 

include Cr, Ni, and Fe. The Kα energies are approximately 5.4 keV for Cr, 7.5 keV for Ni, and 6.4 

keV for Fe [87]. Typically, a beam energy double the highest Kα of the elements being analyzed 

is required [87], therefore an accelerating voltage of 20 keV was used at a working distance of 10 

mm. 

XRD was used to determine the crystalline composition of the sample of interest (salt 

mixture after thermal dehydration and surface scale formation after corrosion testing). A sample 

of the dehydrated salt mixture was carefully transferred to a glass capillary and immediately sealed 

using epoxy to minimize re-hydration. The encapsulated dehydrated salt mixture was then 

analyzed using the Bruker Smart6000 CCD Cu source instrument. An acquisition time of 5 h was 

used to yield strong peak intensities. The entire coupon was used for the XRD analysis of the 

surface scale composition. A Bruker D8 Discover Co source instrument was used for this purpose. 

An acquisition time of 1 h was used to yield strong peak intensities. 

A Zeiss NVision 40 dual beam microscope with a Ga source was used to mill a thin cross-

sectional foil of SX surface after both thermal pre-oxidation and molten salt corrosion testing for 

TEM analysis. Electron beam deposition was used to apply a protective coating overtop of the area 

of interest that was approximately 100 nm thick to ensure enough protection during FIB milling. 

This was followed by ion beam deposition. Electron beam deposition was applied first because it 

is less damaging than ion beam deposition. Additional thinning of the cross-sectional foil was done 

using a lower voltage to reduce Ga implantation and amorphization of the surface. A Talos 200X 

analytical transmission electron microscope equipped with an X-FEG source was used for cross 

sectional analysis of FIB-prepared SX surface cross sectional foils. An accelerating voltage of 200 
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kV was used. Super X-detectors were used for EDS analysis for elemental mapping and line scans. 

A dwell time of 30 minutes for EDS maps were used to ensure sufficient resolution.  
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4.0 Results 

 
4.1 Molten Salt Chemistry Validation 

The composition of the as-received salt mixture is 62.5 wt% KCl-37.5 wt% MgCl2·6H2O. The 

composition of the as-received salt mixture was measured by XRD to establish a baseline and the 

result is represented by ‘Baseline Wet’ in Table 4.1. After the as-received salt was treated to the 

thermal purification procedure, the chemical composition of the salt changed to 85 wt% KCl-15 

wt% MgCl2·6H2O without chemical purification, and 78 wt % KCl-17.6 wt% MgCl2·6H2O -4 wt% 

MgO with chemical purification. The theoretical dry composition of the as-received salt mixture 

was calculated by eliminating the hexahydrate to validate that the thermal purification procedure 

effectively removed the H2O from the mixture and is represented by ‘Baseline Dry’ in Table 4.1. 

The thermally purified salt without chemical purification has a chemical composition very similar 

to the calculated baseline dry composition. This suggests that the thermal purification procedure 

is successfully driving off the H2O from MgCl2. 4 wt % MgO was detected in the composition of 

the thermally purified salt with chemical purification. When the Mg inhibitor reacts with MgOH+, 

MgO is produced as described by Equation (2.22). This reaction is assumed to go to completion, 

therefore the amount of MgO present in the thermally dehydrated salt with chemical purification 

corresponds to the amount of Mg dissolved.   
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Figure 4.1 displays the XRD spectrum of KCl-MgCl2 salt subjected to the thermal dehydration 

cycle with chemical purification (added Mg metal). The phases identified are KCl, MgCl2·6H2O, 

and MgO.  

 

 

 

 

 

 

 

 

 

Sample KCl (wt %) 
MgCl2·6H2O 

 (wt %) 
MgO (wt %) 

Baseline Wet 64 36 - 

Baseline Dry 78.04 21.96 - 

Without Chemical Purification 85 15 - 

With Chemical Purification 78 18 4 

Table 4.1: Compositions of salt mixture measured by XRD under various conditions. 

Figure 4.1: XRD spectrum acquired from KCl-MgCl2 after being subjected to thermal 

dehydration cycle with chemical purification.  

KCl 

MgCl2·6H2O 

MgO 
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4.2 Pre-Oxidation Treatments 

4.2.1 I800H 

Figure 4.2 displays a BSE image of the oxide scale formed after 4 h at 1000 °C and an associated 

set of EDS elemental line scans acquired across the oxide/scale interface. The EDS line scans 

reveal an oxide scale that is enriched in Cr and Mn and depleted in Fe and Ni, relative to the alloy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: (a) BSE cross-sectional image of the oxide scale formed on I800H after thermal pre-

oxidation at 1000 °C for 4 h (Treatment 2) showing location of the EDS line scan, and (b) set of 

elemental EDS lines scans acquired across the oxide/alloy interface.   

a 

b 

10 µm 
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4.2.2 H214 

Figure 4.3 displays a BSE image of the oxide scale formed after 4 h at 1000 °C and an associated 

set of EDS elemental line scans acquired across the oxide scale/alloy interface. The line scans 

reveal two distinct layers: an inner layer composed of Al and O as major scale forming elements, 

and an outer layer enriched in Cr, Ni, Al, and O.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3: (a) BSE cross-sectional image of the oxide scale formed on H214 after thermal pre-

oxidation at 1000 °C for 4 h (Treatment 2) showing location of the EDS line scan, and (b) set of 

elemental EDS lines scans acquired across the oxide/alloy interface. 
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4.2.3 SX 

SEM-EDS was unable to identify the presence of an inner silica scale in the cross-section of the 

SX sample pre-oxidized at 800 °C for 24 h, therefore STEM-EDS was used for this purpose. Figure 

4.4 (a) displays the oxide scale formed on SX after 24 h at 800 °C which is composed of large 

polyhedral-shaped crystals and fine particles. Figure 4.4 (b) displays the thinned cross-section of 

SX that was prepared for TEM examination.  

 

 

 

 

 

 

Figure 4.5 presents the STEM-EDS line scans that were acquired across the oxide/alloy interface 

after oxidation at 800 °C for 24 h.  The set of scans revealed a bi-layered structure: a thicker outer 

layer (about 1 um thick) residing on a much thinner inner layer (about 100 nm thick). The outer 

layer consisted of Cr and O as major scale forming elements, whereas the inner consisted of Si and 

O as major scale forming elements.  

