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Corrosion of High-Temperature Alloys in Molten Salts 
Esraa Hamdy Mohamedin 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

Abstract 

Concentrated solar power (CSP) is an interesting technology that involves storing solar energy in the form 

of heat and subsequently converting it into electricity. The third-generation (Gen3) CSP plants aim to 

operate at temperatures >700°C, necessitating the deployment of new heat storage materials that can 

withstand such high operating temperatures. Molten carbonate and chloride salt mixtures are promising 

candidates for Gen3-CSP plants. Nevertheless, the use of such melts poses a serious corrosion challenge 

for the metallic materials that contain them.  

The work of this thesis focuses on the behaviours of selected high-temperature alloys that are in direct or 

indirect contact with salt melts. A special experimental set-up was established to mimic hot thermal energy 

storage (TES) tank conditions. Salt melts containing NaK-nitrate, which is a state-of-the-art TES material, 

LiNaK-carbonate, and KMg-chloride were employed to study their effects on commercial and experimental 

alloys. The experiments were conducted at temperatures that exceeded 50–100°C than required in the power 

plants.  

A comparative study of the corrosion resistance profiles of the chromia-forming and alumina-forming 

alloys in the three above-mentioned salt melts was conducted. Alloys exposed to nitrate melts were found 

to have the most predictable and highest levels of corrosion resistance compared to those exposed to the 

other melts. In stark contrast, the chromia-forming alloys in contact with carbonate melts showed 

catastrophic corrosion behaviours, characterised by a severe internal attack, i.e., carburisation, which 

progressed throughout the sample. On the other hand, the ferritic alumina-forming alloys showed an 

interesting and highly beneficial phase transformation of two LiAlO2 polymorphs upon exposure to 

(Li,Na,K)2CO3 at 800°C. A dense, protective α-LiAlO2 scale was formed and slowly grew over time despite 

being thermodynamically unfavourable; moreover, an outer, less-protective γ-LiAlO2 phase formed. A 

comprehensive approach is adopted to study the microstructure and crystallographic evolution of these α/γ-

lithium aluminate polymorphs. In addition, the consequences of pre-oxidation of the tested alloys are 

studied. Alloys exposed to the chloride melt underwent rapid degradation. The degradation was caused by 

selective element leaching. A transient Laves phase barrier formed in Kanthal® APMT to delay the selective 

chromium leaching. However, the aluminium was depleted and with high velocity instead.  

One section of this thesis is dedicated to studying and understanding better the corrosion of evaporated salt 

species on the metallic materials of hot storage tanks.  Interestingly, it was found that evaporated salt species 

caused more-severe corrosion than direct contact between the alloy and molten salt. Thus, metallic materials 

immersed in salt melts have not experienced the most-corrosive conditions in terms of salt/impurity 

mixtures. This conclusion is valid for the vessel set-up configuration used in this thesis, which includes the 

cover gas, salt melt and cover gas impurities.  

Keywords: Concentrated solar power; Thermal energy storage; High-temperature corrosion; Molten salts; 

Alumina-forming alloys; Chromia-forming alloys; Alkali transition metalates, Alkali aluminate;  

Carburisation; Phase transition; Pre-oxidation; Alumina. 
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1 Introduction 
 

1.1 Background 

In 2021, the Intergovernmental Panel on Climate Change (IPCC) published the first part of the Sixth 

Assessment Report on Climate Change. This report summarises the current climate situation and the role 

of humans in climate change. Since the year 1750, human activities have been primarily responsible for the 

observed increase in the atmospheric concentrations of greenhouse gases (GHGs). This increase in GHGs, 

especially over the last four decades, has increased global temperatures at a rate that has not been witnessed 

for at least 2,000 years, according to the IPCC Climate Change Assessment Report [1]. Human-induced 

climate change has most likely caused changes in the weather patterns in almost all regions of the world, 

leading to droughts, heat waves, and tropical cyclones [1]. Therefore, it has become necessary to reduce the 

levels of these harmful GHGs. In the Year 2015, 196 countries agreed at the UN Climate Change 

Conference (COP21) in Paris to limit global warming by taking serious steps and adopting strategies to 

reduce GHG emissions [2].  

Most of the world's energy supply is provided by fossil fuel combustion. During the 20th Century, the 

burning of fossil fuels increased dramatically, resulting in high CO2 emissions [1, 3]. In contrast, renewable 

energy sources, such as solar and wind, cause almost no CO2 emissions during production. Therefore, 

switching to renewable energy to supply power provides a solution for reducing GHG emissions [3]. 

Concentrated solar power (CSP) is an interesting technology that utilises the sun, a clean, abundant, and 

inexhaustible energy source [4]. Two major solar energy technologies with high potential can be used for 

electrical power generation: photovoltaics (PVs) and CSP. Since both technologies utilise the same energy 

sources, studies have compared their potential and competitiveness levels. The main criteria for deciding 

which technology is better to implement are: land use restrictions and land cover types. For instance, CSP 

technology is used at remote sites that have high-level, direct solar radiance, e.g., South America, South 

Africa and the USA. 

In comparison, PV technology is recommended for use in regions with humid atmospheres, in the north-

temperate zone, and in urban environments. However, at other locations, there is no clear winner, although 

other assessments need to be considered [5]. In addition, CSP is superior to PV due to its longer storage 

duration and the greater magnitude of its large-scale dispatchable base-load electricity, even though PV can 

be combined with batteries, in which electrical energy is stored as chemical energy [5, 6]. There is a growing 

need to increase the efficiency levels of CSP plants so as to make them cost-competitive and have higher 

energy market penetration.  

Third-generation (Gen3) CSP plants are designed to increase the efficiency of the process by using 

supercritical carbon dioxide (sCO2) instead of steam for the Brayton cycle gas turbines, and this requires 

an operating temperature >700°C. The higher operating temperature of the sCO2 Brayton cycle demands a 

minimum thermal energy storage (TES) material temperature of 750°C [7-11]. The higher operating 

temperature also entails serious challenges in terms of the thermal stability of the respective heat transport 
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medium and the resilience of the metal components to high-temperature corrosion. Thus, corrosion is a 

major obstacle to be overcome on the road to commissioning the first sCO2 Brayton cycle-operated CSP 

plant [12, 13].  

The work conducted for this thesis focuses on studying the compatibility between different molten salts 

used as TES materials and the metallic components that contain them. Corrosion by salt species at high 

temperatures is certainly not a new issue in the field. However, depending on the choice of commercial or 

experimental alloy, the longevity and safety of a plant module can be substantially impacted. A deeper 

understanding of underlying chemical processes would support and guide the alloy selection process. 

1.2 Concentrated Solar Power Plant Technology  

Although the CSP technology dates back to the 1970s, most commercial CSP plants have been established 

only in the last decade [2–4]. In the International Energy Agency (IEA) report, it is stated the CSP 

technology could contribute 11.3% of the world's electricity by the Year 2050, assuming appropriate 

support measures [14]. However, the CSP technology is still not cost-competitive with other power 

generation technologies. To remedy this, the US Department of Energy (DOE) launched the SunShot 

Initiative roadmap in 2011, with a cost target of 6 ¢/kWh for electricity from CSP plants [15]. Reaching 

this goal necessitates increasing the efficiency levels of CSP plants, thereby improving the performances 

of different CSP plant components. Before discussing the approaches proposed by the SunShot Initiative 

to achieve the 6 ¢/kWh cost target, an overview of how a CSP plant works is provided below. 

The CSP plant is schematically illustrated in Figure 1.1. The CSP system comprises thousands of mirrors 

(heliostats) that track, concentrate, and reflect the solar radiation to a focal point at the top of a tower 

receiver, where the solar radiation is converted into thermal energy. A heat transfer fluid (HTF), which is 

also a TES material, is pumped into the top of the tower receiver to capture the solar radiation and collect 

it in the form of heat. The heat collected by the HTF is then either used directly to generate electricity by 

heating steam to run a turbine or is transported and stored in the hot TES tank until electricity is required. 

When there is a demand for electrical power, the stored heat in the hot tank is used to power a turbine, using 

steam or sCO2, so as to drive a generator and produce electricity [4]. 

Since heat storage is one of the distinct advantages of CSP technology, considerable efforts have been 

exerted to study materials that can act as the HTF or TES medium. The different TES storage media are 

classified as: (i) sensible heat storage, where the amount of stored heat depends on the temperature, quantity 

of the employed TES material, and its specific heat capacity without any phase change; (ii) latent heat or 

phase-change materials, where thermal energy is stored during a phase change; and (iii) thermochemical 

heat storage, where energy is stored/dispatched via a reversible thermochemical reaction. Despite the high 

storage capacity of the latent heat and thermochemical TES forms, active commercial plants currently 

employ sensible storage capacity due to its easier conditions of operation and the lower complexity level 

of the system [16]. 
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Figure 1.1 Schematic illustrating the components of a concentrated solar power plant [15, 17]. 

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

Numerous studies have investigated TES materials for their potentials to operate at such high temperatures 

(for reviews, see [16, 18-20]). The TES materials employed in the currently active commercial CSP plants 

include nitrate melts and other commercial mixtures. A eutectic salt mixture (60 wt% NaNO3, 40 wt% 

KNO3), which is known as “Solar Salt”, is utilised in the current CSP plants [15, 21]. 

A eutectic system is a homogeneous mixture of two or more components that has a lower melting point 

than the respective pure substances at a particular mix ratio of the components. This temperature is called 

"the eutectic temperature", E (see Figure 1.2) [22]. For instance, the Tm value of pure KNO3 is 334°C, and 

that for pure NaNO3 is 308°C, while their eutectic mixture melts have a Tm of 230°C [15].  

Due to the lower melting temperature of the eutectic salt, mixtures are commonly utilised in TES 

applications in which it is essential to maintain the TES materials and HTFs in their molten states and to 

avoid freezing, particularly in the pipes.  

Solar salt has been selected for its favourable thermo-physical properties, e.g., melting temperature, thermal 

storage capacity, thermal conductivity, thermal stability, density, vapour pressure, and comparatively mild 

corrosiveness. However, due to thermal decomposition, alkali nitrates are unsuitable for utilisation at 

temperatures >550°C. Alloys that have recently been applied in alkali nitrate-operated CSP plants are: low 

carbon steel-A1045 and stainless steel grades 304 and 316 for TES tanks, and the nickel alloy Inconel 600 

for the tower receiver [23]. The choice of metallic materials used in the tanks depends on the operating 

temperatures. For instance, the Andasol 1 parabolic trough CSP plant in Spain operates at low temperatures 

(293°–393°C), while the Gemasolar CSP plant in Spain operates at higher temperatures (290–565°C) [24].  
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Figure 1.2 Schematic phase diagram of a binary NaNO3-KNO3 eutectic system [25], where E is the eutectic 

temperature.  

Source: Zhang, X., et al., Thermodynamic evaluation of phase equilibria in NaNO3-KNO3 system, 2003. 

Reproduced with permission from the Journal of Phase Equilibria.  

Since Gen3 CSP plants require higher operating temperatures, other TES materials that can withstand the 

increased target temperature have been investigated. The two most-frequently proposed TES candidates 

are: i) a ternary carbonate mixture (32.1 wt% Li2CO3, 33.4 wt% Na2CO3, 34.5 wt% K2CO3) and; ii) a binary 

chloride mixture (64.4 wt% KCl, 35.6 wt% MgCl2). These salt mixtures differ with respect to cost, 

abundance, thermal stability, liquid temperature range, and corrosiveness level [12, 15, 18]. 

Increasing the temperature of salt melts increases their corrosivity towards metallic materials. Therefore, a 

significant improvement in compatibility between the container material (tanks/pipes/heat exchangers) and 

the TES medium is necessary [13, 15]. Corrosion of the metallic materials in contact with the storage 

medium can lead to catastrophic failure of an entire CSP plant due to material loss or embrittlement. Alloys 

currently operated in contact with the Solar Salt material do not have sufficient high-performance levels to 

allow them to be used in contact with alternative high-temperature melts. This will be a reference case in 

this thesis. 

This work aims to study the corrosion behaviours of metallic components employed in the hot storage tank, 

focusing on their compatibilities with salt melts that might be used in Gen3-CSP plants. This work is divided 

into three parts. The first part compares the compatibility profiles of the current and potential molten salts 

and alloys that could be deployed in hot storage tanks. The second part investigates the behaviours of the 

alloys in indirect contact with salt melts, for instance, the metallic components exposed to evaporated salt 

species in the tank. The third section is dedicated to deepening our knowledge regarding an interesting 

observation made for ferritic FeCrAl alloys immersed in a (Li,Na,K)2CO3 melt. The α/γ-LiAlO2 phase 

transition was thoroughly studied, and microstructural and crystallographic analyses were conducted.   

E E 
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2 High-Temperature Corrosion and Oxidation 
 

High-temperature corrosion is defined as the thermodynamically driven degradation of materials at 

temperatures ≥400°C. At high temperatures, metallic materials are susceptible to degradation processes, 

such as oxidation, nitridation, carburisation, chlorination, and hot corrosion [26]. The inclusion of high-

temperature oxidation in this context of corrosion has an important exception: the formation of protective 

oxide layers used to prevent the uncontrolled reactions of other corrosive species on alloys.  

The term "oxidation of metals" is mostly used to describe the interactions of a metal with the surrounding 

oxygen in the environment, to form a metal oxide scale. As shown in Figure 2.1, the oxide scale is initially 

formed by oxygen adsorption to the metal surface and oxygen reduction by electrons from the alloy 

elements to form O2-. When oxide ions and metal cations occupy their respective lattice positions at the 

metal/gas interface, the oxide scale nucleates and grows laterally until it covers the entire metal surface. 

Oxide scale growth can proceed either outwards through metal ion transport to cationic vacancies that lie 

adjacent to the adsorbed oxygen ions or inwards when oxygen ions occupy the oxygen vacancies formed at 

the alloy/oxide interface [27]. These principles have been described and established by Carl Wagner [28]. 

 

Figure 2.1 Oxide scale formation process, where 𝑉𝑂 
••is an oxygen vacancy and  𝑉𝑀

′′ is a metal vacancy. 

The oxide scale can be considered beneficial if it acts as a corrosion-resistant barrier that prevents the 

surrounding environment from interacting with the metal. For an oxide scale to be protective, it needs to 

have the following characteristics: slow-growing, dense, continuous, well-adherent, and inert to reactions 

with the environment, such as dissolution [29].  

Understanding which types of corrosion products can form as a result of high-temperature oxidation of the 

alloy is essential. These products include an outer scale that acts as a protective barrier against the corrosive 

environment. In several studies, pre-oxidation has been applied to alloys so as to create a protective layer 

against more-aggressive chemical species, such as molten salts [30-33]. 
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The following sections present an overview of the thermodynamics, kinetics, and growth of the oxide scale. 

The fundamental concepts that apply to all high-temperature corrosion processes are: a sequence of 

spontaneous processes; electrochemical coupling between the metal and the environment; and increasing 

entropy with increasing temperature [26, 29, 34]. 

Equation (2.1) describes the oxidation of a single metal when exposed to oxygen: 

𝑥𝑀(𝑠) +
𝑦

2
 𝑂2(𝑔) ⇋ 𝑀𝑥𝑂𝑦(𝒔, 𝑙, 𝑔)     (2.1) 

where M is the exposed metal, and x and y are the stoichiometric constants. Only solid oxides are relevant 

for the formation of an oxide scale. 

Many factors influence oxide scale formation, such as temperature, alloy chemistry, exposure time, and the 

oxygen partial pressure p(O2) in the environment. To determine the comparative stabilities of metal oxide 

species at different temperatures, the second law of thermodynamics is used in terms of the Gibbs free 

energy, assuming that the temperature and pressure are constant. It is important to stress that there is a 

minimum value of p(O2) for oxidation at each temperature. If this value is not reached, the metal remains 

in metallic form. 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆   (2.2) 

where G is the Gibbs free energy of the system, H is the enthalpy, T is the absolute temperature, and S is 

the entropy. When the ΔG value of a reaction of a metal with oxygen, in our case, is <0, the reaction is 

thermodynamically favourable and occurs spontaneously, i.e., the oxide is stable. Whereas, when the ΔG 

value of the system is >0, the reaction is thermodynamically unfavourable, and the metal remains metallic. 

If ΔG=0, the system is at equilibrium. 

The Gibbs free energy for Eq. (2.2) per mole of oxygen can be written as follows: 

𝛥𝐺 = 𝛥𝐺° + 𝑅𝑇𝐼𝑛(
𝑎 (𝑀𝑥𝑂𝑦)

𝑎𝑀 
𝑥 .𝑝𝑂2

𝑦/2 )   (2.3) 

where 𝛥𝐺° is the standard Gibbs free energy, R is the universal gas constant, and a is the activity of the 

products and reactants.  

Since the activity of the solid materials equals one, the activity of the gases corresponds to their partial 

pressure. Equation (2.3) can be simplified as follows when the system is at equilibrium (𝛥𝐺 = 0):  

𝛥𝐺° = 𝑅𝑇𝐼𝑛(𝑝𝑂2

𝑦/2
)  (2.4) 

As can be concluded from Eq. (2.4), the formation or dissociation of an oxide scale depends on the 

temperature and equilibrium pO2. Ellingham-Richardson diagrams illustrate by normalising all the 

reactions to 1 mole O2 the relative stability of oxides as a function of temperature and pO2 (see Figure 2.2). 

The lower the line at which an element is positioned in the Ellingham diagram, the more negative Gibbs 

free energy it has and the greater the stability of the oxide [35].  
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Al2O3 is among the most-stable oxides. Other relevant oxides are iron oxide and chromium oxide. 

Iron requires higher oxygen partial pressures to form its oxides than aluminium. Three iron oxide phases 

are depicted in Figure 2.2: wüstite, FeO; magnetite, Fe3O4; and hematite, Fe2O3. Wüstite has the poorest 

corrosion resistance, followed by magnetite, while hematite, which has a corundum-type structure, is the 

most-protective of the three oxides.  

Eskolaite (Cr2O3) has a corundum-type crystal structure. In this structure, oxygen anions form a hexagonal 

closed-packed lattice within which the metal cations fill two-thirds of the octahedral holes. Chromium oxide 

forms a dense, slow-growing scale with a high degree of stoichiometry, enabling it to act as a protective 

barrier against corrosion. 

Aluminium oxide has several allotropic forms, of which α-Al2O3 is the most-desirable and 

thermodynamically stable with a corundum-type structure. Other meta-stable forms of alumina, such as 

γ-Al2O3, offer less corrosion protection than α-Al2O3.  

The corundum-type oxides, such as hematite, eskolaite and α-alumina, can form solid solutions.  

It is important to point out that the pure oxides described above can only be formed as an inner oxide scale. 

Due to the incorporation of alkali species from the melt into outward-growing oxides, an alkali transition 

metal oxide (AMOx) is produced, as discussed in Chapter 3.  

The Ellingham-Richardson diagram visualises the temperature and oxygen partial pressure-dependencies 

of the Gibbs free energy for individual element oxidation reactions. However, due to differences in reaction 

rates, it is not always the oxide with the highest thermodynamic stability that forms first, but instead, rapidly 

nucleated metastable phases. Therefore, kinetic considerations are important for a better understanding of 

the corrosion process. Knowing the rates of reactions helps towards understanding the corrosion 

mechanism, and this is also essential for estimating the lifetime of an alloy implemented in certain 

applications and under specific conditions.  
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Figure 2.2 Ellingham-Richardson diagram showing the Gibbs enthalpies of the oxidation reactions as a function 

of temperature for different elements and, thereby, their relative oxide stabilities. 

Source: Ellingham-Richardson diagram from Wikimedia Commons. Available at commons.wikimedia.org [35, 36]. 
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Oxidation kinetics are generally determined by measuring the corroded metal's mass change as a function 

of time. However, in some cases, and particularly in the present work, it is difficult to obtain accurate mass 

change measurements for the exposed samples due to the yet-unquantified dissolution of alloy elements 

into the liquid phase, as well as the intense surface cleaning methods. In addition, the mass change values 

might not always relate to scale growth. Oxidation kinetics are commonly defined in terms of ideal rate 

laws and used to evaluate oxide scale growth. As depicted in Figure 2.3, kinetic laws of scale growth are 

often expressed by a low number of ideal behaviours: logarithmic, parabolic and combinations thereof. 

Logarithmic corrosion behaviour is present when an initial rapid increase in mass change is detected, and 

subsequently, the mass gain rate declines significantly. Initially, relatively fast oxidation forms a thin oxide 

scale, which decelerates with time, obeying Eq. (2.5):  

𝑋 = 𝑘𝑙𝑜𝑔 log  ( 𝑡 + 𝑡0) + 𝐴    (2.5) 

where X is the oxide scale thickness, which can also be replaced by the measured mass gain ∆m, 𝑘𝑙𝑜𝑔 is the 

logarithmic rate constant, t is the exposure time, and A is a constant. This behaviour expresses very efficient 

passivation of a metal surface through oxide scale formation. At high temperatures, α-Al2O3 presents 

similarly excellent oxidation behaviours due to the large band gap characteristic suppressing the transport 

of charge carriers across the oxide scale [37]. 

Most oxide scales formed during high-temperature oxidation are described according to the parabolic 

kinetics reported by Carl Wagner [28], as shown in Eq. (2.6). In this process, scale growth relies on the 

diffusion of ions and electrons through the formed oxide scale. Thus, the thicker the scale, the longer the 

paths for the charged species travelling through the scale (see Figure 2.1). 

𝑋2 = 𝑘𝑝  𝑡 + 𝐶    (2.6) 

where X is the oxide thickness, kp is the parabolic rate constant, t is the exposure time, and C is the 

integration constant. The mass change ∆m can be employed instead of the scale thickness X.  

Breakaway oxidation, which can be distinguished from the alloy's kinetic behaviour, is described as a 

transition from a slow-growing scale to a thick, non-protective, fast-growing scale, as reflected by high 

mass gain values. For this study, the mass change diagram (Figure 2.3) has been extended with a mass loss 

curve, which occurs in a special case discussed in Chapter 5.1. In this case, mass loss occurs in the absence 

of oxidation, nitridation or carburisation, where metal leaching from alloys through, for example, chloride 

attack occurs instead. 

The exponentially accelerating behaviour of the dissolution process can be attributed to the increase of 

contact area with time, which is linked to the increased accessibility levels of grain boundaries and cavities, 

among others. 
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Figure 2.3 High-temperature oxidation kinetics: positive mass change values represent the kinetic behaviour for 

oxide scale growth [27]. Negative mass change values are attributed to mass loss due to leaching as a result of 

chloride attack in the absence of an oxide scale. 

Following the initial rapid formation of a thin oxide scale, the thickness increases progressively through the 

transport of charge carriers across the scale. As shown in Figure 2.1 and described by Carl Wagner [28], 

scale growth requires the transport of metal cations, oxide ions, electrons, and oxygen or metal vacancies. 

We can distinguish between inward- and outward-growing oxide scales. Outward-growing oxide scales 

grow by outward cation diffusion, while inward-growing scales grow due to inward diffusion of anions, 

e.g., O2-. These charged species can travel through the oxide scale lattice using solid-state diffusion, 

depending on the grain size or crystal defect concentration. Crystal imperfections can be classified as: point 

defects (0D), such as vacancies and interstitials; line (1D) and plane (2D) defects, such as dislocations and 

grain boundaries; and volume imperfections, such as precipitates and voids.  

A point defect is found when a crystal lattice is missing an atom, thereby creating a vacancy or the presence 

of an interstitial atom in an irregular site. A Schottky imperfection is a point defect where a vacancy is 

generated in a crystal lattice due to an atom migrating from its regular site in the interior through successive 

steps until it reaches and settles at the crystal surface. Another type of point defect is a Frenkel imperfection. 

It occurs when an atom is freed and leaves its regular site, forming a vacancy and then moving to another 

interstitial site within the crystal (see crystal imperfections illustrated schematically in Figure 2.4) [38].  

In Schottky defects, a cationic vacancy is a charge balanced by an anionic vacancy. A Frenkel defect 

comprises a cation or an anion vacancy electrically balanced by an interstitial cation or an anion, 

respectively.  
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Figure 2.4 Schematic illustrations of Schottky and Frenkel defects in ionic solids [38]. 

The diffusion paths that ions, electrons, and vacancies occupy across oxide scales can be distinguished as 

lattice-defect diffusion and short-circuit diffusion pathways.   

In lattice diffusion, ions travel through the most common types of crystal defects, i.e., vacancies. Since 

lattice-defect diffusion typically requires higher activation energies than short-circuit diffusion, it usually 

predominates at relatively high temperatures.  

Short-circuit diffusion relies on extended microscopic defects, such as grain boundaries, dislocations, or 

segregated phases with higher conductivity. These are relatively easy paths, and since they require lower 

activation energies, these paths facilitate oxide growth even at lower temperatures.  
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3 Corrosion by Salt Melts 
 

This chapter focuses on corrosion in a more complex environment; namely salt melts. An overview of the 

corrosion processes that occur in nitrate, carbonate, and chloride melts is provided, covering the 

thermodynamics, corrosion products, kinetic processes, and the roles of impurities in such corrosive 

environments. As discussed in Chapter 2, most high-temperature alloys form a protective oxide scale that 

is dictated by the alloy composition and specific exposure conditions. High-temperature corrosion in molten 

salts is not that different from oxidation in a gas environment in terms of the basic anodic process [Eq. (3.1)] 

and the reduction of oxidising species [Eq. (3.2)], which results in metal oxide formation. 

𝑀 →  𝑀𝑛+ + 𝑛𝑒−  (3.1) 

𝑂2 + 4𝑒−  → 2𝑂2− (3.2) 

Nevertheless, the level of complexity is increased by the presence of more than one potentially oxidising 

species, more than one reacting cation at the melt/oxide interface, and reactions that can occur within the 

melt or melt/gas interface [39]. Gas environments that cause high-temperature corrosion commonly 

comprise more than one gas species, with each species having a partial pressure <1. The salt melts 

considered in this study are mixtures of nitrate, carbonate, and chloride salts. In these mixtures, the activity 

is one for all the cationic and anionic species. 

Molten salts are electrolytes, and they support electrochemical reactions. At the metal/melt interface, alloy 

elements can be oxidised, and salt species and impurities can be reduced. The identification of the decisive 

redox pairs allows us to apply, in this case, basic assumptions regarding the salt melt reactions with alloy 

species.  

The ionic salt species play significant roles in the corrosion process. The anionic species can be categorised 

as: oxyanions, such as sulphate 𝑆𝑂4
2−, nitrate 𝑁𝑂3

−, and carbonate 𝐶𝑂3
2−; and halide-based salts, such as 

chloride 𝐶𝑙‒ [39].  

Compared to corrosion that occurs in aqueous solutions (where the pH value plays a significant role since 

the solubility of the corrosion products depends on the acidity or basicity of the solution), corrosion in 

molten salts follows a similar concept [40]. Even though salt melts do not contain protons, the acid-base 

concept proposed by Lux and Flood et al. is still valid [41, 42]. A Lewis acid is an electron pair acceptor 

with available empty valence orbitals. In turn, a Lewis base is an electron pair donor. In the molten salts, 

the acid-base concept is proposed as follows in Eq. (3.3): 

𝑏𝑎𝑠𝑒 = 𝑎𝑐𝑖𝑑 + 𝑂2−  (3.3) 

From Eq. (3.3), bases are 𝑂2− donors and acids are 𝑂2− acceptors; by applying this concept to molten salts, 

a nitrate or a carbonate melt is considered a base, as shown in Eqs. (3.4) and (3.5): 
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𝑁𝑂3
− = 𝑁𝑂2 +  𝑂2−  (3.4) 

𝐶𝑂3
2− = 𝐶𝑂2 + 𝑂2−  (3.5) 

Since the oxyanion 𝑂2− in a molten salt solution acts similarly to 𝐻3𝑂+ion in an aqueous solution, a p𝑂2− 

value can be calculated using Eq. (3.6): 

p𝑂2− =  − log 𝑎𝑂2−  (3.6) 

where 𝑎𝑂2− is the oxyanion activity in the salt melt. It is important to stress that the oxyanion acid-base 

concept is only valid for reactions that occur in molten salt solutions [40].  

The oxyanion acid-base concept cannot be applied to molten salt systems that do not contain oxygen ions. 

Therefore, another definition must be adopted in this case. For instance, a salt melt with a low level of self-

dissociation, e.g., for the AlCl3 melt, a substance that produces 𝐴𝑙𝐶𝑙2
+ 𝑖𝑠 an acid, whereas if it releases 

𝐴𝑙𝐶𝑙4
−, then it is a base; see Eq. (3.7):  

2𝐴𝑙𝐶𝑙3 = 𝐴𝑙𝐶𝑙2
+ +  𝐴𝑙𝐶𝑙4

−  (3.7) 

As discussed in Chapter 2, corrosion is an electrochemical reaction in which the metal is oxidised upon 

interaction with its environment. Similar to corrosion in aqueous solutions, molten salts are not any different 

due to their excellent ionic conductivities. It is essential to stress that corrosion caused by metal dissolution 

is a good example of a process that involves two electrochemical partial reactions: anodic with metal 

dissolution; and cathodic through the reduction of an oxidant. The rate, if not transport-dependent, of each 

partial reaction is dependent upon the electrode potential.  

It is also important to emphasise that metal dissolution is only one of the reactions that can occur in such 

an environment. For instance, reactions with the alloy can be anodic, cathodic or chemical. A detailed 

scheme of the possible reactions in a salt melts environment has been presented by Rahmel [40]. 

It is important to differentiate between a reaction that causes corrosion and one that determines the corrosion 

rate. The latter depends on the diffusivity of ions (charge carriers) within the molten salt. In comparison, 

the rate-determining step is the charge transfer reaction in aqueous solutions. 

Another difference between corrosion in aqueous solutions and molten salts is electrical conductivity. 

Aqueous media only display ionic conductivity, while some molten salts have both ionic and electric 

conductivities, e.g., alkali-chloride melts. For salt melts with electric conductivity, oxidant reduction can 

occur in the melt or at the metal-gas interface instead of only occurring at the metal-melt interface. 

Consequently, electric conductivity increases the oxidant reduction reaction, leading to a significant 

difference, especially if the solubility of the oxidant (usually oxygen) is low in the melt [40].  

The following sections summarise the most-relevant corrosion mechanisms in chloride, nitrate, and 

carbonate melts.  
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3.1 Corrosion in Chloride Melts 

Chloride melts are candidate HTF and TES media for Gen3-CSP plants due to their superior thermal 

stabilities and favourable thermal properties [15]. Considering the standard electrochemical series of 

elements, alkali chlorides are theoretically good candidates for high-temperature corrosion since neither 𝐴+ 

nor 𝐶𝑙−ions can be reduced by metal species from the alloy, which means that there is no corrosion [39]. 

𝑀(𝑎𝑙𝑙𝑜𝑦) + 𝐴+  + 𝐶𝑙− ↛ 𝑀+  + 𝐴(𝑚𝑒𝑡𝑎𝑙𝑙𝑖𝑐) + 𝐶𝑙−  (3.8) 

Indacochea et al. have studied the corrosion profiles of low-alloy steel and different stainless-steel alloys 

that were exposed to LiCl melt at 725°C for 30 days in argon under extremely pure and dry conditions; it 

has been reported previously that corrosion is successfully suppressed under these conditions. However, 

after replacing argon with Ar-10% O2, the alloys underwent severe corrosion, forming non-protective 

oxides [43, 44]. Thus, alloy constituents can reduce oxygen or water, and one can conclude that oxidising 

impurities drive high-temperature corrosion in alkali chloride melts [24, 40, 45]. 

Common impurities, such as oxygen and moisture, can oxidise metal components and bring them to the salt 

flux in an ionic form [24, 45]. Consequently, the alloy suffers a rapid metal loss, which is accelerated by 

the absence of passivating oxide scales. In addition to their reactions with metallic components, chloride 

melts react with oxygen and moisture, producing Cl2 and HCl [45-47], as depicted in Eqs. (3.9) and (3.10): 

4 𝐶𝑙− + O2 =  2 Cl2 + 2 𝑂2−  (3.9) 

H2O + 𝐶𝑙− =  HCl + 𝑂𝐻−  (3.10) 

Different aspects must be taken into account to comprehend the corrosive effects of molten chlorides on 

metallic materials. Ding et al. and Patel et al. have extensively reviewed the corrosion behaviours of various 

alloys when in contact with chloride melts [48, 49]. In their review, Ding et al. classified the corrosion 

processes caused by a chloride melt into three distinct categories: (i) interactions between the salt and the 

environment/cover gas; (ii) reactions that take place within the salt melt itself, such as decomposition or 

hydrolysis; and (iii) the interactions of the metallic components of the alloy with the salt melts or salt-

containing environment [49]. The review concluded that the corrosion caused by chloride melts could be 

attributed to different mechanisms owing to these three distinct processes. Furthermore, additional factors, 

such as the operating temperature, chemistry of the employed salt melt, alloy composition, and gas 

environment, play roles in determining the degree to which the corrosion progresses. 