 

 

 

Figure 4.4: Plan view (a) and cross-section view (b) SI image of the oxide scale formed on SX 

after thermal pre-oxidation at 800 °C for 24 h (Treatment 3). 
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Figure 4.5: (a) BSE cross-sectional image of the oxide scale formed on SX after thermal pre-

oxidation at 800 °C for 24 h (Treatment 3) showing location of EDS line scan, (b) set of elemental 

EDS lines scans acquired across the oxide/alloy interface. 
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4.3 Molten Salt Exposure Experiments  

Figure 4.6 displays the crucibles filled with the salt mixture and alloy specimens before 

and after the molten salt exposure experiment. The crucibles were filled to 100 % capacity before 

the exposure experiment as displayed in Figure 4.6 (a).  After the exposure experiment, the 

crucibles were filled to approximately 25% salt capacity as shown in Figure 4.6 (b), suggesting 

that the residual water in the salt evaporated during the exposure experiment. The crucibles that 

had additions of a Mg corrosion inhibitor were covered in black residue after the corrosion 

experiment indicating evidence of a reaction between Mg and the salt/alloys. These results were 

consistent in each molten salt expsoure experiment.  

 

 

 

 

 

 

 

 

 

 

 

a 
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Without chemical purification With chemical purification 

Figure 4.6: (a) crucibles filled with KCl-MgCl2 salt and alloy specimens before 

corrosion exposure, and (b) crucibles filled with KCl-MgCl2 salt and alloy specimens 

after corrosion exposure. 
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4.3.1 I800H 

Figure 4.7 displays unprotected and pre-oxidized I800H before and after exposure to 

molten chloride salts, with and without chemical purification. The unprotected specimen exposed 

without chemical purification has darkened regions suggesting areas of corrosion. The unprotected 

specimen exposed with chemical purification has a uniform surface. The pre-oxidized sample 

exposed without chemical purification has a clean oxide scale. The pre-oxidized sample exposed 

with chemical purification has two distinct regions: a lighter region and a darker region. 
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Figure 4.7: Plan view SE images showing the typical appearance of the I800H surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting: 

(a) UP, (b) CP, (c) PO and (d) PO+CP. 
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Figure 4.8 displays the average mass loss of the triplicate I800H specimens that were exposed to 

molten chloride salt in presence and in absence of a Mg corrosion inhibitor. Standard deviation 

bars that are unique to each condition were calculated using 95% confidence intervals and are 

included for each corrosion control measure. The mass loss for unprotected I800H is 0.8 mg/cm2. 

I800H has a mass gain of 0.4 mg/cm2 when chemical purification was added to the salt mixture. 

This suggests that a Mg species precipitated onto the surface of the alloy during exposure. The 

mass loss of I800H was reduced by 100 % when a Mg corrosion inhibitor was included in the salt 

mixture. The significant reduction of mass loss when chemical purification is included suggests 

that the Mg preferentially reacted with the corrosive impurities and as a result, reduced the 

corrosion attack on the alloy. The mass loss of pre-oxidized I800H is 0.85 mg/cm2 without 

chemical purification and 0.08 mg/cm2 with chemical purification. The mass loss of pre-oxidized 

I800H was reduced by 90.6 % when a Mg corrosion inhibitor was included in the salt mixture. 

The mass loss is greater for the pre-oxidized alloy compared to the as-received alloy. This suggests 

that the chromia scale does not provide sufficient protection to the alloy against the molten 

chloride. 
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Figure 4.9 displays the XRD patterns of unprotected and pre-oxidized I800H exposed to 

molten chloride salt with and without chemical purification. XRD measurements indicated that 

unprotected I800H consists of an austenite face centered cubic (FCC) phase. XRD analysis of 

I800H with chemical purification revealed the same austenite phase, as well as MgO. The XRD 

measurements of pre-oxidized I800H show three phases of austenite, chromium iron oxide, and 

MgCrMnO4. The XRD pattern reveals the same austenite phase, as well as a MgO, and a ferrite 

body centered cubic (BCC) phase for the pre-oxidized sample immersed with chemical 

purification.  These measurements verify that MgO is precipitating onto the surface of unprotected 

and pre-oxidized I800H when chemical purification is included in the salt mixture, which causes 

the sample to gain mass. The higher mass loss of the pre-oxidized sample without chemical 

purification could be a result of the instability of the chromia layer due to the formation of 

Figure 4.8: Average mass loss of I800H coupons after immersion in molten KCl-MgCl2 at 700 

°C for 100 h and subsequent de-salting. 
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MgCrMnO4. The austenite peak of I800H exposed with chemical purification has shifted 

significantly to the right compared to the austenite peaks of the other sample conditions.  

 

Figure 4.10 displays the plan-view SE images of unprotected and pre-oxidized I800H after 

immersion in molten chloride salts with and without chemical purification. The surface of 

unprotected I800H displays evidence of localized corrosion due to the presence of uniformly 

distributed pores that range from <1 µm to 3 µm in size. The surface of I800H with chemical 

purification no longer has pores but a dense surface that is covered in small, spherical structures. 

The surface of pre-oxidized I800H has areas of a clean oxide scale, as well as a darker region 

devoid of polyhedral-shaped crystals. The surface of pre-oxidized I800H after exposure with 

chemical purification has a clean oxide scale consisting of polyhedral-shaped crystals. 

Figure 4.9: XRD spectra acquired from I800H surfaces after immersion in molten in molten KCl-

MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.11 below displays the EDS elemental maps of the cross-section of unprotected 

I800H after exposure to molten KCl-MgCl2 at 700 °C for 100 hours. A 2 µm thick layer composed 

of Mg and O is present on the surface of the sample. Underneath the Mg and O layer, a porous and 

uniform corrosion layer is observed. Cr and Mn were both depleted 15 µm from the substrate. Both 

Fe and Ni were unaffected by the corrosion exposure and show no signs of depletion. Mg and O 

are detected as far as 5 µm into the substrate. There is an enrichment of Si and O at the surface of 

the cross-section, and an enrichment of Al and O in between the corroded layer and the substrate 

indicating the preferential oxidation of these alloying elements. Trace amounts of Cl is present in 

the sample substrate.  

a b 

c d 

10 µm 10 µm 

10 µm 10 µm 

Figure 4.10: Plan-view SE images of I800H surfaces after immersion in molten KCl-MgCl2 at 700 °C 

for 100 h and subsequently de-salting: (a) UP, (b) CP, (c) PO and (d) PO+CP. 
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Figure 4.11: BSE cross-sectional image, and associated EDS elemental maps, of the I800H UP surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.12 below displays the cross-section of I800H after exposure to molten chloride salts with 

chemical purification additions. Cr and Mn no longer show signs of depletion when chemical 

purification is added to the salt mixture. Fe and Ni remain unaffected by the exposure. A 5 µm 

thick O layer is present at the surface of the alloy, and Mg is no longer detected in the sample. Al 

and Si are evenly distributed throughout the sample substrate.  Cl and K were not detected in the 

cross-section.  