The corrosion resistances of alloys are highly dependent upon their chemical compositions. Ni-based 

superalloys exhibit superior corrosion resistances to chloride melts, as compared to stainless steel [50]. 

However, no definite conclusion can be drawn with regard to the significance of the Ni-content, as there 

are reported cases in which alloys with a high percentage of Ni have failed to resist corrosion, as highlighted 

in the review paper of Ding et al. [49]. Nonetheless, it has been reported that there is a direct correlation 

between the oxygen partial pressure and corrosion rate, which means that oxygen transport to the metal/melt 

interface is the rate-determining step in such an environment [51, 52]. 
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Multiple studies have investigated the corrosion behaviours of several alloys in contact with chloride melts 

under different conditions [30, 39, 53-58]. The key finding from these studies is that corrosion in chloride 

melts is impurity-driven.  

Various research studies have investigated the corrosiveness levels of chloride melts for iron-based, nickel-

based, and model alloys at temperatures in the range of 500°–650°C [57, 59-61]. It has been reported that, 

in the presence of oxygen or moisture, chloride salts severely attack alloys that have excessive chromium 

leaching, particularly along grain boundaries [40, 62, 63]. Laboratory tests have confirmed the presence of 

defect-rich porous scales, selective element leaching, pore formation in bulk materials, and inter-granular 

attack [31, 40, 48, 57, 64]. Equations (3.11) and (3.12) represent two possible exothermic reactions that can 

destabilise the chromia scale at high temperatures. Chromia reacts with potassium chloride in an oxygen-

rich environment to form soluble alkali chromate, volatile chromium chloride, and oxy-chloride species 

[40].  

24 KCl (g, s, l) + 10 Cr2O3(s) +  9 O2 (g) →  12 K2CrO4(l) + 8 CrCl3(𝑔)  (3.11) 

8 KCl (g, s, l) + 6 Cr2O3(s) +  3 O2(𝑔) →  4 K2CrO4 (l) + 8 CrOCl (s)   (3.12) 

Intensive efforts have been made to reduce the concentrations of oxygen and other impurities in the chloride 

melt environment due to their effects on the corrosion rate. 

MgCl2 is commonly used in chloride eutectic melts to lower the melting temperature. Due to the highly 

hygroscopic nature of MgCl2, many efforts have been made to reduce its content of impurities and to 

implement salt purification methods for improved corrosion resistance [24, 65-69]. In general, alloys that 

are in contact with MgCl2-containing melts tend to precipitate MgO onto their surfaces and deplete the 

metals, e.g., Cr, beneath the surface [50, 58].  

Highly hygroscopic MgCl2 reacts with water impurities to produce MgOHCl and HCl at 

temperatures >300°C. At temperatures >550°C, this reaction further breaks down to yield MgO and HCl 

[68], as in Eqs. (3.13), (3.14) and (3.15) [70]: 

  

MgCl2 ∙ 2 H2O →  MgOHCl + HCl(g) +  H2O  (3.13) 

MgCl2 ∙ H2O →  MgOHCl + HCl (g) (3.14) 

MgOHCl →  MgO + HCl(g)  (3.15) 

 

The reactions of MgCl2 can be a major concern for TES systems, particularly in terms of producing 

corrosive gaseous HCl. These reactions pose serious challenges due to changing the thermo-physical 

properties of the melt, e.g., melting/freezing point, heat capacity and density. Such changes can place CSP 

plants at risk of unsafe operation and power-generation failure. Furthermore, MgO particulates can block 

the primary heat exchanger and erode the salt pumps. Therefore, it is essential to purify MgCl2-containing 

chloride salts properly [65]. 

One approach to minimising the concentrations of impurities in MgCl2-containing mixtures, e.g., 

MgCl2 ∙  6 H2O, is step-wise heating and sweeping away the volatile side-products by flowing inert gas. 
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This method reduces the formation of corrosive species such as MgOHCl. Even though the step-wise 

heating procedure lowers the corrosivity of the melt, it does not eliminate all the hydroxide impurities [70, 

71]. 

Another approach is the addition of Mg metal to MgCl2-containing mixtures [69, 72-77] or metallic Be to 

lithium-beryllium fluorides [78]. In this method, the Mg metal acts as a sacrificial anode, reacting with 

MgOHCl and producing MgO and MgCl2 and H2, as expressed in Eq. (3.16) [65]:  

2𝑀𝑔𝑂𝐻𝐶𝑙 + 𝑀𝑔 → 𝑀𝑔𝑂 + 𝑀𝑔𝐶𝑙2 + 𝐻2  (3.16) 

However, it is important to consider the massive amounts of salt (thousands of tonnes) required as TES 

material in a CSP plant. Thus, the purification process will entail additional costs for the power plant. In 

this context, many studies have been conducted to identify a cost-effective way to purify salts [65, 68, 79].  

Localised or pitting corrosion is a common type of corrosion mediated by chloride melts. Localised 

corrosion observed in TES tanks can be described as “deep indentations (pitting corrosion) or preferential 

degradation of metals around the confined volume of electrolyte (crevice corrosion)” [12]. Pitting corrosion 

is initiated by aggressive anion species such as 𝐶𝑙− or 𝑁𝑂3
−, leading to the breakdown of the protective 

oxide scale. This degradation process occurs via one or a combination of the following steps. First, corrosive 

anion species compete with the scale-forming species for adsorption onto the alloy surface. A complex 

soluble corrosion product forms if the aggressive anion species wins this competition. The aggressive 

anions diffuse through the oxide scale by occupying oxygen vacancies, negatively affecting its adhesion. 

Lastly, oxide scale breakdown can occur due to the adsorption of these aggressive ions to the oxide scale, 

which builds ups mechanical stress, in addition to the change in the concentration of cation vacancies [80, 

81].  

It is worth mentioning that grain boundaries (micro-cracks) and holes are the preferred sites for pits because 

they have lower resistance, making them susceptible to such attacks. Nevertheless, the initiation stage of 

the pitting may take a long time, spanning months or years, making the process unpredictable. However, 

once a break in a non-soluble protective scale is achieved, the pits propagate rapidly. The pits will not stop 

growing until the alloy finds a way to restructure a protective scale or form an insoluble corrosion product 

that prevents further propagation [12].  

Another common corrosion feature in chloride melts is intergranular corrosion (IGC), a form of localised 

corrosion defined as a preferential attack along the grain boundaries. IGC is considered a type of galvanic 

corrosion where some heterogeneity is observed at the grain boundary region. According to a previous 

report [82], in the case of IGC, “the grain boundary is considered anodic to the bulk or adjacent alloy 

microstructure”. In IGC, one of the alloying elements is depleted due to its interactions with oxidising 

species and further precipitation at the grain boundary [12].  

Interestingly, while intensive studies have been conducted to understand the corrosion resistances of 

different alloys in direct contact with chloride melts, the corrosion behaviours of metallic components 

exposed to evaporated salt species have not, to the best of our knowledge, been investigated. Therefore, 

part of the Results is dedicated to understanding better the corrosion behaviour of a vessel material 

composed of alloy 253MA upon exposure to evaporated salt species. In addition, corrosion behaviours 



Chapter 3. Corrosion by Salt Melts 

 

18 

 

when in direct contact with chloride melts are studied and compared for the current state-of-the-art alloys, 

e.g., alloy 304L and a FeCrAl alloy that is a possible candidate for a Gen3 CSP.  

3.2 Corrosion in Nitrate and Carbonate Melts  

Since nitrate melts, mainly Solar Salt, are utilised as HTF and TES materials for commercial CSP plants, 

the corrosion behaviours in these melts have been extensively studied at both laboratory and industrial 

scales [12]. As discussed earlier, the corrosion of metals by salt melts depends mainly on the salt’s 

chemistry, the gas environment, and the exposure temperature.  

Nitrates spontaneously decompose at high temperatures, as shown in Eqs. (3.17) and (3.18) [39].  

The thermodynamics of the nitrate melts can be described in terms of the equilibrium reached with the 

oxide ion and appropriate gas species [39, 53]. 

NO3
- ⇋ 𝑁𝑂2

− +  
1

2
 O2 (3.17) 

2NO3
- ⇋ 𝑂2−  + 2𝑁𝑂 +  

3

2
 O2 (3.18) 

Besides the spontaneous decomposition of salt species, metal surfaces can act as an electron source for 

reduction, as illustrated in Figure 3.1, resulting in reduced anionic species, e.g., NO3
-, which can take up 

two electrons to form NO2
- and release an O2- ion instead of oxygen [cf. Eq. (3.17)]. 

Alkali oxide scale formation in nitrate/carbonate melts can be summarised as follows. The first step 

involves the adsorption of the salt species to the metal surface. Anions are reduced by electrons to form 

oxide ions. Alkali cations are attracted to the reduced anions and participate in the scale formation process, 

given that the resulting AMOx compound cannot be dissolved in the melt. The alkali oxide scale nucleates 

when the reduced anions and metal cations occupy their respective sites at the metal/melt interface. 

Thereafter, the scale grows laterally until it covers the entire metal surface. The scale grows either outwards 

through metal ion transport by cationic vacancies adjacent to the adsorbed oxygen ions or inwards when 

oxygen ions occupy the oxygen vacancies formed at the alloy/oxide interface, as illustrated in Figure 3.1.  

 

Figure 3.1 Alkali oxide scale formation when an alloy is exposed to an alkali salt melt, where 𝑉𝑂 
••is an oxygen 

vacancy,   𝑉𝑀
′′ is a metal vacancy, A+ is an alkali cation, and Mn+ is a metal ion. 
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Theoretical and experimental viewpoints have been adopted to study the corrosion potentials of the above-

described melts. The extent of corrosion of an alloy in a nitrate melt depends on the acidity/basicity of the 

melt, which is defined by Eq. (3.6) [39]. 

The formation of corrosion products can be predicted using the pO2- of the melt, in combination with 

electrochemical measurements, such that the conditions for oxide scale stability and dissolution into the 

melt can be defined according to the exposure conditions [39].  

Picard et al. used another approach to adjusting the activity of O2- using different 𝑁𝑂3
− and 𝑁𝑂2

− ratios to 

construct a predominance diagram, with iron (III) at 420°–500°C [83, 84] (Figure 3.2). In their studies, the 

pO2- diagrams predicted mainly three solid corrosion products based on the basicity of the medium. 

Na4Fe2O5(s) was expected to form in strongly basic media, whereas alkali ferrites, NaFeO2(s), and iron 

oxide, Fe2O3(s), were expected to form in moderately basic and acidic media, respectively [83, 84]. These 

diagrams failed to predict the potential nitride formation, which occurs at very low oxygen partial pressures 

beneath the oxide scale, as described in the Results (Section 5.1.1). 

 
Figure 3.2 Stability diagram for iron species in nitrate-nitrite melts as a function of basicity at 500°C [39, 84].  

Source: Picard, G.S., H.M. Lefebvre, and B.L. Trémillon, 1987. Reproduced with permission from the 

Electrochemical Society [84]. 

Various studies have employed theoretical or experimental approaches, or a combination of both, to study 

the corrosion performances of alloys in nitrate melts. The metallic materials investigated in nitrate melts 

can be classified as carbon and low-alloy steels, stainless steel, and FeCrAl alloys [9, 12, 69, 85-96]. 

The main insoluble corrosion products formed when in contact with nitrate melts (and related to this thesis 

work) are summarised as follows: an inner scale of (Fe,Cr)3O4 [89], or an outer NaFeO2 scale and inner 

Fe3O4, Fe2O3 scales [9, 92]. The corrosion products detected depend on the chemical composition of the 

alloy and the exposure conditions used. 
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Another class of potential candidates for Gen3 CSP plants are carbonate salt mixtures. However, corrosion 

in this melt environment has not been studied as intensively as for nitrate melts. Nevertheless, corrosion 

behaviours have been investigated for metals used in molten carbonate fuel cell (MCFC) applications since 

carbonate salts are used as electrolytes. Following a temperature increase, the carbonate salt decomposes 

into the cationic alkali species (A+), oxyanions, and CO2. The basicity of the melts, measured according to 

Eq. (3.19), depends on the equilibrium with the oxide ion and CO2 [39]:  

A2CO3 ⇋ 2𝐴+ + 𝑂2−  + 𝐶𝑂2  (3.19) 

Since carbonate oxide-melt interactions are acid-base reactions, their products are expected to be similar to 

those produced in nitrate melts [39]. The corrosion products' stability mainly depends upon the salt’s 

chemistry, acidic/basic fluxing in the melts, and temperature [97].  

Oxygen fluxing has been discussed extensively among the different corrosion mechanisms for salt melts. 

The fluxing process in an oxidising environment can be defined as accelerated corrosion through the 

dissolution and re-precipitation of metal oxides into the salt melts. The oxide fluxing process depends on 

the metal/metal oxide and the salt basicity/acidity [98]. The diffusion processes in liquid salts are very rapid 

compared to solid-state diffusion in an alloy or oxide. The activation energies for the dissolution of ionic 

species into a melt are generally lower than those for the evaporation of molecular species into a gas stream. 

In the present study, alkali carbonates in contact with alloys have been investigated under CO2 gas, in 

contrast to the cases of the alkali nitrates, which were operated in air. Conducting carbonate melt exposures 

under CO2 means that we have two sources of CO2: one that arises from the spontaneous decomposition of 

alkali carbonate at the metal surface and the other in the form of CO2 dissolved into the melt from the gas 

phase. Both sources of CO2 can be reduced by alloy species to form carbon monoxide (gas evolution), as 

shown in Eq. (3.20), or even inwards diffusing carbon at the metal/oxide interface, which can cause 

carburisation underneath the oxide zone [Eq. (3.20)]. 

2𝑀 + 𝑛𝐶𝑂2 ⟶ 2𝑀𝑛+ + 𝑛𝐶𝑂(𝑔) + 𝑛𝑂2− (gas evolution) (3.20) 

or 

4𝑀 + 𝑛𝐶𝑂2 ⟶ 4𝑀𝑛+ + 𝑛𝐶 + 2𝑛𝑂2− (carburising) (3.21) 

Carburisation involves an internal corrosion attack when a scale-forming alloy component such as 

chromium is selectively bound to carbon in the alloy interior. Internal carbide precipitation suppresses the 

migration of, for example, chromium to the oxide/metal interface to form an oxide scale. Initial internal 

carburisation occurs as precipitates along the grain boundaries. Carburisation is undesirable because it 

compromises the alloy’s chemistry and changes its mechanical integrity [99, 100]. 

Many studies have been dedicated to understanding the corrosion of metallic materials in carbonate melts 

under various conditions [98, 101-109]. The primary corrosion products detected relevant to this thesis are: 

(i) insoluble corrosion products, such as LiFeO2 [98], LiCrO2, and FeCr2O4 [40]. In addition to Al2O3, Fe2O3 

or NiFe2O4 and CrFe2O4 [110]; and (ii) soluble corrosion products, such as K2CrO4 [40]. The types of 

corrosion products detected depend on the alloy’s chemistry and the type of exposure [98, 101-109]. 
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All the publications to date concerning alkali carbonate melts point out that chromia-forming alloys at high 

operating temperatures do not resist the rapid formation of an alkali oxide scale and internal attack [111]. 

In stark contrast, alumina-forming alloys show superior corrosion resistance to molten carbonate attack 

through slow growth of an alkali aluminate scale and limited or no internal carburisation. 

In summary, previous studies on the corrosion resistance of chromia-forming stainless steel alloys highlight 

the need to identify alternative alloys or to utilise corrosion mitigation methods for the metallic components 

considered for use in Gen3 CSP plants [39, 85, 110-115]. Therefore, in this thesis, the corrosion resistance 

levels of several FeCrAl and FeNiCrAl alloys are studied as possible candidates for Gen3 CSP and 

compared to the state-of-the-art chromia-forming alloys, e.g., alloy 304L. Similar to research on corrosion 

caused by chloride melts, data on evaporated carbonate corrosion in conjunction with thermal storage tank 

materials are lacking. To remedy this, a systematic study is conducted in this work to understand the 

corrosion behaviour of an alloy 253MA vessel material exposed to evaporated alkali carbonates.  
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4 Experimental Layout 
 

The flow chart depicted in Figure 4.1 provides an overview of the experimental work conducted in this 

thesis. The figure shows that three primary studies have been conducted. The following sections describe 

the salts, alloys, experimental set-ups, and analytical methods. 

 

Figure 4.1 Flow chart illustrating the experimental layout for the thesis. 
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4.1 Materials 

4.1.1 Salt Melts 

As described in Chapter 1, the eutectic salt melts were selected based on their favourable thermo-physical 

properties and cost, as well as other factors that recommend their potential usage in commercial CSP plants 

[15].  

In this work, the following eutectic salts were chosen: a binary nitrate salt mixture, which is also known as 

Solar Salt (60 wt% NaNO3, 40 wt% KNO3); a ternary carbonate salt (32.1 wt% Li2CO3, 33.4 wt% Na2CO3, 

34.5 wt% K2CO3); and a binary chloride mixture (64.4 wt% KCl, 35.6 wt% MgCl2). The thermo-physical 

properties of these salt mixtures have been discussed in several articles [58, 116, 117]. 

The salts were purchased from the following suppliers: NaNO3 (Alfa Aesar, 99.0% pure); KNO3 (Alfa 

Aesar, 99.0%); Li2CO3 (VWR Chemicals, 99.0%); Na2CO3 (EMSURE, anhydrous, 99.9%); K2CO3 

(ThermoFisher Scientific, 99.8%); KCl (Alfa Aesar, 99.0%); and MgCl2 (Alfa Aesar, anhydrous, 99.0%). 

Since impurities play a vital role in the corrosion process [12, 54, 117, 118], the concentrations of impurities 

in each salt are listed in Table 4.1 The tabulated impurity values were obtained from the chemical datasheets 

for the salts. 
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Table 4.1 Concentrations of impurities in the salts used, as reported by the suppliers. 

Salt Moisture 
Chloride 

(Cl-) 

Phosphate 

(PO4
3-) 

Silicate 

(as 

SiO2) 

Total 

Sulphur 

(as SO4
2-) 

Calcium 

(Ca2+) 

Magnesium 

(Mg2+) 
Others 

NaNO3 Detected 0.0006% 1.2 ppm - 0.0020% 0.0008% 0.0005% 

Heavy metals (e.g., 

Pb2+/4+) and Fe2+/3+, 

1 ppm for each 

KNO3 Detected 0.002% 5 ppm - 0.003% 0.005% 0.002% 

Heavy metals 5 ppm, 

Fe2+/3+ 3 ppm, IO3
- 

5 ppm, NO2 0.001%, 

Na+ 0.005% 

Li2CO3 Detected ≤0.02% - - ≤ 0.05% 0.01% 

Heavy metals (e.g., 

Pb2+/4+) ≤20 ppm, 

Fe2+/3+ 3 ppm 

Na2CO3 

Loss on 

drying 

≤1.0% 

 

≤0.002% ≤ 0.001% 
≤ 

0.002% 

≤ 

0.005% 
≤0.005% ≤ 0.0005% 

Heavy metals (e.g., 

Pb2+/4+), Fe2+/3+, N3-

/3+/5+, Al3+, K+ 

K2CO3 0.113% 
KCl, 

0.0043% 
- - 

K2SO4, 
12 ppm 

- - 

KOH 0.106%, Na+ 

0.20%, 

Fe2+/3+ 0.40 ppm 

KCl Detected 

Chlorate 

and 

Nitrate 

≤0.003% 

≤5 ppm  ≤0.001% ≤0.002% ≤0.001% 

Ba2+ ≥ 0.001%, Br-  

≤0.01%, I- ≤ 0.002%, 

Fe2+/3+ ≤3 ppm, Na+ 

≤0.005%, Heavy 

metals (e.g., Pb2+/4+) 

≤5 ppm 

MgCl2 
Detected, 

0.97% 

NaCl 

36 ppm, 

CaCl2 

47 ppm 

- - - - - MgO (100 ppm) 

The experiments in this study were conducted at about 100°C above the anticipated operational temperature 

in thermal storage facilities for two reasons. First, when wetted with salt melts, the metallic parts in a large 

CSP plant experience temporary overheating. Second, the accelerated corrosion provides relevant results 

within the time-frame of this study. 

The eutectic mixtures were prepared according to the following procedure. In 100-g batches, the salts were 

weighed and mixed to the correct ratio, then ground using a mortar and pestle. Then, the salts were furnace-

dried at 110°C for at least 24 h.  

Since the water content is critical for the corrosion experiments, chloride mixtures were prepared using an 

Ar purification process to reduce the moisture content of the salts [24, 30]. 

Based on previous studies [24, 30], the chloride mixtures were purified using a step-wise thermal 

purification process. The purification process starts with drying the salt mixture at 110°C for at least 5 hours 

under an Ar flow. Then, the temperature is raised to 200°C and held for a 2-hour dwell time. The 

temperature is increased again to 300°C for 2 hours. Thereafter, the set-up is allowed to cool to room 

temperature under an Ar flow. In the final step, an alloy sample is dipped into a salt-filled crucible before 

initialising the corrosion experiment. The vessels that contain the salt-filled crucible are purged with Ar for 
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12 h, then heated to 120°C for at least 12 h. Lastly, the temperature is raised to 750°C and held for 1 hour 

before the corrosion experiment starts, as described later in this chapter.   

4.1.2 Alloys 

Table 4.2 summarises the nominal compositions of the alloys investigated.  

The following procedure describes how the samples were prepared. First, metal coupons with initial 

dimensions (15×15×2) mm were ground using up to 1200-grit SiC abrasive paper, then polished with 

suspensions that contained 3-µm and 1-µm diamonds until a mirror-like finish was obtained. The polished 

samples were cleaned in three steps with deionised water, acetone, and ethanol using an ultrasonic bath at 

room temperature. Finally, the coupons were dried using an air gun and dipped into salt-filled alumina 

crucibles. 

Table 4.2 Nominal alloy compositions (in weight percent). RE refers to reactive elements, e.g., Y, Zr, Ce. 

Alloy (publication) Fe  Ni Cr Al Si Mn Mo Others 

316H [Paper I (a and b)] balance 11.5 17 - 0.6 1.5 2.1 C 0.05 

304L [Paper I (a and b)] balance 9.5 18.5 - 0.4 1.3 - C 0.02 

Kanthal® APMT  

[Paper I (a and b), Papers IV and V] 

balance - 21 - 0.7 0.4 3 RE; C 0.08 

253MA [Paper II and III] balance 10.6 20.9 - ≤1.97 ≤0.55 - C 0.08; P; S; Ce; V 

Kanthal® AF [Papers IV and V] balance - 21 5.3 0.7 X - RE; C 0.08 

Kanthal® EF101 [Papers IV and V] balance <0.5 11–14 3.2–4.2 1.2 <0.7 - RE; C 0.08 

Kanthal® EF100 [Papers IV and V] balance <0.5 9.5–13 3.8–4.2 <0.5 <0.7 - RE; C 0.08 

Nikrothal® PM58 [Paper IV] 18 balance 19 5 0.4 - - RE  
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4.2 Experimental Set-up 

In this work, two set-ups were used. Initially, a horizontal tube furnace was utilised for corrosion exposures 

with the nitrate melts. Subsequently, a novel vertical set-up was designed and implemented for the 

exposures involving carbonate and chloride melts. Table 4.3 summarises the experimental parameters and 

corrosion conditions in the different environments. 

Table 4.3 A summary of eutectic melting points, the decomposition temperature of different salt mixtures, and 

experimental parameters for the corrosion experiments.  

Eutectic salt 

mixture 

Nitrates 

(60 wt% NaNO3, 40 wt% KNO3) 

Carbonates 

(32.1 wt% Li2CO3, 33.4 wt% Na2CO3, 

34.5 wt% K2CO3) 

Chlorides 

(65 wt% KCl, 35% wt% MgCl2) 

Teutectic (°C) 230 [15] 398 [119] 423 [120] 

Tmax (°C) 530–565 [15] >650* [117] >800 [120] 

Gas filtered air CO2 argon 

Exposure 

temperature 

650°C (isothermal) 

(72 h cyclic refilling of the salt) 

[Paper I (a and b)] 

800°C (isothermal) 

(336 h cyclic refilling of the salt) 

[Paper I (a and b), Papers IV and V]) 

800°C (isothermal) 

(336 h cyclic refilling of the salt) 

[Paper I (a and b)]) 

Total exposure 

time 

168 h & 1,000 h 

[Paper I (a and b)] 

168 h & 1000 h 

[Paper I (a and b)] 

72 h, 168 h, 500 h and 1,000 h 

[Papers IV and V] 

168 & 500 h 

[Paper I (a and b)] 

* The decomposition temperature varies with the atmosphere. The actual temperatures were 1,000°C, 700°C and 

670°C for the CO2, argon, and air exposures, respectively [117]. 

  



Chapter 4. Experimental Layout 

 

28 

 

4.3  Corrosion Experiments  

4.3.1 Immersed Isothermal Corrosion Experiments 

The schematic in Figure 4.2 describes the first set-up employed. The horizontal tube furnace was used for 

the corrosion experiments conducted in nitrate melts and was equipped with a quartz tube (50-mm 

diameter). The exposures were conducted isothermally at 650°C±5°C with filtered air at a 20 ml/min flow 

rate.  

 

Figure 4.2 Experimental set-up for the horizontal tube furnace nitrate exposures. 

Among the reasons for building a new set-up was the partial immersion of the coupons in the melts in the 

horizontal tube furnace. This novel laboratory vertical set-up was designed for complete immersion 

experiments. A top-loader furnace (Nabertherm Top 60 model) was purchased and re-designed in the 

workshop by Esa Väänänen to be suitable for carbonate and chloride exposures in controlled gas 

environments. The detailed procedure for designing and building the vertical set-up is provided in Paper I 

(b) [121], and a schematic of the cylinder vessel is shown in Figure 4.3. The corrosion experiments were 

conducted isothermally at 800°C±5°C. The temperature was calibrated at the crucibles’ lowest point, with 

a gas (Ar or CO2) at a flow rate of 50 ml/min for each vessel. Each exposure was carried out at least twice 

to guarantee reproducibility.   

The novel laboratory set-up is superior to the tube furnace because it allows the testing of six coupons in 

each vessel and provides duplicate samples. The new set-up allows the removal of coupons directly from 

the melts before they solidify [Paper I (b), Section A5]. Otherwise, the solidified melts must be washed 

off the tested coupons, and the washing procedure changes the alloy surface chemistry. One of the duplicate 

samples goes through washing for mass change measurements according to the standard methods [122] and 

as followed and described in the literature [23, 87, 123-127]. The second sample is dedicated to the cross-

section analyses in unwashed form. 
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Figure 4.3 i) Novel laboratory vertical set-up built for the carbonate and chloride exposures. ii) Cylindrical vessel 

components. iii) Schematic of the cylindrical vessel. Reproduced with permission from Elsevier [121]. 

4.3.2 Specimens Taken from Alloy 253MA “Vessel Material” 

As described in Section 4.3.1, a new set-up was designed to mimic the conditions in a hot TES tank, even 

though the main focus of our studies was on corrosion that occurs in direct contact with salt melts. The 

observed damage to the alloy 253MA vessels that hosted the immersion isothermal corrosion experiments 

prompted us to decommission the vessels. Analysing the corroded vessels provided another perspective on 

the compatibility between the melts and metallic components, namely the effects of evaporated species on 

metals following a temperature gradient.  

Vessels that hosted exposures to carbonate and chloride melts were chosen for this investigation. The 

253MA vessel material was selected due to its high strength and improved corrosion resistance in air at 

high temperatures due to the formation of a protective chromia scale that was supported by silicon and 

cerium additions [128]. Moreover, having the 253MA material readily available with a 5-mm wall thickness 

made it a suitable choice for our prototype set-up. 

Figure 4.4a illustrates the furnace set-up, which consists of three heating elements embedded in the 

insulating wall material at three different heights. The lid was re-designed to secure the placement of two 

identical alloy 253MA cylindrical vessels. Each vessel extended 23 cm into the furnace and was equipped 

with a lid fitted with a gas inlet, gas outlet, and thermocouple inlet. The gas inlet was positioned at the 

lowest point of the vessel. In addition, a retractable stand was placed to support six long alumina crucibles 

in each vessel, with each crucible being loaded with approximately 10 g of the desired eutectic mixture. 

This ensured that the set-up was complete and ready for operation. 

Alumina crucibles are the only molten salt reservoirs into which alloy sample coupons are immersed during 

experimentation. The alloy 253MA vessel is not in contact with the melt itself. Alloy 253MA has been 

developed and optimised to provide superior strength and resilience in high-temperature corrosive 

environments due to its high chromium content, which forms a protective chromia scale. A comparative 

study of stainless steels that was conducted to evaluate the performance of alloy 253MA concluded that it 

ii) 
iii) 

i) 
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performs excellently in CO2 at high temperatures during isothermal experiments and performs adequately 

during thermal cycling [129].  
 

It has been predicted that chromia formation is not very protective in a molten salt environment, e.g., in the 

presence of alkali carbonates [107]. To improve the corrosion resistance of the vessel, a powder pack 

diffusion coating was applied to create an aluminium reservoir. This coating was applied using the recipe 

published by Oskay et al. [130], with aluminium metal powder as the diffusion element, NH4Cl as the 

activator, and Al2O3 as filler. The diffusion coating was prepared in two steps at high temperatures (900°C) 

under argon. It is expected to form aluminium-rich inter-metallic layers, which act as reservoirs for alumina 

formation on the alloy surface, thereby providing a corrosion barrier. The coating was applied by filling the 

vessel (up to 14 cm) with a powder mixture of 96.5 wt% Al2O3, 3 wt% Al, and 0.5 wt% NH4Cl. The vessel 

was then purged with argon for several hours before heating to 500°C for 1 h, then raising the temperature 

to 900°C, followed by maintenance of this temperature level for 3 h. Then, the powder was carefully 

removed, and the vessel was pre-oxidised at 900°C for 4 h in air. 

 
Figure 4.4 a) Schematic illustration of the experimental set-up showing two vessels hosting six crucibles each. 

b) The vessel before and after partitioning. c) The vessel interior was scrubbed before decommissioning, the 

brushed corrosion products were collected for analysis, and the vessel was sectioned into horizontal rings for 

investigation. 

*Gas outlet was modified only for the vessels hosting chloride exposures. 

 

The inward diffusion of aluminium and the outward diffusion of iron determine the chemical composition 

of the aluminide layers. When oxidised, aluminium diffuses outwards to create an alumina scale that 

protects the 253MA samples. 
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The cover gas, CO2, was selected for these exposures based on Le  Châtelier’s principle [131], which states 

that the CO2-rich atmosphere suppresses the decomposition of carbonate salts. It is important to emphasise 

here that there was no direct contact between the salt and vessel material. Thus, the corrosion was 

exclusively caused by the CO2 and evaporating alkali carbonate species. 

The interior temperature of the vessels was calibrated to 800°C at the position where normally the coupon 

specimens are located during the immersion tests. However, a temperature gradient was detected due to the 

positioning of the heating elements in the furnace set-up. The temperature in the lowest vessel segment (#2) 

was significantly higher (by ~150°C) than the temperature in the highest vessel segment (#10). 

A diary of the vessel life cycle was documented and is summarised in Table 4.4 (for a detailed description, 

see Paper II). 

The vessel was decommissioned after hosting the carbonate experiments for more than 4,000 hours. It was 

then cut into ten sections using a water-cooled diamond blade. These sections were numbered from 1 (the 

bottom, which was the hottest zone) to 10 (the top, which was the coldest zone). Before the partitioning 

process began, the vessel's interior was brushed with a four-row steel wire brush. Afterwards, the vessel 

was cut into rings, with each ring representing one of the ten marked zones. Finally, coupons with 

dimensions of 20×20×5 mm were cut from each ring (see Figure 4.4, b and c). 

Table 4.4 Life-cycle of the investigated alloy 253MA vessel after >4,000 h of discontinuous operation hosting the 

(Li,Na,K)2CO3 corrosion experiments. 

Operational Conditions 

 

Process 

Duration 

(h) 

Reheating Cycle 

(Every 336 h) 

Duration of Vessel Opening 

(Pouring the melt off, Air, 500°C) 

(min) 

Aluminium-diffusion coating 

Step I (at 500°C), Ar 1 - - 

Step II (at 900°C), Ar 3 - - 

Pre-oxidation step (at 

900°C), air 
24 - - 

Exposures to alkali carbonate melts (CO2, 800°C) 

Experiment no. 1 72 - 75 

Experiment no. 2 500 Once 75 

Experiment no. 3 500 Once 60 

Experiment no. 4 168 - 45 

Experiment no. 5 1,000 Thrice 45 

Experiment no. 6 72 - 50 

Experiment no. 7 1,000 Thrice 45 

Experiment no. 8 168 - 60 

Experiment no. 9 72 - 60 

Experiment no. 10 72 - 55 

Experiment no. 11 500 Once 60 

The vessels that hosted the carbonate and chloride corrosion experiments had similar set-ups and 

decommissioning processes. However, no coating was applied to the alloy 253MA vessels deployed for the 

chloride exposures. Instead, a pre-oxidation step was implemented for 24 h at 900°C under air prior to the 
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exposure being conducted. A modification to the gas outlet line was another difference introduced into the 

vessel set-up in such an environment. As mentioned earlier, there is a temperature gradient along the vessel 

wall, which means that the vessel lid has a lower temperature. In Table 4.3, the KCl-MgCl2 mixture shows 

a relatively high eutectic melting temperature, leading to salt condensation at the vessel lid and clogging of 

the gas outlet. Therefore, a movable anti-clogging metal rod was installed within the gas outlet line that 

could be mechanically adjusted frequently to push down any accumulations of condensed salt species (see 

Figure 4.4a).  