Figure 4.13 displays the EDS elemental maps of the cross-section of pre-oxidized I800H 

after corrosion exposure. The thickness of the chromia scale before exposure was 5 µm thick after 

pre-oxidation treatment. The chromia scale is 3.5 µm thick after exposure to molten chloride salt, 

therefore 1.5 µm of the chromia scale dissolved into the salt mixture. Complete dissolution of the 

chromia scale left an area of exposed substrate. Cr has been depleted form the grain boundaries 

due to intergranular oxidation extending 29 µm into the alloy. The intergranular oxidation 

extended 14 µm into the substrate after pre-oxidation treatment, therefore intergranular oxidation 

attack extended 15 µm deeper after exposure. Mg and O are identified within the chromia scale 

and are found as deep as 32 µm into the substrate. In the regions where Mg is found in the substrate, 

there is a depletion of Cr, Fe, and Ni. Ni and Fe remain unaffected by the exposure except for the 

two regions where Mg is found beneath the oxide layer. There is an enrichment of Si in the oxide 

layer, and an enrichment of Al between the oxide scale and the substrate. Trace amounts of Cl are 

detected in the cross-section.  
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Figure 4.12: BSE cross-sectional image, and associated EDS elemental maps, of the I800H CP surface after 

immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.13:  BSE cross-sectional image, and associated EDS elemental maps, of the I800H PO surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.14 presents the EDS elemental maps of the cross-section of pre-oxidized I800H 

after exposure to molten chloride salt with the addition of a Mg corrosion inhibitor. The Cr oxide 

layer is approximately 5 µm thick meaning that the oxide scale remained the same thickness after 

exposure. Mg and O are prominent in the Cr oxide scale and are found as deep as 10.5 µm into the 

substrate. In the regions where Mg is found in the substrate, Cr, Ni, and Fe are depleted. There is 

also an enriched Mg and O layer on the outer surface of the alloy. The intergranular oxidation 

extends 14 µm into the substrate. The deepest depth of intergranular oxidation measured in this 

specimen is the same depth of the intergranular oxidation measured after pre-oxidation treatment, 

indicating that the intergranular attack did not extend further after exposure. O is found to extend 

out linearly, suggesting that it is following the path of the intergranular oxidation that developed 

during pre-oxidation treatment. Al is found along the grain boundaries in the same regions that 

oxygen is found beneath the oxide layer. Trace amounts of Cl are present in the cross-section.  
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Figure 4.14: BSE cross-sectional image, and associated EDS elemental maps, of the I800H PO+CP 

surface after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.15 displays the EDS depth profiles through the cross-section of UP I800H. Cr is depleted 

20 µm from the surface. Al, Mg, and O are enhanced at the sites of internal oxidation, with the 

deepest site being 12 µm into the alloy.  
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Figure 4.15: (a) BSE cross-sectional image of UP I800H after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section.  
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Figure 4.16 displays the EDS depth profiles through the cross-section of CP I800H. Cr is depleted 

6 µm from the surface. Mg is not enriched at the surface and a 5 µm thick layer of O is present at 

the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: (a) BSE cross-sectional image of CP I800H after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.17 displays the EDS depth profiles through the cross-section of PO I800H. Cr is depleted 

11 µm beneath the oxide scales. The oxide scale is enriched in Mg, Cr, and Si. Al, Mg, and O are 

enriched at the corroded grain boundaries.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: (a) BSE cross-sectional image of PO I800H after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.18 displays the EDS depth profiles through the cross-section of PO+CP I800H. Cr is 

depleted 9 µm beneath the oxide scales. The oxide scale is enriched in Mg, and Cr. Al, Mg, and O 

are enriched at the corroded grain boundaries.  
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Figure 4.18: (a) BSE cross-sectional image of PO+CP I800H after immersion in molten chloride 

salt mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental 

EDS lines scans acquired through the cross-section. 
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4.3.2 H214 

Figure 4.19 displays the plan-view SE images of unprotected and pre-oxidized H214 

samples before and after exposure to molten chloride salts, with and without chemical purification. 

The unprotected specimen displays a clean surface and the specimen exposed with chemical 

purification shows darkened regions. The pre-oxidized specimen exposed without chemical 

purification displays a surface where the light oxide scale has been almost completely removed. 

The pre-oxidized specimen exposed with chemical purification has clean oxide scale. 
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Figure 4.19: Figure 4.6: Plan view SE images showing the typical appearance of the 

H214 surface after immersion in molten KCl-MgCl2 at 700 °C for 100 h and 

subsequent de-salting: (a) UP, (b) CP, (c) PO and (d) PO+CP. 
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Figure 4.20 displays the average mass loss of the triplicate H214 specimens that were exposed to 

molten chloride salt in presence and in absence of a Mg corrosion inhibitor. Standard deviation 

bars that are unique to each condition were calculated using 95% confidence intervals and are 

included for each corrosion control measure.  The mass loss for unprotected H214 is 1.35 mg/cm2. 

H214 has a mass gain of 0.4 mg/cm2 when chemical purification was added to the salt mixture. 

This suggests that a Mg species precipitated onto the surface of the alloy during exposure. The 

mass loss of H214 was reduced by 100% when a Mg corrosion inhibitor was included in the salt 

mixture. The significant reduction of mass loss when chemical purification was included suggests 

that the Mg preferentially reacted with the corrosive impurities and as a result, reduced the 

corrosion attack on the alloy. The mass loss of pre-oxidized H214 was 0.95 mg/cm2 without 

chemical purification, and pre-oxidized H214 had a mass gain of 0.1 mg/cm2 with chemical 

purification. The mass loss of pre-oxidized H214 was reduced by 100 % when a Mg corrosion 

inhibitor was included in the salt mixture. Pre-oxidized H214 without chemical purification had a 

lower mass loss than unprotected H214 without chemical purification. This suggests that the pre-

oxidized alloy can provide better protection to H214 than the bare metal. Pre-oxidized H214 

without chemical purification still experienced considerable mass loss, most likely due to the 

dissolution of the mixed oxide scale.  
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Figure 4.21 presents the XRD measurements of unprotected and pre-oxidized H214 after 

immersion in molten chloride salt with and without chemical purification. XRD measurements 

indicated that the unprotected H214 sample without chemical purification consists of an austenite 

FCC phase. The specimen immersed with chemical purification consists of the same austenite FCC 

phase, as well as MgO. The XRD measurement of the pre-oxidized sample without chemical 

purification has an austenite FCC phase. XRD analysis of the pre-oxidized alloy with chemical 

purification indicates the phases present are an austenite FCC phase, a MgO phase, as well as a 

ferrite BCC phase. These results confirm that MgO is precipitating onto the surface of the 

unprotected and pre-oxidized H214 exposed with chemical purification during exposure. 

 

 

 

Figure 4.20: Average mass loss of H214 coupons after immersion in molten KCl-MgCl2 at 700 

°C for 100 h and subsequent de-salting. 
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Figure 4.22 displays the plan-view SE images of unprotected and pre-oxidized H214 after 

exposure to molten chloride salt with and without chemical purification. The surface of 

unprotected H214 drastically changes between the sample with and without chemical purification. 

Corrosion occurred preferentially along the grain boundaries of unprotected H214. SE images of 

H214 with chemical purification reveals sponge-like structures on the surface. The SE image of 

pre-oxidized H214 without chemical purification reveals the grains of the alloy due to intergranular 

oxidation, and localized corrosion resulted in a distribution of pores along the grain boundaries. 

Pre-oxidized H214 exposed with chemical purification has a sponge-like structure that covers the 

surface of the alloy. 

 

Figure 4.21: XRD spectra acquired from H214 surfaces after immersion in molten in molten KCl-MgCl2 at 

700 °C for 100 h and subsequent de-salting. 
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Figure 4.23 displays the EDS elemental maps of the cross-section of unprotected H214 

after exposure to molten chloride salts. A 5 µm thick corroded layer is observed with localized 

corrosion extending 13 µm into the substrate. The regions of localized corrosion are enriched with 

Mg, O, and Al.  Cr is depleted 14.5 µm into the substrate. Fe and Ni only show signs of depletion 

in the localized corrosion regions. Trace amounts of Cl is detected in the cross-section.  
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Figure 4.22: Plan-view SE images of H214 surfaces after immersion in molten KCl-MgCl2 at 700 °C for 

100 h and subsequently de-salting: (a) UP, (b) CP, (c) PO and (d) PO+CP. 
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Figure 4.23: BSE cross-sectional image, and associated EDS elemental maps, of the H214 UP surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 

25 µm 

Cr 

25 µm 

 

Not 

Detected 

K 

Fe 

25 µm 

Ni 

25 µm 

Si 

25 µm 

Al 

25 µm 

O 

25 µm 

Mg 

25 µm 

Cl 

25 µm 



 

69 

 

Figure 4.24 below presents the EDS elemental maps of the cross-section of H214 after 

exposure to molten chloride salt with Mg additions. A 5 µm thick discontinuous layer consisting 

of Al, O, and Mg is observed on the sample surface. Cr depletion extends 5 µm into the alloy 

substrate. Ni and Fe are unaffected by the exposure underneath the Al, O, and Mg layer. Trace 

amounts of Cl are detected in the cross-section.  

Figure 4.25 displays the EDS elemental maps of the cross-section of pre-oxidized H214 

after exposure to molten chloride salts without chemical purification. The thickness of the outer 

mixed oxide scale and inner alumina scale was measured to be 8 µm and 2.5-3 µm thick 

respectively. This indicates that the alumina scale grew about 0.5-1 µm during the corrosion 

exposure. Ni, Fe, and Al are present in between the inner and outer oxide layers. Mg is identified 

only within the mixed oxide scale and is not found within the inner alumina scale. Cr, Ni, and Fe 

are unaffected under the alumina scale indicating that corrosion was stopped before the substate. 

Trace amounts of Cl are detected in the cross-section.  
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Figure 4.24: BSE cross-sectional image, and associated EDS elemental maps, of the H214 CP surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.25: BSE cross-sectional image, and associated EDS elemental maps, of the H214 PO surface after 

immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.26 presents the EDS elemental maps of the cross-section of pre-oxidized H214 

after exposure to molten chloride salts with chemical purification. The thickness of the outer mixed 

oxide and inner alumina scale was measured to be 7.5 µm and 1.6 µm thick respectively. Mg is 

detected within the outer mixed oxide scale but does not extend past the alumina scale into the 

substrate. Cr, Fe, and Ni are found within the oxide scales and are unaffected beneath the alumina 

scale. Trace amounts of Cl are detected in the cross-section.  
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Figure 4.26: BSE cross-sectional image, and associated EDS elemental maps, of the H214 PO+CP surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.27 displays the EDS depth profiles through the cross-section of UP H214. Cr is depleted 

15 µm from the surface. Al and O are enriched at the site of internal oxidation.  
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Figure 4.27: (a) BSE cross-sectional image of UP H214 after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.28 displays the EDS depth profiles through the cross-section of CP H214. Cr is depleted 

10 µm from beneath the oxide scales. Mg, Ni, Al, Cr, and O are detected as scale forming elements. 

The intensity of Mg significantly decreases as the intensity of Al increases in the oxide scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28: (a) BSE cross-sectional image of CP H214 after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.29 displays the EDS depth profiles through the cross-section of PO H214. Cr is depleted 

2 µm from beneath the oxide scales. Mg, Ni, Al, Cr, and O are detected as scale forming elements. 

Mg is not identified past the inner alumina scale.  
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Figure 4.29: (a) BSE cross-sectional image of PO H214 after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.30 displays the EDS depth profiles through the cross-section of PO+CP H214. Cr is 

depleted 0 µm from beneath the oxide scales. Mg, Ni, Al, Cr, and O are detected as scale forming 

elements. Mg is not identified past the inner alumina scale.  
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Figure 4.30: (a) BSE cross-sectional image of PO+CP H214 after immersion in molten chloride 

salt mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental 

EDS lines scans acquired through the cross-section. 
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4.3.3 SX 

Figure 4.31 displays the plan-view SE images unprotected and pre-oxidized SX before and 

after exposure to molten chloride salts, with and without chemical purification. The unprotected 

specimen has two distinct light and dark regions. The specimen exposed with chemical purification 

has massive polyhedral shaped crystals on the surface (0.2-0.5 mm in length). EDS elemental maps 

revealed these large structures are composed of Ni and Si. The pre-oxidized specimens exposed 

with and without chemical purification both have lighter and darker regions distributed on the 

surface of the specimens. 
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Figure 4.31: Plan view SE images showing the typical appearance of the SX surface after 

immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting: (a) UP, (b) 

CP, (c) PO and (d) PO+CP. 