Unlike the long total exposure time in the carbonate-hosting vessels, which operated for more than 4,100 h, 

the chloride-hosting vessels were decommissioned after only 700 h, with two rounds of vessel venting at 

600°C. In addition, as discussed in Section 4.1.1, the vessels were used for the MgCl2-KCl salt purification 

procedure documented and listed in Table 4.5, which illustrates the detailed lifecycle of the investigated 

alloy 253MA vessels.  
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Table 4.5 Lifecycle of the investigated 253MA vessel after ~700 h of discontinuous operation with MgCl2-KCl 

corrosion exposures. 

Operational Conditions 

 

Process 

Temperature  

(°C) 
Duration Atmosphere 

Prior to chloride melt exposure 

Pre-oxidation step (at 

900°C), air 
 24 h - 

Exposures to KCl-MgCl2 melt (Ar, 800°C) 

Experiment no. 1 

Salt purification  

110 24 h 

Ar 

200 2 h 

300 2 h 

750 1 h 

Exposure  800 168 h (paused after 96 h) 

Evaporated salts clogging the gas outlet after 96 h, vessel opening at room temperature, 

cleaning up the exhaust line, drying procedure 

Exposure  800 
168 h  

(resumed after 96 h) 
Ar 

Vessel Opening 

(Pouring the Melt Out) 
600 ~70 min. Air 

The vessel was cleaned and brushed after the experiment 

Experiment no. 2 

Salt purification  110 24 h 

Ar 

 200 2 h 

 300 2 h 

 750 1 h 

Exposure  800 336 h (paused after 96 h) 

Vessel Opening at room temperature, refilling crucibles (half-filled) with new dried salts, purging 

under Ar for 24 h at 110°C, then salt purification 

Exposure continuation 800 168 h  

Vessel Opening 

(Pouring the melt out) 
600 ~75 min. Air 
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4.4 Analytical Methods 

As mentioned earlier, high-temperature corrosion of metallic materials in contact with molten salts is highly 

complex. Different analytical techniques have been employed to understand better the corrosion behaviours 

of the selected alloys by identifying key phases. Duplicate samples allowed post-exposure analyses that 

required different sample preparation methods (Figure 4.5).  

One sample was washed for mass change measurements and the x-ray diffraction (XRD) analysis. A 

duplicate sample was not rinsed with water and was used for the cross-section preparation, including salt 

remnants.  

After completion of the exposure experiment, the “unwashed” sample was extracted from the crucible filled 

with molten salt using the following procedure. After the required exposure, the temperature was reduced 

to 50°C above the mixture’s eutectic melting point. This enabled the pouring off of salts from the coupons 

while in their molten state. Only a small amount of the salts remained on the sample surface. Afterwards, 

the salts were collected for further analysis.  

Following the standard cleaning method, the duplicate sample was washed to remove all residual salts and 

solvable corrosion products from the sample surface [122]. At room temperature, the samples were 

sonicated and brushed softly until the cleaning was completed. If any salt remained, the sonication was 

interrupted, and the coupon was brushed to remove the salt. Thereafter, the sonication procedure was re-

started to ensure that the salts were dissolved entirely. It is worth noting that the results involving washed 

samples, such as the XRD analysis and weight change values, need to be considered cautiously. Weight 

change measurements were not considered reliable data for corrosion evaluation but rather supplementary 

data that showed indications in the context of other characterisation techniques. 

 

For the corrosion evaluations of the tested samples, different analyses were conducted. In this work, the 

characterisation techniques are classified into surface analysis, metallographic analyses, and 

thermodynamic calculations.  

Sample 
Duplicate 

Washed 
• Mass Change 

Measurements 

• XRD Analysis/ 

Rietveld Refinement 

• Surface Morphology 

Not washed • SEM/EDX cross-section 

Analysis 

• Corrosion Layer 

Thickness Measurements 

Collected salt residue after 

exposure for further analysis 

Crucible 

Figure 4.5 Schematic illustration showing the procedures used for sample evaluation after the exposures. 
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4.4.1 Surface Analysis 

X-ray diffraction (XRD) is a non-destructive analytical technique that allows for the phase identification of 

a crystalline sample, in addition to providing information about lattice parameters and, to some extent, 

granularity. The XRD technique is based on constructive interference of a mono-chromatic and coherent x-

ray beam with the sample, where interaction occurs between the x-rays and the sample’s crystal structure. 

X-rays are diffracted when conditions satisfy Bragg’s Law, as stated in Eq. (4.1) (see Figure 4.6) [132]. 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃   (4.1) 

where n is the order of “reflection” (an integer number), λ is the wavelength of the x-rays, 𝑑ℎ𝑘𝑙 is the inter-

planar spacing of the lattice planes, and θ is the angle between the diffracted beam and the crystal plane.  

Reflection is used as a simplified concept of the scattering process. 

XRD analysis is used to identify the crystalline corrosion products that are formed. In addition to providing 

information about crystal structures, XRD analysis is the only tool used in this study that is capable of 

detecting Li-containing corrosion products. 

 

 

Figure 4.6 Schematic illustration of Braggs’ law. An incident beam is “reflected” by a crystal plane at an angle . 

Source: Bragg, W.H.S., X-rays and crystal structure ed. L.S. Bragg, 1915 [133]. 

The Siemens D5000 grazing-incidence XRD equipped with a Cu source, a secondary Si mono-chromator, 

and a point detector was employed to analyse the corrosion products. The grazing-incidence XRD technique 

uses a low incidence angle of the x-ray beam, limiting the penetration to the bulk material and, thereby, 

identifying the crystalline phases in thin oxide scales.  

The flow chart illustrated in Figure 4.1 shows an interesting observation regarding the α-LiAlO2 to γ-

LiAlO2 phase transition that was detected for Kanthal APMT exposed to a carbonate melt at 800°C. To 

understand this phase transformation, it is essential to quantify these crystalline phases on the sample 

surface with respect to the exposure time. The Rietveld refinement technique was used to quantify the 

crystalline phase in the materials by implementing their XRD patterns.  
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The Rietveld refinement analysis is based on comparing the XRD patterns of a sample with a calculated 

diffraction pattern based on crystallographic data, such as the crystalline system and atomic positions [134]. 

In the Rietveld method, refinement refers to the process of fine-tuning the model of cell parameters and 

relative intensities used to re-calculate a diffraction pattern approaching the observed values. In this work, 

the Rietveld refinement is more complex for a metal sample with a duplex oxide scale than for a 

homogeneous powder sample. In the samples studied, a coupon is covered by a thin oxide scale (α-LiAlO2), 

with a randomly growing crystal on top of the formed oxide scale (γ-LiAlO2). In addition to the signals 

detected from the bulk, γ-LiAlO2 crystals randomly nucleate and grow over the α-LiAlO2. A collaboration 

with Dr Michal Strach (Chalmers Materials Analysis Laboratory, Physics Department) allowed us to 

interpret the quantification results and their errors accurately. The Rietveld refinement method with the 

acquired XRD patterns was employed using the TOPAS ver. 6 software to calculate the α/γ-LiAlO2 phase 

fraction ratios. Crystal structures of α- and γ-LiAlO2 crystals were acquired from the Springer Materials 

Database [135, 136]. More details about the parameters used in this method can be found in Paper IV. 

4.4.2 Metallographic Analysis 

Scanning electron microscopy (SEM) was used to investigate the microstructures of corroded samples by 

probing the surface with a focussed electron beam, which interacts with targets and generates signals that 

are translated further to produce an image or a spectrum. Among these signals: (i) secondary electrons (SE) 

are emitted upon electron interactions close to the sample surface, depending on the acceleration voltage. 

Accordingly, they are generally used to reveal the surface topography; and (ii) back-scattered electrons 

(BSE) are often emitted vertically to the normal surface. The quantity of the generated BSE is influenced 

by the sample’s density and chemical composition, apart from the operating parameters, such as the 

accelerating voltage of the electrons. For instance, phases with higher atomic numbers appear brighter in 

the BSE image than phases with lower atomic numbers (Z-contrast) [137].  

As illustrated in Figure 4.5, washed samples were subjected to surface morphology inspection. At the same 

time, unwashed samples were used to investigate cross-sections. The cross-section preparation procedure 

for the samples was as follows: (i) samples underwent dry cutting with a low-speed diamond saw and were 

then sputter-coated with gold; (ii) three methods were used before the cross-sectional microscopy analysis: 

cold embedding in epoxy resin, hot mounting in Bakelite or utilising broad ion beam (BIB) milling with 

the Leica TIC 3X instrument; and (iii) before BIB milling, a thin polished silicon wafer was applied to the 

sample’s surface to protect the oxide scale. Details of the milling parameters are provided in Paper I (b).  

The surface and cross-section inspections were conducted using the JEOL JSM-7800F Prime or Phenom 

ProX Desktop SEM equipped with an energy-dispersive x-ray (EDX) detector. The EDX spectra were 

collected using an electron beam with an accelerating voltage of 15 kV.  

4.4.3 Thermodynamic Calculations 

For Papers I (a), II and III, Associate Professor Christine Geers utilised the Thermo-Calc Software and 

FactSage to calculate single-point equilibria and the Gibbs free energy. The Thermo-Calc software package 

and the TCS Steels and Fe-alloys database (TCFE) ver. 9.1 [138]. Factsage 7.3 databases were used to 

generate the data [139]. 
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5 Results and Discussion 
 

Chapter 1 discussed the necessity of utilising new metallic materials for heat storage tanks compatible with 

molten salts for next-generation CSP plants.  

Despite the numerous studies that have investigated different alloys in contact with salt melts, as presented 

in Chapter 3, there is a lack of studies comparing the extent to which potential metallic materials and 

currently employed materials interact with different melts. The current state-of-the-art system involves the 

use of molten nitrates as HTF/TES operating at temperatures of <565°C. Various chromia-forming alloys 

are employed in the currently operating CSP plants. The SunShot initiative launched by the US DOE 

proposed using molten carbonates or chlorides for Gen3-CSP. Therefore, the first part of this chapter is 

dedicated to a comparative study of the corrosion behaviours of chromia-forming alloys and alumina-

forming alloys when in direct contact with currently utilised and candidate salt melts.  

The second part deviates from the classical approach to corrosion studies conducted in direct contact with 

molten salts. Despite the many publications on the degradation of alloys immersed in salt melts, there is a 

lack of knowledge regarding the behaviours of metals that are located above the molten salts in a hot storage 

tank. Part II of this chapter focuses on the corrosion resistance of alloy 253MA when exposed to evaporated 

salt species. 

While conducting our comparative study (Part I), a phase transformation of the growing alkali oxides was 

observed on selected AFA in contact with the carbonate melt. This interesting finding motivated us to 

pursue a detailed study to understand this behaviour better. Thus, in the third part, a holistic-comprehensive 

approach is adopted to study the microstructure and crystallographic evolution of lithium aluminate formed 

on AFA that is in contact with (Li,Na,K)2CO3. 

Figure 5.1 shows a schematic illustration of the sections of a CSP plant that are of interest in this work.   

 

Figure 5.1 Schematic illustration of a hot storage tank in a concentrated solar power plant, highlighting the 

sections in focus in this thesis.  Source of the image on the left, schematic illustration of concentrated solar power 

plant components: US Department of Energy Report: The Year of Concentrating Solar Power, DOE/EE-1101, May 

2014  [15, 17]. 
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5.1 Part I: Comparative Study of the Corrosion Performances of Chromia- and Alumina-

Forming Alloys in Three Different Salt Melts  

In this study, an alumina-forming alloy (Kanthal® APMT) and chromia-forming alloys (316H/304L) were 

immersed in nitrate, carbonate, and chloride melts. As discussed in Chapter 3, some corrosion products 

might dissolve in water during the coupon rinsing procedure. Consequently, the corrosion of the tested 

alloys was evaluated based on corrosion zone thickness. Using this method, the performances of materials 

are distinguished by three main features: outward growing zone; inward growing zone; and internal 

oxidation, see (Figure 5.2).  

In Figure 5.2, significant differences in corrosion behaviour are evident between the chromia-forming and 

alumina-forming alloys, particularly with respect to the internal attack.  

 

Figure 5.2 Comparisons of all the corrosion layer thickness measurements listed in Paper I. The differences between 

the outward-growing and inward-growing zones are distinguished. The horizontal axis is placed at the apparent initial 

material surface. Reproduced with permission from Elsevier [107]. 

To illustrate the severity of the corrosion attack, the results shown in Figure 5.2 are linearly extrapolated 

for one year and mapped in Figure 5.3.  

Figure 5.3 compares the metal thickness remaining after exposure to salt melts, thereby ranking the 

corrosion performances of the tested alloys. It is clear that both the chromia-forming and alumina-forming 

alloys in contact with nitrate melts have sufficiently high corrosion resistance at 650°C after 1,000 h. 

Interestingly, the chromia-forming alloys immersed in alkali carbonate melts showed the poorest 

behaviours in terms of corrosion among all the investigated alloys. As shown in Figure 5.2, the internal 

attack in the form of carburisation penetrated deep into the alloy, compromising the alloy's chemistry. In 

comparison, corrosion testing in chloride melts followed a different pathway since the exposures were 
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conducted under Ar, and the oxides could only scarcely be formed through interactions with the oxygen 

impurity. 

 

Figure 5.3 Estimated metal thickness losses for the chromia-forming and alumina-forming alloys immersed in three 

salt melts, extrapolated linearly for one year. Values are calculated based on scale growth and internal attack 

depth reported in Figure 5.2. 

As discussed in the introductory chapters, high-temperature corrosion of metallic materials in contact with 

salt melts is a highly complex phenomenon. While Chapter 3 gives an overview of the corrosion 

mechanisms related to salt melts, Figure 5.4 (Path A) summarises the corrosion propagation steps identified 

for the nitrate and carbonate exposures. Figure 5.4 (Path B) describes the corrosion behaviours observed 

for alloys in contact with chloride melts under Ar as the cover gas. 

Path A comprises alkali oxide nucleation at the metal/melt interface and forming an alkali metal oxide scale. 

This path can progress in the absence of internal corrosion following Cases I and II, i.e., AMOx scale for 

A=Li+ growth and eventually α→γ-LiAlO2 phase transformation, as will be discussed in detail in Section 

5.3. Alternatively, an internal attack can occur following Cases III and IV, caused by inward diffusion of 

oxidising species concomitant with AMOx growth.  

Path B accounts exclusively for the observations made for alloys in contact with chloride melts under the 

Ar cover gas. This path comprises Case V, with no oxide scale formation, and Case VI, which describes 

the formation of cavities due to selective leaching and environmentally induced inter-metallic precipitation.  

In Path A, during oxide scale growth, a depletion zone is created adjacent to the growing oxide scale, 

depending on whether or not the oxidising alloy element is replenished rapidly. Furthermore, the bulk 

diffusion of, for example, Al can be compromised by the precipitation of AlN (internal attack). The scale-

forming elements derived from the alloys are Al and Cr in this section. The availabilities of Al and Cr at 

the metal/melt interface define the elemental composition of the oxide scale. Thus, the diffusivities of 

elements through the bulk and along the grain boundaries are decisive for the formation process.  

Notably, if a melt interacts with an alloy and forms a covering insoluble corrosion product, the corrosion 

product can act as a barrier against further reactions [140].  
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Figure 5.4 Schematic illustration of the different paths for scale growth, formation, and transformation. The orange 

and navy markings highlight possible cases of corrosion caused by nitrate and carbonate melts, respectively. 

In this work, the corrosion assessments of the tested alloys exposed to salt melts were made by adopting a 

combination of quantitative and qualitative approaches. Weight change and scale thickness measurements 

of the exposed samples provide a quantitative overview. Compositional and microstructural investigations 

provide a qualitative analysis. As described in Chapter 4, mass change was measured after rinsing the 

samples with water, entailing the loss and dissolution of soluble corrosion products. Therefore, the 

evaluation of corrosion is based mainly on top-view and cross-sectional microscopy, while the mass change 

values are used as complementary data. 

a) Isothermal immersion in a nitrate melt 

Based on the SEM/EDX investigations and the XRD analysis, the corrosion propagation profiles of alloys 

immersed in molten alkali nitrate at 650°C can be schematically depicted, as in Figure 5.4 Path A (Case I) 

for Kanthal® APMT and (Case III) for 316H, respectively. Both the 316H and Kanthal® APMT alloys 

formed an AMOx scale at the alloy/melt interface. The oxide scale comprised an outward-growing alkali-

bearing species, either sodium aluminate or sodium ferrite, and an inner oxide zone, which is protective in 

the case of Kanthal® APMT and is a permeable chromia layer in the case of 316H. Finally, internal 

nitridation was noted in the case of 316H. However, the degree of protection provided by each alloy differed 

markedly. Exposing 316H to Solar Salt for at least 1,000 h resulted in four corrosion zones [see Paper I 

(a)].  

Figure 5.5 compares the corrosion behaviours of 316H (a) and Kanthal® APMT (b) alloys immersed in 

Solar Salt. Kanthal® APMT exhibited higher corrosion resistance compared to 316H, with a smooth, thin, 

dense sodium aluminate scale covering the surface after exposure to Solar Salt at 650°C for at least 1,000 h. 
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After 1,000 h of exposure, local nodules of sodium ferrite were detected, in agreement with the XRD 

findings. However, the presence of an alumina scale beneath these nodules indicated an early stage of 

sodium ferrite formation and the inability of these nodules to grow further. Unlike the 316H samples, 

internal nitridation was not detected in the Kanthal® APMT samples. However, it is important to point out 

that AlN formation is thermodynamically spontaneous, and when there are defects in the outer scale, 

nitrogen ingress could cause internal AlN formation. This means that the aluminium activity in bulk may 

decrease through AlN formation upon scale failure. Therefore, sustaining the aluminium oxide scale at the 

surface is paramount. See Table C1 in Paper I (b) for the thermodynamic calculations for the relevant 

Gibb's free reaction energies at 650°C.   

 

Figure 5.5 Back-scatter electron microscopy cross-section images of a) Kanthal® APMT and b) 316H samples after 

exposure to solar salt for 1,000 h. Reproduced with permission from Elsevier [107]. 

b) Isothermal immersion in a carbonate melt 

Alloys in contact with the (Li,Na,K)2CO3 melt formed predominantly lithium-containing metal oxides. 

Alloy 304L showed the formation of spinel oxide and lithium-containing oxides, in agreement with the 

findings in the literature [141, 142]. The diffractograms of Kanthal® APMT showed only a single crystal 

structure after 168 h of exposure, which was identified as -lithium aluminate. After exposure for 1,000 h, 

an additional crystal structure pattern emerged, which was identified as -lithium aluminate [see 

Paper I (a), Figure 6]. 

Figure 5.6 (a, b) shows the smooth surface of Kanthal® APMT after exposure to the (Li,Na,K)2CO3 melt at 

800°C for 1,000 h, with the alloy covered by a film of small crystals. For comparison, the surface of alloy 

304L shows complete coverage with large octahedral crystallites after 1,000 h of exposure to the carbonate 

melt [Figure 5.6 (c, d)]. The non-protective, fast-growing LiFeO2 phase has formed. The LiFeO2 crystals 

formation was expected due to their reaction energies tabulated in [Paper I (b), Section C]. Beneath the 

LiFeO2 crystals, a mixture of iron and iron-nickel oxides zone is formed; this thick heterogeneous corrosion 

zone provides no protection to the alloy. Figure 5.6 (e) shows that the carbon originating from the carbonate 

melt or CO2 cover gas permeates these non-protective oxides and captures chromium in the form of 

chromium carbide precipitates within the bulk of alloy 304L. Precipitation of chromium carbides is critical 

for the resistance of the sample to corrosion. It lowers the chromium activity in the alloy, thereby hindering 
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the outward diffusion of chromium to the metal oxide interface and, consequently, disallowing the 

formation of a protective chromia oxide scale. In addition, these chromium carbide precipitates change the 

alloy's microstructure and mechanical properties [143]. 

The severe internal attack observed for 304L after exposure to the carbonate melt would lead us to expect 

a high mass gain. However, the mass change is stagnant [see Paper I (a); Figure 2]. This finding indicates 

the dissolution of metal ions into the carbonate melt. This is substantiated by the salt melt colour observed 

after the exposures. In addition, thermodynamic calculations show that the chromia reacts exothermically 

with lithium carbonate and CO2 at 800°C to form lithium chromate [see Paper I (b), Section C]. These 

findings are in agreement with those of a previous study [144]. 

The corrosion propagation of alloy 304L in carbonate melt after 1,000 h is schematically illustrated in 

Figure 5.4 (Case IV). For a detailed analysis of the corrosion products' microstructures, topographies, and 

chemistries [see Paper I (a)]. 

The Gibb's free reaction energy for lithium ferrite formation through reacting iron with lithium carbonate 

was found to be exothermic, whereas the reaction with sodium carbonate NaFeO2 is endothermic at 800°C, 

considering the same reactants apart from the alkali ion species. This also explains the absence of NaFeO2 

in the corrosion products. For detailed calculations, [see Paper I (b), Section C, Eqs. (7) and (8)].  

 

 
Figure 5.6 Overview back-scatter electron microscopy image of a) a cross-section and b) a top-view image of 

Kanthal® APMT exposed to molten carbonate salt mixture at 800°C for 1,000 h.  

Back-scatter electron microscopy image of c) a cross-section of 304L exposed to molten carbonate salt mixture at 

800°C for 1,000 h. d) Top-view image of the surface, and e) internal attack of the bulk and formation of Cr23C6. 

Reproduced with permission from Elsevier [107]. 
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c) Isothermal immersion in chloride melt 

For alloys that are immersed in the MgCl2-KCl melt, it is important to emphasise that the oxidation reactions 

that occur during the exposure to the chloride melt are limited by oxygen impurities in the Ar gas stream 

and residual humidity in the molten salt, as explained in Chapter 3. The only oxides that can form under 

these extreme conditions have a very high level of thermodynamic stability. Magnesium oxide and 

magnesium aluminate are among these oxides, as detected and reported in [Paper I (a), Figure 9]. 

Recalling the mass change data presented in [Paper I (a), Figure 2], both of the tested alloys underwent 

accelerating mass loss, with a more-pronounced effect seen for 304L compared to Kanthal® APMT. In 

addition, the overall coupon thickness decreased, as presented in Figure 5.3 and documented in 

[Paper I (b), Section B]. The dissolution processes of alloy elements have also been reported in previous 

studies [123].  

The microstructural analyses of the 304L samples revealed that the chloride melt immediately leached the 

alloy elements [see Paper I (a), Figure 10]. EDX elemental mapping detected alloy species, such as 

chromium and nickel, in the salt residue covering the top of the sample, which is in agreement with the 

paper of Ding et al., who reported chromium dissolution into molten chlorides [50]. As these metals leached 

from the bulk alloy, cavities were formed that reached a depth of ~150 µm into the alloy's microstructure 

after 500 h of exposure.  

The MgCl2/KCl eutectic melt reacted with oxygen impurities to induce MgO precipitation on the alloy 

surface. The SEM/EDX analyses revealed the presence of MgO precipitates over the entire surfaces of the 

304L samples after 168 h of exposure. MgO also filled the cavities in the alloy, together with traces of 

chlorides. These findings are similar to those of a previous study [50] and may indicate the presence of a 

three-dimensional cavity network within the specimen. 

The corrosion propagation patterns of 304L and Kanthal® APMT in chloride melts after 168 h, and 500 h 

are schematically illustrated in Figure 5.4, Path B (Case V). No oxide scale was formed; instead, cavities 

and environmentally induced precipitates were formed, as shown in Figure 5.4 (Case VI). 

The XRD spectra and cross-sectional analysis of Kanthal® APMT after 168 h exposure to molten chlorides 

revealed the presence of MgAl2O4 at the sample surface and a molybdenum-rich inter-metallic phase in the 

sub-surface region. EDX cross-sectional spot analysis confirmed the presence of alumina particles at the 

top surface of the sample [see Paper I (a), Figure 11 (a, b)]. Interestingly the bright Z-contrast of the sub-

surface region back-scatter image was due to molybdenum enrichment. This enrichment was sufficient to 

stabilise Laves-phase precipitates. 

Detailed thermodynamic calculations regarding the stability of the Laves phase are provided in 

[Paper I (b), Section D]. The thermodynamic calculations confirm the presence of a two-phase regime at 

800°C, comprising BCC and C14 Laves phases with the approximate composition of (Fe0.75Cr0.25)2Mo for 

the latter. 

After 168 h of exposure, the Kanthal® APMT had not yet suffered an internal attack. However, after 500 h, 

the chloride melt succeeded in attacking the alloy internally and changing its integrity by selectively 

leaching aluminium, creating a cavity network to a depth of ~280 µm.  
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Representative images of Kanthal® APMT after 500 h exposure are compiled [see Paper I (a), 

Figure 11 (c–e)]. Only fragments of alumina remained at the surface. In addition, a pattern of pores was 

detected at the alloy surface. The line-scan in [Paper I (a), Figure 11 h)] shows the depth of depletion of 

the aluminium in a cross-sectional analysis of the attacked sample. Similar to what was observed for alloy 

304L, these cavities were filled with MgO and traces of chlorides. Aluminium was leached most efficiently 

through the cavity network, leaving a molybdenum-rich Laves-phase rim around several individual cavities. 

After 500 h, these Laves-phase rims around the cavities were at a minimum distance of ~100 µm from the 

metal/salt interface. In conclusion, the Laves-phase precipitates appeared transiently during the overall 

leaching process. It was observed that these precipitates had already disappeared from the upper region of 

the sample, indicating delayed chromium leaching from and through the Laves phase. 

The overall mass loss for Kanthal® APMT was lower than that for 304L [see Paper I (a), Figure 2]. This 

difference in mass loss between the two alloys can be attributed to the lower degree of chromium leaching 

from Kanthal® APMT. However, the Kanthal® APMT suffered a deeper internal attack, which 

compromised the integrity of the alloy. Gomez-Vidal et al. have studied the corrosion performance of a 

pre-oxidised Kanthal® APMT in contact with a chloride melt and shown that this procedure does not result 

in Laves-phase precipitates [58]. 

In summary, both the chromia-forming and alumina-forming alloys that were in contact with the nitrate 

melt had the highest levels of corrosion resistance, particularly in the case of Kanthal® APMT. Alumina-

forming alloys immersed in alkali carbonates showed very promising performances, together with an 

interesting α- to γ-LiAlO2 phase transformation. The exposures to MgCl2-KCl melts caused the most serious 

damage to the tested alloys. However, molybdenum showed potential for influencing corrosion resistance, 

given that it formed a Laves phase barrier to chromium leaching. However, this did not prevent the rapid 

dissolution of aluminium from the alloy. 
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5.2 Part II: Effects of Evaporated Salt Species on the Corrosion Behaviours of the Set-up 

Vessels 

As described in Chapter 4, studying the corrosion behaviours of metallic materials in salt melts necessitates 

the establishment of a suitable set-up that mimics the conditions in TES tanks. Even though our 

experimental set-up fulfilled the requirements it was built for, part of the set-up, the vessels hosting molten 

salt exposures, underwent a strong corrosion attack, despite not being in direct contact with the melt.  

Even though studying the corrosiveness of evaporated salt species for the 253MA vessel materials was not 

initially planned, we were curious to analyse the corroded vessels and understand the reasons behind their 

failure. Moreover, to the best of our knowledge, the corrosivity of evaporated salt species in the context of 

TES applications has not been reported, even though we can always expect to find such conditions in a tank 

with fluctuating TES filling levels. The vessels seemed to provide a good example for a corrosion case 

study, as they suffered an attack from evaporated salt species for a relatively long duration, in addition to 

the effects of the temperature gradient along the vessel wall.  

The most striking result from this part of the thesis is that the evaporated salt species caused more-severe 

corrosion than direct contact between the alloy and molten salt. Thus, metallic materials immersed in salt 

melts have not experienced the most-corrosive conditions. This statement is valid for the vessel set-up 

configuration used in this study, which includes a cover gas and salt melt impurities. 

This part describes the corrosion of the 253MA vessels exposed to two different evaporated salt species. 

The first section concerns a vessel that hosted (Li,Na,K)2CO3 melt exposures, while the second concerns a 

vessel that hosted MgCl2-KCl melt exposures.  

5.2.1 Vessel Hosting (Li,Na,K)2CO3-Exposure Experiments under CO2  

The vessels used for carbonate melt exposures underwent more than 4,000 h of intermittent operation before 

decommissioning; thus, the vessel material had the longest exposure time tested in this thesis. It is worth 

recalling that there is a temperature gradient along the vessel wall, as described in Chapter 4. Therefore, we 

assumed that we would find a correlation between the temperature and the observed corrosion attack. Since 

the vessel material could not be treated as a classical coupon in terms of evaluating the mass change, we 

opted for a "remaining metal thickness method" for an overall assessment of corrosion [see Paper I (b)]. 

This method provides a viable alternative to finding out how much metal was lost, particularly since the 

vessel was brushed several times during its lifetime. 

Figure 5.7 depicts: a) the temperature profile along the vessel wall; and b) the residual metal thickness after 

>4,000 h of operation. Surprisingly, the samples that suffered the strongest corrosion attack were not those 

that experienced the highest temperature, which might seem counterintuitive at first glance. Instead, those 

samples were exposed closest to the source of the evaporating gas species and, thereby, the highest 

concentration of corrosive species in the cover gas stream.  

The cover gas utilised for this exposure was 100% CO2 to suppress the decomposition of carbonates in the 

melt. It should be kept in mind that CO2 itself causes corrosion at high temperatures. 
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Figure 5.7  a) Temperature profile within the vessel during operation at 800°C; at the top right is an image of the 

decommissioned vessel marked with the sample numbers. b) Average residual metal wall thickness measured for 

samples taken at different heights in the vessel. Reproduced with permission from MPDI (energies) [145]. 
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As discussed in Chapter 4, an aluminium diffusion coating was initially applied to the 253MA vessels to 

prolong their lifetime and enhance their resistance to the anticipated highly corrosive environment. Based 

on our coating procedure, we would expect the "hottest zone" to be coated with an alumina scale. However, 

after >4,000 h of operation, no coating remained. It is worth highlighting that a few locations still had 

isolated aluminium-rich precipitates within the oxide scale in the form of potassium aluminate particles. 

Interestingly, the wall thicknesses at locations with aluminium enrichment recorded lower metal losses than 

most surfaces that withstood the corrosion without any coating remnants [see Paper II]. It needs to be 

stressed that the "hottest zone" had the highest level of corrosion resistance of all the locations along the 

vessel.  

Let us now turn to the zone that suffered the most from the evaporated salt species in this study: the middle-

temperature zone. It showed a thick, heterogeneous, defect-rich, mixed oxide zone that did not protect the 

alloy. In addition, sodium and potassium salt species were detected within the porous scale in the EDX 

point analysis, as shown in Figure 5.8 (c). The absence of lithium species was unexpected since lithium was 

the most-active alkali species when 253MA was in direct contact with the melts [146].  

One last aspect clearly shows the failure of 253MA to resist the evaporated salt species attack in terms of 

internal carburisation and precipitation, which were detected at depths of several hundred micrometres 

within the alloy; Case IV (Figure 5.4). The reason for the carburisation is two-fold: 1) the reaction with 

condensing carbonates; and 2) the carbon dioxide cover gas acting as a carbon source. From the position 

with the highest level of corrosion, the synergy between the corrosion attack by evaporated carbonates and 

CO2 is greatest with increasing carbonate level closest to the melt/gas interface. 

In conclusion, despite the failure of the 253MA alloy to form a protective scale against evaporated salt 

species in the CO2 cover gas, the alloy forms an ~2 µm-dense adherent protective Fe-Cr spinel oxide on the 

air side of the vessel. 
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Figure 5.8 a) Low-magnification back-scattered electron micrographs of sample #7 showing the oxide layer and 

carburisation beneath the oxide-metal interface. (c) High-magnification of image (a) presenting the oxide scale on 

sample #7, which comprises a Fe-Cr spinel and nickel particles. (c) K, Ni, and Na EDS elemental maps showing 

potassium species incorporated in the heterogeneous oxide scale. Reproduced with permission from MPDI 

(energies) [145]. 
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5.2.2 Vessel Hosting MgCl2-KCl-Exposure Experiments under Argon 

Similar to the previous section, the following pages briefly describe the corrosion behaviour of 253MA 

when exposed to the MgCl2-KCl melt. Unlike the vessels hosting the carbonate melt exposures, vessels 

exposed to the chloride melt had much shorter lifetimes. These vessels suffered severe damage and were 

decommissioned after only ~700 h of operation.  