 

79 

 

Figure 4.32 displays the average mass loss of the triplicate SX specimens that were exposed 

to molten chloride salt in presence and in absence of a Mg corrosion inhibitor. Standard deviation 

bars that are unique to each condition were calculated using 95% confidence intervals and are 

included for each corrosion control measure. The mass loss for unprotected SX without and with 

chemical purification is 3.4 mg/cm2 and 0.25 mg/cm2 respectively. The mass loss of SX was 

reduced by 92.6 % when a Mg corrosion inhibitor was included in the salt mixture. The significant 

reduction of mass loss when chemical purification was included suggests that Mg preferentially 

reacted with the corrosive impurities and as a result, reduced the corrosion of the alloy. The mass 

loss of pre-oxidized SX without and with chemical purification was 0.5 mg/cm2 and 0.2 mg/cm2 

respectively. The mass loss of pre-oxidized SX was reduced by 60 % when a Mg corrosion 

inhibitor was included in the salt mixture. Pre-oxidized SX without chemical purification had a 

significantly lower mass loss than unprotected SX without chemical purification. This suggests 

that pre-oxidized alloy can provide better protection to SX than the bare metal.   

Figure 4.32: Average mass loss of SX coupons after immersion in molten KCl-MgCl2 at 700 °C 

for 100 h and subsequent de-salting. 
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Figure 4.33 presents the XRD spectra of unprotected and pre-oxidized SX after exposure 

to molten chloride salt, with and without chemical purification. Unprotected SX has an austenite 

(FCC) phase, as well as a Mg2SiO4 phase. XRD analysis of the surface of SX immersed with 

chemical purification shows the three main phases present are an austenite phase, a MgO phase, 

and a Mg(SiO3) phase. The pre-oxidized sample without chemical purification is composed of an 

austenite phase. Pre-oxidized SX with chemical purification is composed of an austenite phase, a 

MgO phase, a Cr, Ni, and Si phase, and a Mg, Ni, and Si phase.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33: XRD spectra acquired from SX surfaces after immersion in molten in molten KCl-MgCl2 at 

700 °C for 100 h and subsequent de-salting 
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Figure 4.34 displays the SE images of unprotected and pre-oxidized SX after immersion in 

molten chloride salt with and without chemical purification. The surface of unprotected SX reveals 

two distinct phases: one is composed of small polyhedral-shaped crystals, and the other consists 

of large sponge-like structures. The surface of SX immersed with chemical purification reveals 

large sponge-like structures covered in small polyhedral-shaped crystals. Pre-oxidized SX without 

chemical purification has a clean surface with intergranular oxidation and small spherical 

structures present on the grain boundaries. Pre-oxidized SX with chemical purification displays a 

clean oxide scale with small spherical particles distributed on the surface. 
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Figure 4.34: Plan-view SE images of SX surfaces after immersion in molten KCl-MgCl2 at 700 °C for 

100 h and subsequently de-salting: (a) UP, (b) CP, (c) PO and (d) PO+CP. 
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Figure 4.35 presents the cross section of unprotected SX after exposure to molten chloride 

salt. The BSE image displays a uniformly corroded layer that is between 5 – 8 µm thick. The EDS 

elemental maps reveal that Cr and Si are each depleted 8 µm from the surface of the alloy. Fe and 

Ni are unaffected by the exposure, and O is observed near the surface of the alloy. Cl is detected 

in trace amounts in the cross-section. Mg and K are not detected in the cross-section.  

Figure 4.36 displays the cross section of SX after exposure to molten chloride salt with 

chemical purification. The EDS elemental maps reveal that the Cr and Si depletion are reduced to 

less than 1 µm into the substrate when chemical purification is added to the salt mixture. A 2-3 

µm thick layer of O is located on the surface of the alloy. Fe and Ni are unaffected by the exposure 

when a Mg corrosion inhibitor is added to the salt mixture.  
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Figure 4.35: BSE cross-sectional image, and associated EDS elemental maps, of the SX UP surface after 

immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.36: BSE cross-sectional image, and associated EDS elemental maps, of the SX CP surface 

after immersion in molten KCl-MgCl2 at 700 °C for 100 h and subsequent de-salting. 
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Figure 4.37 displays the EDS elemental maps of the cross-section of pre-oxidized SX without 

chemical purification. The cross-section shows no evidence of a Si or Cr oxide scale on the surface 

of the alloy suggesting that both oxides were dissolved during exposure. Cr has been depleted 8.5 

µm into the substrate. Cr particles are found on a grain boundary in the substrate. Fe and Ni are 

unaffected by the exposure to molten chloride salt. 

Figure 4.38 displays the EDS elemental maps of the pre-oxidized cross-section of SX 

immersed with chemical purification. A 0.3 µm Cr oxide scale is detected on the surface of the 

alloy and there is no evidence of a Si oxide inner scale. A 0.7 µm thick layer composed of Mg and 

O is present on the surface of the sample.  Small Cr particles are found within the Mg and O layer, 

suggesting that Cr is diffusing out through the Mg and O layer into the salt mixture. A large Cr 

and Fe rich particle is located on a grain boundary in the cross section. Cr is depleted 5.8 µm into 

the substrate of the alloy. Ni and Fe are unaffected by the exposure to molten chloride salt.   
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5 µm 
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5 µm 

Figure 4.37: (a) Plan view SI image of the SX PO surface after immersion in molten KCl-MgCl2 at 700 

°C for 100 h and subsequent de-salting showing site-specific location that was chosen to prepare the thin 

film cross-section for TEM by FIB milling, (b) SI image of the FIB-prepared thinned cross-section 

attached to Cu TEM grid, (c) STEM-BSE cross-sectional image, and associated EDS elemental maps, of 

the surface. 
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Figure 4.38: (a) Plan view SI image of the SX PO+CP surface after immersion in molten KCl-MgCl2 at 

700 °C for 100 h and subsequent de-salting showing site-specific location that was chosen to prepare the 

thin film cross-section for TEM by FIB milling, (b) SI image of the FIB-prepared thinned cross-section 

attached to Cu TEM grid, (c) STEM-BSE cross-sectional image, and associated EDS elemental maps, of 

the surface. 
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Figure 4.39 displays the EDS depth profiles through the cross-section of UP SX. Cr is depleted 10 

µm from the surface. O and Si are enriched at the surface. Particles within the alloy are enriched 

in Cr, and Si. 
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Figure 4.39: (a) BSE cross-sectional image of UP SX after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.40 displays the EDS depth profiles through the cross-section of CP SX. Cr is depleted 8 

µm from the surface. Particles within the alloy are enriched in Cr, and Si.  
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Figure 4.40: (a) BSE cross-sectional image of CP SX after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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Figure 4.41 displays the EDS depth profiles through the cross-section of PO SX. Cr is depleted 4 

µm from the surface. There is no evidence of a chromia or silica oxide layer beneath the protective 