As discussed in the earlier chapter, molten chlorides are considered potential TES materials for the next-

generation CSP plants. Since the corrosion that occurs in chloride melts is impurity-driven, different 

inhibitor strategies have been proposed to reduce the oxygen and humidity levels in the melts by, for 

example, adding elemental Mg to potassium-magnesium chlorides [24, 40, 45] (see Chapter 3). However, 

based on our findings, and in strong contrast to the behaviour of 253MA that was in direct contact with the 

MgCl2-KCl melt, magnesium was not the most-active cationic species causing corrosion in the vessel wall 

exposed to evaporated salt species; instead, it was potassium. This unexpected observation is crucial for the 

design of the Gen3-CSP storage tank and the applied inhibitor strategy.   

As was pointed out in the previous section, the "remaining metal thickness method" is a reliable way to 

evaluate corrosion in such a case. Nevertheless, additional parameters were considered for the overall 

corrosion assessment due to the complexity of the corrosion behaviours in these vessels. In Figure 5.9, both 

measures, remaining metal thickness (left vertical axis) and depth reached by the internal attack (right 

vertical axis), are plotted.   
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Figure 5.9 a) Temperature profile within the vessel during operation at 800°C. 

b) The left y-axis (in black) indicates the average residual metal wall thickness at different heights along the vessel 

wall, measured after vessel decommissioning. The right y-axis (in red) shows the average depth of the internal 

attack in each sample. The percentages (%) accompanying the internal attack values represent the accumulated 

measured area fractions of the cavities and internal oxides. 
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Similar to our findings in a previous publication [145], the most-severe attack was not in the hottest zones 

but in the zones that were exposed to high concentrations of evaporating salt species and that had the highest 

oxygen impurity levels. Thus, the comparatively high melting point of chlorides compared to carbonates, 

as described in the former section, results in a larger amount of condensing salt in the colder region of the 

vessel, as confirmed by the presence of “pure” KCl on the outer oxide scale. Therefore, vessel sections 

close to the lid, which experience salt condensation and a higher pO2 during vessel openings, are expected 

to suffer stronger corrosion attacks than other sections. In addition, as described in Chapter 4, evaporated 

salts condensed on the vessel lid due to the temperature gradient along the vessel wall, occasionally 

resulting in clogging of the Ar gas exhaust line. Clogging of the outlet line can also accelerate corrosion by 

preventing the Ar gas from sweeping away the corrosion products formed by MgCl2 hydrolysis, as well as 

other volatile corrosion products. 

Figure 5.10 presents one of the samples that was severely damaged by the evaporated salt species. The 

samples show different corrosion features, e.g., oxide spallation, pore formation, inter- and intra-granular 

attack, excess leaching of alloying elements, and enrichment of KCl within the horizontal cracks.  

In conclusion, the evaporated alkali species caused significantly more damage to the 253MA vessel material 

than direct contact with the melt. The high level of corrosion damage observed might be explained by the 

higher concentrations of gaseous impurities, as well as the evaporating salt species. Finally, the proposed 

inhibitor strategies exhibit promising corrosion mitigation in such an environment. One needs to consider, 

however, that the metallic materials exposed to evaporated gaseous species above the level of the melt 

might not benefit much from such a strategy.  

 

Figure 5.10 Cross-sectional SEM image of sample #7 exposed to evaporated KCl-MgCl2 melt at ~730°C for ~700 h, 

showing four distinct corrosion zones. b) High magnification of image (a) showing pores/cavities filled with salts 

or internally oxidised. c) EDX elemental mapping showing the most-depleted and most-active species in the tested 

section. d) Higher magnification of an attacked grain boundary showing the inter- and intra-granular precipitates. 
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5.3 Part III: Comprehensive Analysis of the Microstructural Evolution of Lithium 

Aluminate Formed on Selected FeCrAl Alloys Immersed in Carbonate Melt 

As mentioned in Section 5.1, an interesting α-LiAlO2 to γ-LiAlO2 phase transformation was observed. What 

is surprising about this is that α-LiAlO2 is not thermodynamically favoured at 800°C [147-149]. However, 

an α-LiAlO2 scale was observed in all the investigated ferritic FeCrAl alloys. In contrast, the 

thermodynamically stable γ-LiAlO2 was not detected at exposures performed for <168 h, although it 

appeared progressively during longer exposures. Therefore, this striking finding is subjected to detailed, 

thorough microstructural and crystallographic analyses in this section.  

In 1978, Evans et al. proposed the stress-assisted formation concept for a duplex oxide scale; this duplex 

oxide scale consisted of tetragonal and monoclinic zirconia polymorphs on zircaloy-1 (zirconium with 2.5% 

tin) [150]. Evans and colleagues reported that upon oxidation of zircaloy under compressive stress, a stress-

stabilised, tetragonal zirconia morphology emerged at the metal/oxide interface, which subsequently 

relaxed to become a monoclinic lattice. 

Similarly, in 1979, Byker et al. proposed the transformation of hexagonal crystals of α-LiAlO2 to tetragonal 

γ-LiAlO2 crystals [151]. As shown in the Temperature–Pressure phase diagram in Figure 5.11 (a), 

hexagonal α-LiAlO2 is allowed to form at a substantially lower temperature than its ambient pressure phase-

transition point, depending on the magnitude of the applied compressive stress. Figure 5.11 (a) depicts a 

3D crystal structure visualisation of the two lithium aluminate polymorphs, where it can be seen that α-

LiAlO2 has a more-compact and denser structure than γ-LiAlO2 [135, 136]. 

In our study, we adopted the concept proposed by Evans et al. [150], as well as Byker et al. [151], whereby 

a stress-stabilised inner oxide scale forms underneath a different stress-relieved polymorph. In our case, the 

stress stabilisation could contribute to the otherwise thermodynamically unstable α-LiAlO2 crystal structure 

at 800°C. We assumed a limiting steady-state thickness of the α-LiAlO2 inner oxide layer based on our 

belief that the α→γ-LiAlO2 transformation is one of the examples proposed by Evans et al. [150]. To date, 

several studies have investigated and predicted a limiting scale thickness (also known as the “steady-state 

thickness”) [152, 153]. Such detailed investigations are crucial, given their technological importance for 

various nuclear power applications [152]. It is worth mentioning that the density of γ-LiAlO2 is 25% lower 

than that of α-LiAlO2.  

The schematic illustration in Figure 5.4 (Case I) explores the evolution of lithium aluminate scales and the 

α→γ-LiAlO2 phase transformation (Case II).  
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Figure 5.11 a) Pressure-Temperature phase diagram for lithium aluminate. Source: Byker, H., et al, 1979. Adapted 

with permission from The Journal of Physical Chemistry A. © (1979) American Chemical Society [151]. 

https://doi.org/10.1021/j100481a009. 

b)  Polyhedral visualisation of α-LiAlO2 and γ-LiAlO2 crystal [135, 136]. Reproduced with permission from Elsevier 

[154]. 

 

This Part is divided into two sub-sections: Section 5.3.1 thoroughly discusses the formation and 

transformation of lithium aluminate in five alumina-forming alloys in the absence of pre-oxidation. In 

comparison, Section 5.3.2 focuses on the effects of pre-oxidation on the formation of a stress-stabilised α-

LiAlO2 scale and its subsequent relaxation to γ-LiAlO2 crystals.   

a) b) 

α-LiAlO2 

γ-LiAlO
2 
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5.3.1 Differentiation of Four FeCrAl Alloys and One FeNiCrAl Alloy Immersed in Carbonate 

Melt in the Absence of Pre-oxidation   

In this Section, four ferritic FeCrAl alloys and one austenitic FeNiCrAl alloy were selected to study the 

evolution of the lithium aluminate formed upon exposure to an alkali carbonate melt at 800°C. Several 

techniques were utilised to understand better the performances of the alloys in salt melts. Thorough cross-

sectional and top-view electron microscopy imaging, as well as XRD Rietveld refinement analysis, were 

employed to assess the α/γ–LiAlO2 phase fractions. The mass change values were calculated and used as 

complementary data. As cleaning the samples of salt residues is challenging, these mass change values are 

difficult to acquire. Combining the results of all these analyses generates a holistic picture of the corrosion 

behaviours of the selected alloys. 

The corrosion performances of the selected alumina-forming alloys can be differentiated into two 

behavioural categories. The first behaviour is referred to as “normal” LiAlO2 formation without additional 

cations, e.g., Fe or Cr ions. Transformation of an inner α-LiAlO2 scale growth into a dominating outwards 

growth of γ-LiAlO2 crystals has been documented. The second behaviour is referred to as the “deviating” 

formation and transformation of LiAlO2, where the oxidation of Fe(Ni)CrAl alloys involves transient alkali 

oxide formation and the appearance of pegs that contain ternary cationic species. 

a) “Normal” Formation and Transformation of LiAlO2 

As stated earlier, besides aluminium, no other cationic species from the alloy was detected as a scale 

component. Basically, the LiAlO2 formed was as pure as that obtained from the synthesis route of Lehmann 

and Hasselbarth [155]. Since the results showed very similar corrosion behaviours for the three “normal”-

behaving alloys, the XRD spectra of only one “normal”-behaving alloy are presented. These alloys were 

Kanthal® APMT, Kanthal® AF and Kanthal® EF101. Interestingly, the XRD phase analysis shown in Figure 

5.12 reveals only one crystal structure, α-LiAlO2, after short exposure durations, e.g., 72 h and 168 h. After 

168 h, signals for another lithium aluminate crystal structure were noted, and these were attributed to the 

presence of γ-LiAlO2.  
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Figure 5.12 XRD spectra of Kanthal® EF101 after exposure to alkali carbonates in CO2 at 800°C for different 

exposure times. Reproduced with permission from Elsevier [154]. 

The key top-view images of Kanthal® EF101 exposed to a ternary carbonate melt over time are plotted in 

Figure 5.13. The three “normally”-behaving alloys showed very similar features, where small α-LiAlO2 

crystals covered the entire surface after short-term exposures (72 h and 168 h); Case I (Figure 5.4). The 

larger prismatic γ-LiAlO2 crystals emerged after longer exposure times, such as 500 h and 1,000 h; Case II 

(Figure 5.4). These findings are in good agreement with the results of the XRD analysis.  

Investigations of cross-sectional samples of Kanthal® EF101 showed a distinct double-layer structure 

composed of a compact inner α-LiAlO2 scale and outer γ-LiAlO2 crystals [see Paper IV]. The slight 

variance in the Z-contrast between the inner and outer layers corresponds to the difference in density 

between the α- and γ-LiAlO2. Since both forms of LiAlO2 have the same atomic composition, the back-

scattered electrons will have a higher probability of scattering back into the detector when interacting with 

a more densely packed structure [137]. 
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Figure 5.13 Top-view electron microscopy images of Kanthal® EF 101 showing the “normal” LiAlO2 formation 

behaviour in the carbonate melt for different exposure times. The large crystals are γ-LiAlO2, and the small crystals 

are attributed to α-LiAlO2. Reproduced with permission from Elsevier [154]. 

To summarise our findings, Figure 5.14 depicts the evolution of the α- and γ-LiAlO2 phases over time for 

all the tested alloys, as represented by the Rietveld refinement α/γ-phase ratio and the scale thickness. It is 

noteworthy that the Rietveld-derived α/γ-phase ratio decreases after 500 h of exposure in the cases of 

Kanthal® APMT and Kanthal® EF101. In contrast, the average thickness continues to increase steadily. 

Despite the steady increase in average thickness, such a decline in the fraction percentages can be explained 

by the top-view images in Figure 5.13. Although individual γ-LiAlO2 crystallites continue to grow 

significantly over time, the number of nucleation sites does not increase concurrently. This random growth 

and nucleation of γ-LiAlO2 crystallites may have influenced the Rietveld phase fraction curve slope shown 

in Figure 5.14. The rapid increases in the size and phase fraction of γ-LiAlO2 might be assumed to be caused 

by the depletion of Al in the alloy. Therefore, all the 1,000 h-exposed samples underwent a line-scan 

analysis. However, the results revealed the invalidity of this assumption. Furthermore, the growth of the α-

LiAlO2 scale was found to decrease over time [see Paper IV]. 
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Figure 5.14 Thicknesses of the α-LiAlO2 and γ-LiAlO2 for the four ferritic FeCrAl alloys and the corresponding 

results of the Rietveld analysis. Yellow column represents LiFeO2; see Section 5.3 (b). Reproduced with permission 

from Elsevier [154]. 
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b) “Deviating” Formation and Transformation of LiAlO2 

Unlike the Kanthal® AF, Kanthal® APMT and Kanthal® EF101 alloys, the corrosive behaviours of the 

Kanthal® EF100 and Nikrothal® PM58 alloys did not follow the “normal” LiAlO2 formation pattern. The 

so-called “deviating” formation and transformation behaviour was particularly noticeable after short-term 

exposure. For instance, the Kanthal® EF100 alloy surface was entirely covered with LiFeO2 crystals after 

72 h [Figure 5.15 (c)], as confirmed by the XRD analysis [see Paper IV]. However, such “deviating” 

behaviour does not seem to predominate with longer exposure times. In the case of Kanthal® EF100, the 

LiFeO2 crystals covering the alloy surface disappeared after 168 h of exposure. This is likely due to LiFeO2 

dissolution into the carbonate melt. Furthermore, the growth pattern of γ-LiAlO2 crystals followed the 

“normal” formation behaviour after exposures for 500 h and 1,000 h. 

Figure 5.14 demonstrates the obtained Rietveld-derived data and the mean scale thicknesses. Based on these 

observations, the Kanthal® EF100 alloy was classified as a “normal”-behaving LiAlO2-forming alloy after 

an initial transient “deviating” state. The long-term behaviour is controlled by γ-LiAlO2 crystallite 

nucleation onto the slow-growing protective α-LiAlO2 scale. 

The initial “deviating” behaviour of Kanthal® EF100 is very similar to the observations made by Asokan et 

al. when comparing the oxidation behaviours of Kanthal®  EF100 and Kanthal® EF101 in dry air [156]. 

Despite their similar chemical compositions, the Si contents of these alloys are significantly different. In 

the study of Asokan et al., Kanthal® EF101 grew an aluminium oxide scale in dry air, whereas 

Kanthal® EF100 rapidly grew an iron oxide scale [156].  

Si plays a role in forming the protective alumina scale, which can possibly indicate a so-called ‘third-

element’ effect. In this work, when Kanthal® EF101 was immersed in the carbonate melt, the third-element 

effect of Si contributed to the formation of protective α-LiAlO2. In contrast, Kanthal® EF100, which lacks 

Si, rapidly grew a covering LiFeO2 scale. Once the scale reached sufficient thickness, the oxygen and 

lithium activities were low enough to nucleate a slow-growing LiAlO2 layer at the metal/scale interface, 

thereby significantly decreasing the growth of the scale. LiFeO2 completely dissolved into the melt before 

168 h, revealing a pure α-LiAlO2 scale. This LiAlO2 underwent a further α→γ-transformation, as described 

above for “normal” LiAlO2 formation. 
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Figure 5.15 Top-view image of Kanthal® EF100 exposed to alkali carbonate melt at 800ºC, a, b) Cross-sectional 

image after exposure for 72 h. Top-view images taken after exposure for: c) 72 h, LiFeO2 covers the surface; d) 

168 h, only α-LiAlO2 covers the surface; e) 500 h, γ-LiAlO2 crystallites appear; and f) 1,000 h, γ-LiAlO2 crystallite 

size increased. Cross-sectional images after exposure for: g) 168 h; and h) 1,000 h. Reproduced with permission 

from Elsevier [154]. 

Let us turn now to a rather different “deviating” behaviour, that of Nikrothal® PM58. Interestingly, α-

LiAlO2 is commonly formed during exposures at 750ºC [146]. However, at 800°C, the formation of 

Li(Cr,Al)O2 (instead of the protective α-LiAlO2 scale) was observed. After 1,000 h of exposure to an alkali 

carbonate melt, Nikrothal® PM58 developed pegs filled mainly with Li(Cr,Al)O2 in the sub-oxide zone, as 

demonstrated by the XRD and cross-sectional microscopy analyses [see Paper IV]. Point analysis of the 

surface demonstrated the presence of nickel and iron particles at the oxide/melt interface. These transported 

or overgrown alloy particles can be leached into the alkali carbonate melt. In addition, we noted a zone of 

aluminium depletion at a depth of approximately 14 µm in the sub-oxide region of the alloy. The aluminium 

content observed beneath the oxide layer was lower than the nominal composition by 1.2 wt%. 