W coating. Particles along the grain boundary are enriched in Cr, and Si. 
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Figure 4.41: (a) BSE cross-sectional image of PO SX after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental 

EDS lines scans acquired through the cross-section. 
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Figure 4.42 displays the EDS depth profiles through the cross-section of PO+CP SX. Cr is depleted 

1.5 µm beneath the oxide layers. There is an outer scale containing Mg and O, and an inner scale 

containing Cr and O. A small particle is identified withing the Mg and O layer that consists of Cr 

and Si. A large particle located along a grain boundary is enriched in Cr, and Si. 
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Figure 4.42: (a) BSE cross-sectional image of PO+CP SX after immersion in molten chloride salt 

mixture at 700 °C for 100 h showing location of the EDS line scan, and (b) set of elemental EDS 

lines scans acquired through the cross-section. 
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5.0 Discussion 

5.1 Corrosion Comparison Overview 

The mass loss of each alloy after immersion in molten KCl-MgCl2 salt was not chosen as the 

comparable corrosion metric. This is because the corrosion extent could not be sufficiently 

compared since many of the alloys gained mass due to the growth of an MgO scale as seen in 

Figures 4.8, 4.20, and 4.32.  The metric that was used to determine the corrosion extent of the 

alloys after immersion in molten KCl-MgCl2 salt with and without the two corrosion control 

measures (CP and PO) was the difference in Cr intensity between the depleted zone and the bulk 

of the alloy as shown in Figure 5.1. The Cr intensity is related to concentration; therefore, a higher 

relative Cr intensity means there is a higher relative Cr concentration. The corrosion extent was 

determined by calculating the average intensity of Cr in the depleted region (starting from the 

surface of the alloys, and beneath the oxide scales of the pre-oxidized alloys) and comparing it to 

the average intensity of the bulk as described by Equation (5.1). 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝐸𝑥𝑡𝑒𝑛𝑡 =  
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑 𝑧𝑜𝑛𝑒) − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑢𝑙𝑘)

(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑢𝑙𝑘)
× 100% 

Figure 5.1 reveals that the best performing condition is CP, PO+CP, and CP for I800H, H214, and 

SX respectively.  

 

 

 

5.1 
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Table 5.1 presents the extent of corrosion inhibition of the two corrosion control measures, relative 

to the UP case based on the difference in Cr intensity presented in Figure 5.1. CP significantly 

increases the intensity of Cr of I800H and SX.  This aligns well with research done by Ding et al. 

[5], Zhao et al. [9], and D’Souza et al. [10] that show how adding a Mg metal as a corrosion 

inhibitor to the molten chloride salt mixture is an effective method to mitigate corrosion of Cr-

containing alloys. PO and PO+CP significantly increase the intensity of Cr in H214. Therefore, 

the alumina scale that formed during PO provides better protection against corrosion than the 

native oxide scale formed on the UP alloy. This aligns well with research done by Ding et al. [5], 

and Gomez-vidal et al. [11] that show how alumina scales effectively resist the preferential 

depletion of Cr.  

 

I800H H214 SX 

Figure 5.1: Difference in Cr intensity between depleted zone and the bulk after immersion in KCl-

MgCl2 salt at 700 °C with and without the corrosion control measures (UP = unprotected, CP = 

chemical purification (Mg metal addition), and PO = thermally pre-oxidized).  
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Table 5.1: Corrosion inhibition of CP, PO, and PO+CP relative to UP based on the difference in 

Cr intensity between the depleted zone and the bulk. 

 Corrosion Inhibition Efficiency (%) 

Alloy CP PO PO+CP 

I800H 73.3 44.0 44.0 

H214 7.1 53.5 96.0 

SX 95.5 58.1 45.2 

 

Figure 5.2 displays the depth profiles of Cr through the cross-sections of I800H immersed in 

molten KCl-MgCl2 salt mixtures. The intensity of Cr in the depleted zone is much greater for the 

CP alloy relative to the UP alloy. PO+CP has a stronger Cr intensity in the depleted zone relative 

to the PO alloy.   

Figure 5.3 displays the depth profiles of Cr through the cross-sections of H214 after immersion in 

the molten KCl-MgCl2 salt mixture. UP has a stronger Cr intensity than CP in the depleted zone. 

PO and PO+CP have about 5 µm and 0 µm of Cr depletion beneath the oxide scales respectively.   
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Figure 5.2: Set of Cr EDS lines scans acquired through the cross-sections of I800H.   

Figure 5.3: Set of Cr EDS lines scans acquired through the cross-sections of H214.   
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Figure 5.4 displays the depth profiles of Cr through the cross-sections of UP and CP SX after 

immersion in molten KCl-MgCl2 salt mixtures. UP has a significantly lower intensity of Cr in the 

depleted zone relative to the CP case.  

Figure 5.5 displays the depth profiles of Cr through the cross-sections of PO and PO+CP SX after 

immersion in the molten KCl-MgCl2 salt mixture. Cr is enhanced in three regions of the PO SX 

sample indicating the scan has passed through a Cr particle along the grain boundary as seen in 

Figure 4.41 (a). PO and PO+CP have a significantly lower intensity of Cr through the cross-section 

relative to the UP and CP cases. The PO and PO+CP line scans were acquired through the cross-

sections of TEM prepared samples, therefore the distance is much shorter compared to the UP and 

CP samples where the line scans were acquired using SEM-EDS.  

 

 

Figure 5.4: Set of Cr EDS lines scans acquired through the cross-sections of UP and CP SX.   
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Figure 5.6 displays the depth of Cr depletion zone for each alloy after immersion in molten KCl-

MgCl2. The depth of Cr depletion was measured starting from the surface of the alloys, and beneath 

the oxide scales of the PO alloys. Each UP alloy had the largest depth of Cr depletion compared 

to the corrosion inhibition conditions. The best performing corrosion control measure was CP, 

PO+CP, and PO+CP for I800H, H214, and SX respectively. PO+CP H214 had the least amount 

of Cr depletion, since Cr was unaffected beneath the alumina scale as shown in Figure 5.3.  

 

 

 

 

 

Figure 5.5: Set of Cr EDS lines scans acquired through the cross-sections of PO and PO+CP SX.   
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 Table 5.2 presents the extent of corrosion inhibition of the two corrosion control measures, relative 

to the UP case based on the depth of Cr depletion presented in Figure 5.6.  These results generally 

follow the same trend as Table 5.1, which is that the best performing alloys are CP I800H, PO+CP 

H214, and PO+CP SX.   

Table 5.2: Corrosion inhibition of CP, PO, and PO+CP relative to UP based on the depth of Cr 

depletion. 

 Corrosion Inhibition Efficiency (%) 

Alloy CP PO PO+CP 

I800H 50 35 40 

H214 21.5 71.4 100 

SX 16.7 25 50 

 

 

 

Figure 5.6: Depth of Cr depletion zone after immersion in KCl-MgCl2 salt at 700 °C with and 

without the corrosion control measures (UP = unprotected, CP = chemical purification (Mg metal 

addition), and PO = thermally pre-oxidized). 
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5.2 Corrosion Control 

5.2.1 UP 

It is well known that covalent metal halides like MgCl2 are easily hydrated when in contact with 

air or moisture due to their strong hygroscopicity [5, 9-10]. As a result, oxidizing impurities are 

produced due to hydrolysis reactions that occur at elevated temperatures as described by Equations 

(5.2) to (5.4) [5, 9-10].  

𝑀𝑔𝐶𝑙2 + 𝐻2𝑂 → 𝑀𝑔𝑂𝐻𝐶𝑙 + 𝐻𝐶𝑙(𝑔) 

𝑀𝑔𝑂𝐻𝐶𝑙 → 𝑀𝑔𝑂 + 𝐻𝐶𝑙(𝑔) 

𝑀𝑔𝑂𝐻𝐶𝑙 → 𝑀𝑔𝑂𝐻+ + 𝐶𝑙− 

Each alloy exposed to KCl-MgCl2 salt mixture corroded when unprotected (UP). Cr depletion was 

observed in each alloy with and without CP. Cr has the most negative electromotive force (EMF) 

value of the set of major alloying elements present in the three commercial alloys studied, and 

therefore is preferentially dissolved into the molten chloride salt mixture, as shown in Equations 

(5.5) and (5.6).  

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

𝐶𝑟 (𝑠) + 2𝐻𝐶𝑙 (𝑔) → 𝐶𝑟𝐶𝑙2(𝑔) + 𝐻2(𝑔) 

Cr depletion is observed in each alloy after immersion in molten KCl-MgCl2 salt mixture as shown 

in Figure 5.6. The alloy that performed the best in the UP case was H214 since it has the lowest 

difference in Cr intensity between the depleted zone and the bulk. This can be explained by 

comparing the bulk compositions of each alloy. H214 has the highest Ni content, lowest Fe, and 

5.2 

5.3 

5.4 

5.5 

5.6 
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lowest Cr content. Previous research has shown that alloys with higher Ni content perform better 

in molten chloride salt mixtures than alloys with high Fe and Cr content [34-36, 38-40, 95]. This 

is because Ni has the least negative Gibbs free energy of metal chloride formation, therefore it is 

less prone to selective dissolution from a driving force perspective.   

5.2.2 CP  

Mg metal acts as a corrosion inhibitor because it preferentially reacts with the produced corrosive 

impurities in a molten MgCl2-containing salt as described by Equation (5.7) [5, 9-10]. 

𝑀𝑔 + 2𝑀𝑔𝑂𝐻+ → 𝑀𝑔2+ + 2𝑀𝑔𝑂(𝑠) + 𝐻2(𝑔) 

The corrosion layers are greatly reduced when a Mg inhibitor was present in the molten salt 

mixture considered herein, but corrosion was still observed in all three alloys after immersion. 

This could be because the excess Mg metal drives the hydrolysis reaction (Equation (5.2)), and the 

dissolved excess Mg cations drive Equation (5.7) based on Le Chatelier’s Principle. Therefore, 

corrosion is dependent on the rate of MgOHCl formation, as well as the rate of MgOH+ 

consumption.  

A considerable amount of MgO is produced as seen in Equations (5.2) to (5.7). The SEM-

EDS cross-sectional analysis of the alloys exposed with CP revealed a thin MgO layer on each 

surface. XRD identified this layer to be MgO. MgO has a low solubility in molten chlorides [88-

89], therefore it tends to precipitate as a MgO layer on the surface of the alloys. The precipitation 

of MgO onto the alloy surfaces accounts for the recorded weight gain of alloys when exposed in 

the UP condition. MgO has a porous structure [3] but may act as a semi-protective diffusion barrier 

against the molten chloride salt mixture.  

5.7 
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The alloy that performed the best with CP as the corrosion control measure was SX because 

it had the smallest difference in Cr intensity between the depleted zone and the bulk. The improved 

protection of SX may be attributed to the massive polyhedral structures (0.2-0.5 mm in length) 

distributed on the surface of the alloy as seen in Figure 5.7 (a). Figure 5.7 (b) displays EDS 

elemental maps of these structures which reveal that they are composed of mainly Ni and Si. Cross-

sectional examination of CP SX shows enrichment of Ni, Fe, Mg, and O at the surface as seen in 

Figure 4.36. Enrichment of the more noble metals (Ni, Fe) at the surface may provide better 

protection to SX relative to the other alloys in the CP condition.  
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Figure 5.7: (a) low magnification SEI image of the surface of UP SX immersed with CP and 

(b) associated BSE image and EDS elemental maps. 

100 µm 



 

102 

 

5.2.3 PO 

Figure 5.8 displays a schematic of the oxides presumed to have formed on each alloy during PO 

treatment. EDS line scans through the cross-section of I800H after PO reveal an oxide scale that 

was enriched in Cr. Literature shows that Cr2O3 is a common scale formed on I800H [96-97] and 

that intergranular oxidation is common in this alloy [98]. EDS line scans through the cross-section 

of H214 reveal two distinct layers: an inner layer composed of Al and O as major scale forming 

elements, and an outer layer enriched in Cr, Ni, Al, and O. Literature shows that Ni(Al,Cr)2O3 is 

commonly formed as an outer layer, and Al2O3 as an inner layer during air oxidation  of this alloy 

[64-65]. EDS line scans through the cross-section of SX after PO show an outer oxide scale 

composed of Cr and O as a major scale forming elements, and an inner scale composed of Si and 

O as a major scale forming elements. Little research has been done on the air oxidation of this 

alloy, but many studies show that SiO2 is the common scale that is formed on alloys with high Si 

compositions [62, 99-100].  

 

 

Cr2O3 

Substrate 

Ni(Al,Cr)2O4 

Al2O3 

Substrate 

Cr2O3 

SiO2 

Substrate 

Figure 5.8: Schematic of formed oxides on (a) I800H, (b) H214, and (c) SX during pre-oxidation 

treatment.  

a b c 
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I800H suffered intergranular oxidation that extended 14 µm into the substrate after PO. The 

intergranular oxidation grew an additional 15 µm after immersion in molten KCl-MgCl2 salt 

mixture without CP, and no additional growth with CP. SEM-EDS cross-sectional analysis of 

I800H with PO revealed severe Cr depletion from the substrate and along the grain boundaries. 

Intergranular oxidation may have acted as an easier path for Cr species to diffuse out of the alloy 

substrate. Mg and O were observed in the Cr oxide layer indicating the instability of the scale. 

Cr2O3 has a high dissolution rate in molten KCl-containing salts because of the formation of 

chromate compounds via Equation (5.8) [12, 62]. 

4𝐾𝐶𝑙(𝑠, 𝑙) + 𝐶𝑟2𝑂3(𝑠) +
5

2
𝑂2(𝑔) → 2𝐾2𝐶𝑟𝑂4(𝑠) + 2𝐶𝑙2(𝑔) 

Chromate compounds possess a high solubility in molten salts and consequently the Cr2O3 layer 

readily reacts [12, 91], which leaves a partially dissolved scale. Such a situation allowed for 

MgOH+ and HCl corrodants to penetrate through the porous Cr2O3 layer and react with the 

substrate. Intergranular oxidation did not grow in I800H when CP was included in the salt mixture. 

This suggests that CP helped to control corrosion via internal oxidation.  

H214 was the best performing alloy of the three with PO as the corrosion control measure because 

the Al2O3 formed was effective in mitigating the penetration of O and Mg species into the substrate 

and resisted the diffusion of Cr out of the matrix. Cr, Fe, and Ni were unaffected beneath the Al2O3 

scale during immersion in molten chloride salt mixtures. A dense Al2O3 layer is more protective 

at high temperatures compared to SiO2 and Cr2O3 due to its thermodynamic stability, as displayed 

in Figure 5.9 [5, 92, 94].  

5.8 
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The improved protection imparted by Al2O3 compared to Cr2O3 can also be attributed to its slower 

growth rate at 1000°C, as demonstrated in Figure 5.10.   

 

Figure 5.9: Gibbs free energy of oxide formation of common oxides 

[94].  

Figure 5.10: Schematic representation of the growth 

rate of common oxides [94]. 
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H214 with PO but without CP showed an increase in Al2O3 thickness of approximately 0.5-1 µm. 

This indicates that there is a presence of O-containing oxidant in the molten chloride salt mixture 

since O is required for the further growth beyond what PO alone provided. The Al2O3 layer remains 

the same thickness with CP, suggesting that the purification technique is effectively removing the 

O-containing oxidant (MgOHCl).  

The cross-sectional analysis of SX with PO revealed a completely dissolved SiO2 layer without 

CP, and only a small Cr2O3 layer remained on the alloy with CP. The cross section of SX with PO 

and CP indicates that Cr particles moved through the MgO layer, suggesting the formation of a 

porous MgO layer. The dissolution of these oxide layers left the bare metal exposed to the molten 

salt and resulted in considerably higher corrosion. The higher corrosion of SX with PO relative to 

UP case is ascribed to the formation of Mg2Si. The SiO2 scale can react with Mg to form the Mg2Si 

intermetallic phase, as described by Equation (5.9): 

𝑆𝑖𝑂2 + 4𝑀𝑔 = 𝑀𝑔2𝑆𝑖 + 2𝑀𝑔𝑂 

The Mg2Si product can react with water and HCl to form a gas that will diffuse away from the 

alloy and into the salt mixture. 

𝑀𝑔2𝑆𝑖 + 2𝐻2𝑂 = 𝑆𝑖𝐻4 + 2𝑀𝑔𝑂 

𝑀𝑔2𝑆𝑖 + 4𝐻𝐶𝑙 = 𝑆𝑖𝐻4 + 2𝑀𝑔𝐶𝑙2 

These reactions were observed by Kipouros et al. [93] during the production of Mg metal via 

electrolysis of molten KCl-MgCl2·6H2O salts. It was found that the container materials 

experienced substantial mass loss due to Si impurities that formed from the reaction of the SiO2 

layer and the Mg which resulted in the formation of SiH4 that was detected in the vented gases.  
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6.0 Conclusion 

The objectives of this research were to determine the relative corrosion performance of high 

temperature alloys with different protective scale forming tendencies when exposed to molten 

KCl-MgCl2 salt mixture. The corrosion performance was investigated using two corrosion 

mitigation methods, relative to the unprotected (UP) case: chemical purification (CP) of the molten 

salt mixture by Mg metal additions to render it less corrosive, and thermal pre-oxidation (PO) of 

the alloys to render them less prone to corrosion. Based on the results presented and discussed, the 

following conclusions are extracted: 

1. Mass loss was determined to be an unsuitable comparable corrosion metric since many 

alloys gained mass due to the growth of a MgO scale.  

2. Each UP alloy experienced corrosion in the form of selective removal of Cr due to 

reactivity with impurities within the molten chloride salt mixture. The UP alloy that 

performed the best was H214, followed by I800H and SX. The metrics that were used to 

compare corrosion extent were the depth of Cr depletion and difference in Cr intensity 

between the Cr depletion zone and the bulk. H214 was the best performing UP alloy 

because of its high Ni, and low Cr and Fe content.  

3. Adding 1.7 wt % Mg as a corrosion inhibitor (corrosion control by CP) significantly 

increased the concentration (energy intensity) of Cr in the depleted zone and decreased the 

depth of Cr depletion zone of each alloy. CP inhibits corrosion because the added Mg metal 

preferentially reacts with impurities in the molten chloride salt mixture that were formed 

by hydrolysis reactions between residual water and the molten salt. The CP alloy that 

performed the best was SX, followed by I800H and H214 respectively based on the 
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comparable corrosion metrics. SX with CP performed the best because of large polyhedral 

shaped crystals composed of Ni and Si that formed on the surface and acted as a barrier to 

inhibit corrosion. The addition of Mg metal in the salt mixture resulted in the precipitation 

of MgO on the surface of each alloy. The oxide deposition of MgO on components may 

impact the thermal and mechanical performance of the system. Therefore, the addition of 

Mg should be optimized for use in an operational system. 

4. The PO and PO+CP alloy that performed the best was H214 followed by I800H and SX 

based on the comparable corrosion metrics. H214 performed the best because alumina is 

more stable than chromia and silica in molten chloride salt, and therefore resists the 

diffusion of Cr out of the substrate, and the penetration of corrosive species. Pre-oxidation 

treatment is not considered ideal for I800H due to the intergranular oxidation that formed 

during heat treatment. The chromia scale formed on I800H and SX readily reacted with 

KCl, leaving a partially dissolved scale that allowed corrodants to penetrate through the 

porous layer. The silica scale formed on SX after pre-oxidation treatment was not corrosion 

resistant to molten chloride salt mixtures due to the reaction between SiO2 and Mg.  
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