Nikrothal® PM58 exhibits a special “deviating” behaviour that differs from those of the FeCrAl alloys 

studied. Being an austenitic alloy, the diffusion of aluminium towards the metal/scale interface is slower 

than is the case for ferritic alloys [157]. The slower aluminium diffusion process is evident in the sub-oxide 

region [see Paper IV]. Even after exposure to alkali carbonates at 800°C, a covering α-LiAlO2 scale failed 

to form; this is attributed to the fact that a steady-state supply of aluminium to the metal/scale interface is 

a pre-requisite for maintaining an intact α-LiAlO2 scale. Temperature plays a critical role since the findings 

obtained at 800°C are strongly discrepant with the results of an earlier study performed in the same 
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laboratory at 750°C, in which Nikrothal® PM58 formed a slow-growing, protective α-LiAlO2 scale that was 

sustained for at least 740 h [146]. 

This observation strongly agrees with the temperature-dependence of the LiAlO2 phase transition studied 

by Danek et al. [147], where the lower temperature limit for γ-LiAlO2 formation was 750°C. 

Taken together, the results presented in this section broaden our understanding of lithium aluminate 

evolution on different alumina-forming alloys. The data also show the effects of the crystal structures and 

nominal chemical compositions of alloys on their corrosion resistances to alkali carbonate melts at 800°C.   
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5.3.2 Corrosion Behaviours of Four Pre-oxidised FeCrAl alloys in Carbonate Melt  

The last section discussed the α/γ-LiAlO2 microstructural evolution of different alumina-forming alloys 

immersed in (Li,Na,K)2CO3. This section will demonstrate the consequences of pre-oxidation for lithium 

aluminate scale development.  

Since austenitic Nikrothal® PM58 failed to form an α-LiAlO2 scale at 800°C in the carbonate melt, only the 

four selected ferritic alloys were subjected to further analysis. Thus, in this section, we go one step further 

to study the effects of pre-oxidation on lithium aluminate formation and propagation. After pre-oxidising 

the selected alloys in air at 1,050°C for 8 hours, exciting findings were obtained. 

Similar to the classification of alloy performance adopted in Section 5.3.1, alloys will be sorted as “normal” 

or “deviating” reactions of Al2O3 in contact with Li2CO3. The “normal”-behaving alloys react with the pre-

formed alumina scale during pre-oxidation to lithium aluminates, while Kanthal® EF100 “deviates” in its 

reaction pathway. 

a) “Normal” reaction of Al2O3 scales in contact with Li2CO3 

Several scenarios were expected regarding the reaction of the formed alumina scale with salt melts. Based 

on our assumption regarding the stress-stabilised formation of α-LiAlO2, one of the scenarios involved 

faster growth of γ-LiAlO2 crystals and more nucleation sites; in other words, γ-LiAlO2 was expected to be 

the predominant phase. Surprisingly, as shown in Figure 5.16, the mass gain obtained for the pre-oxidised 

alloy was 10-fold lower than that obtained without pre-oxidation in the case of Kanthal® APMT. In addition, 

comparing the top-view images of exposed pre-oxidised alloys with those taken without pre-oxidation, the 

large γ-LiAlO2 crystals are scarcely seen. These results reveal a significant change in the α- to γ-LiAlO2 

phase transformation.  

Figure 5.17 depicts a distinctly different scale development for the Kanthal® APMT exposed to alkali 

carbonate melt at 800°C. In contrast to the large, emerging γ-LiAlO2 crystals, the cross-sectional SEM 

image (a) showed significantly smaller crystals. In addition, there was a notable decrease in the alumina 

scale thickness over time [see Paper V]. Since we learned from the last section [18] that the stress-stabilised 

α-LiAlO2 forms a dense, thin scale before relaxing into γ-LiAlO2 crystals, it can be concluded, in agreement 

with the XRD results and EDS point analysis, that the three-layered oxide scale seen in Figure 5.18 is 

composed of γ-LiAlO2 at the alloy/melt interface, with α-LiAlO2 beneath it, and finally, an Al2O3 scale at 

the bottom, which was formed upon pre-oxidation. 
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Figure 5.16 Comparison of the overall mass change behaviours of a) pre-oxidised vs b) non-pre-oxidised alumina-forming 

alloys immersed in alkali carbonate at 800°C for different exposure times [107]. The mass change values for pre-oxidised 

samples in (a) are approximately one order of magnitude lower than those for the non-pre-oxidised samples in (b). 

 

Figure 5.17 a): SEM back-scattered electron top-view images depicting the surface morphologies of non-pre-oxidised 

samples exposed to (Li,Na,K)2CO3-melts at 800°C for 1,000 h [154]. b) SEM back-scattered electron micrographs 

showing the cross-sections of Kanthal® APMT after pre-oxidation and before the salt exposures. c,d): SEM back-

scattered electron micrographs showing the top-view of pre-oxidised “Kanthal® APMT exposed to carbonate melts 

for 500 h and 1,000 h at 800°C.
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Another interesting finding is the inhomogeneous cloud-like feature (a transition zone) visible in Figure 

5.18 (c). This feature looks different in back-scatter electron Z-contrast within the α/γ-LiAlO2 double-layer. 

An EDS line-scan analysis showed a change in Al at% within these regions. One possible explanation is 

the presence of different phases upon incomplete reaction with the salt species. In addition, the detection 

of LiAl5O8 in the XRD results may support this assumption; for more details, see Paper V. 

 

Figure 5.18 Cross-sectional SEM images of Kanthal® APMT: a) in the absence of pre-oxidation and after 1,000 h 

of exposure to the alkali carbonate melt; b) after pre-oxidation for 8 h at 1,050°C and before immersion in the 

carbonate melt; and c) pre-oxidised and after 1,000 h of exposure to the salt melt.  

An inhomogeneous cloud-like feature (a transition zone) is observed within the α/γ-LiAlO2 double-layer.  

The SEM image magnification for the pre-oxidised samples in (b) and (c) is approximately three-fold higher than 

that for the non-pre-oxidised sample (a). 

The evolution of the oxide scales in the pre-oxidised selected ferritic alloys can be explained by the reaction 

of the alumina scale with Li2CO3 and the α/γ-LiAlO2 phase transformation. Based on previous studies [158-

161], following pre-oxidation of alumina-forming alloys, α-Al2O3, in addition to other transient phases 

(t-Al2O3) such as γ- and θ-aluminas, can be formed. 

When a ferritic FeCrAl alloy is exposed to the (Li,Na,K)2CO3 melt, transient aluminas react with Li- and 

O-ions from the salt melt. This reaction produces α-LiAlO2, as in Eq. (1). XRD phase analysis of 

Kanthal® APMT reveals the disappearance of the transient γ- and θ-aluminas after ~500 h of exposure to 

the alkali carbonate melt, whereas the α-Al2O3 is still detectable. Therefore, we can assume that the initial 

rapid low mass gain reflects a 40% mass increase caused by the following reaction: 

𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝐴𝑙2𝑂3 + 𝐿𝑖2𝑂 → 2 𝐿𝑖𝐴𝑙𝑂2  (5.1) 

As discussed earlier, α-LiAlO2 is a stress-stabilised polymorph that forms a dense inner scale at 800°C on 

ferritic FeCrAl alloys. In the case of pre-oxidation, upon exposure to the salt melt, the uptake of Li2O by 

the transient alumina produces a new source of stress (Pilling-Bedworth effect), as compared to the non-
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pre-oxidised case, consequently stabilising the α-LiAlO2. The densely formed α-LiAlO2 acts as a barrier 

and decreases significantly further transport of ions towards the underlying α-Al2O3 scale.  

Therefore, following pre-oxidisation of Kanthal® APMT, AF, and EF101, a double oxide scale of α-

Al2O3/α-LiAlO2 prevents further oxidation and provides protection that is superior to that conferred by the 

investigated FeCrAl alloys.  

It is worth mentioning that the scenario of transformation of α-LiAlO2 to γ-LiAlO2 or further reaction with 

lithium carbonate to form higher-lithiated aluminates, e.g., Li5AlO4, is discussed in [Paper V]. Despite the 

absence of other higher lithiated structures in the XRD spectra, even if we assume complete transformation 

of the dense α-LiAlO2 to other non-protective forms, the α-Al2O3 scale would provide a high level of 

corrosion protection against salt melts.  

In summary, pre-oxidation of the alumina-forming Kanthal® AF, APMT and EF101 alloys prior to exposure 

to the (Li,Na,K)2CO3 melt provides the best possible protection for the alloy through the formation of an α-

Al2O3/α-LiAlO2 double-scale.  
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b) “Deviating” Reaction of Al-rich oxide scales with Li2CO3 

Moving on to the “deviating” behaviour of Kanthal® EF100, this alloy exhibits exceptional performance 

upon exposure to the alkali carbonate melt, even without pre-oxidation. Starting with the pre-oxidation 

process, Kanthal® EF100 did not develop a pure alumina scale as did the other tested ferritic FeCrAl alloys. 

Instead, the XRD results revealed the formation of mixed oxides: (Al0.9Cr0.1)2O3, Cr1.4Fe0.6O3, FeAl2O4, and 

Fe0.9Al1.1O3; see [Paper V].  

After exposing the pre-oxidised Kanthal® EF100 to the alkali carbonate melt, the first remarkable finding 

was the detection of mass loss, which differed from the very low mass gain found in the cases of 

Kanthal® APMT, Kanthal® AF and Kanthal® EF101 (see Figure 5.16). 

Figure 5.19 illustrates the inhomogeneity of the oxides formed during the pre-oxidation of Kanthal® EF100. 

The cross-sectional SEM analysis in Figure 5.19 (a) shows inward-growing mixed oxides. The upper and 

medium zones within the oxide layer comprise Fe-Al, Al-Cr and Fe-Cr mixed oxides. The lower zone, with 

a darker back-scattered electron Z-contrast, is an Al-rich oxide scale. Pegs also developed in the sub-oxide 

region and were filled with mixed oxides. In addition, Cr inclusions were randomly distributed within the 

oxide scale.  

After 500 h of immersion in the salt melt, Kanthal® EF100 formed a duplex oxide scale with a dense inner 

scale and an outer porous scale. Interestingly, after 1,000 h, this alloy developed an inner compact, dense 

and adherent aluminium-rich scale. However, the outer oxide layer, composed of lithiated oxide species, 

did not adhere to the inner scale. With that, one can speculate that the measured mass loss is partially due 

to pore formation, into which the melt can leach ions, and partially due to the poor adhesion of the outer 

oxide layer.  

Although it is unclear how the inner aluminium-rich oxide underneath the leached oxide regions can 

perform during exposures longer than 1,000 h, deceleration of the mass loss seems to be a promising 

outcome.   
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Figure 5.19 Cross-sectional scanning electron microscopy images of Kanthal® EF100: a) after pre-oxidation for 8 h 

at 1,050°C; b) after 500 h; and c) after 1,000 h exposure to the salt melt. Top-view scanning electron microscopy 

images after: d) 500 h; and e) 1,000 h of exposure to the (Li,Na,K)2CO3 melt. 
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6 Summary 

 

This thesis focuses on the behaviours of metallic materials utilised in the molten salts that are applied in 

heat storage tanks in CSP plants. The work discussed here is divided into three main parts.  

In Part I of the thesis, Paper I (a) and Paper I (b) compare the corrosion resistances of the currently 

deployed alloys (FeNiCr) and other promising alternatives (FeCrAl). In addition, the corrosion behaviours 

of these alloys are studied in three different salt melts, a molten nitrate mixture as the state-of-the-art melt 

and molten carbonate and chloride mixtures as potential candidates for Gen3-CSP plants. The experiments 

were conducted at temperatures that exceeded 50–100°C than required in the power plants. The higher 

exposure temperature was used to accelerate corrosion and ensure the stability levels of the metallic 

materials in case of heat fluctuations occurring in the hot storage tank, receivers, and piping. Therefore, the 

exposures were conducted at 650°C for the nitrate melt experiments and 800°C for the carbonate and 

chloride melts experiments. The corrosion resistance of the chromia-forming alloys 316H/304L and the 

alumina-forming alloy Kanthal® APMT for the aforementioned salt melts were investigated.  

The results show that the nitrate melt is the least corrosive of the three melts tested in our work. Both the 

chromia-forming and alumina-forming alloys show high corrosion resistance to the nitrate melt, particularly 

in the case of Kanthal® APMT. Even though the salts internally oxidise 316H, the attack is slow and 

predictable. It is important to stress that the good corrosion behaviour is partly attributed to the lower 

operating temperature compared to the molten chloride and carbonate exposures.  

In comparison, alloys in contact with carbonate melts show the poorest corrosion performance in our study. 

The chromia-forming 304L alloy suffers a strong internal attack, with severe carburisation observed 

throughout the alloy. In stark contrast, Kanthal® APMT shows good corrosion resistance due to the 

formation of a thin protective layer of α-LiAlO2, which makes it a promising candidate for Gen3-CSP 

plants. After 168 h of exposure, an interesting phase transition from an α-LiAlO2 to a γ-LiAlO2 oxide scale 

was observed. 

Finally, both 304L and Kanthal® APMT undergo rapid degradation upon exposure to a chloride melt under 

Ar as the cover gas. The leaching of alloy elements, such as chromium and aluminium, causes the 

degradation of these materials. Nonetheless, the presence of molybdenum in Kanthal® APMT affects the 

corrosion process by forming a Laves phase barrier to chromium leaching; however, this does not prevent 

the rapid leaching of aluminium from the alloy. 

The data presented in Part II (Papers II and III) highlight the difference between the corrosion 

performances of the 253MA alloy (our experimental vessel material) when in direct and indirect contact 

with salt melts. The most striking finding in these two papers is that the damage caused to the 253MA 

vessel by the evaporated salt species from each carbonate and chloride melt exposure is significantly higher 

than when the alloy is in direct contact with the melt. The high level of corrosion damage can be explained 

by the higher concentrations of gaseous impurities and the evaporating salt species. Surprisingly, the most-

active alkali or alkaline earth salt species participating in the corrosion process differ between direct and 



Chapter 6. Summary 

 

68 

 

indirect contact with the salt melts. Instead of lithium as the pre-dominating active alkali species in the case 

of immersion in (Li,Na,K)2CO3, sodium and potassium take over. Lithium is absent from the indirect 

exposure experiments. Magnesium is the most-active species in corrosion products when in direct contact 

with the chloride melt. However, it is almost absent in indirect exposure to salt, and potassium takes over.  

Part III (Papers IV and V) is dedicated to broadening our understanding of the α-LiAlO2 to γ-LiAlO2 phase 

transition detected in ferritic FeCrAl alloys when immersed in (Li,Na,K)2CO3 at 800°C. The results 

presented in Paper IV reveal the formation of a duplex oxide scale with an inner dense protective α-LiAlO2 

and outer γ-LiAlO2 crystals. The formation of the thermodynamically unfavourable α-LiAlO2, followed by 

the nucleation and growth of the thermodynamically stable γ-LiAlO2, can be explained by the stress-

stabilised concept proposed by Evans et al. in 1978. In Paper V, the effects of pre-oxidation on α-LiAlO2 

scale development were investigated thoroughly. The data show a correlation between the quality of the 

oxide scale formed during the pre-oxidation step and α-LiAlO2 formation. Transient alumina structures, 

e.g., γ-Al2O3 or θ-Al2O3, can react with Li2CO3 from the melt to produce dense hexagonal α-LiAlO2, which 

relaxes further into tetragonal γ-LiAlO2 crystals.  



Chapter 7. Outlook 

 

69 

 

7 Outlook 
 

CSP is a promising technology that provides electricity on demand by utilising TES systems. However, the 

material requirements for implementing Gen3-CSP plants remain a serious challenge. 

In this work, we show that the commercially used alkali nitrate melt causes the least amount of corrosion 

damage compared to the carbonate and chloride melts. Despite the high corrosion resistance of chromia-

forming and alumina-forming alloys exposed to nitrate melts, these salts cannot be employed in Gen3-CSP 

plants due to their limited thermal stability. 

One of the promising melts for next-generation CSP plants is (Li,Na,K)2CO3. Carbonate melts are better 

candidates than chloride melts in terms of corrosion, although the cost-effectiveness of employing lithium 

carbonate must be considered.  

Carbonate melts severely damage chromia-forming alloys through a deep internal attack in the form of 

carburisation. Ferritic alumina-forming alloys develop a stress-stabilised, dense, protective α-LiAlO2 scale. 

Besides, superior protection is provided by pre-oxidised FeCrAl alloys against exposure to the eutectic 

alkali carbonate melt, in that they form a dense α-LiAlO2 scale on top of α-Al2O3.  

These are very promising results for measures to control corrosion behaviour in melts by utilising FeCrAl 

alloys. However, different aspects need to be considered. The experimental set-ups used in this work were 

designed in a simplified form to study the corrosion performances of different alloys under static, controlled 

conditions. Dynamic corrosion testing is required to simulate the actual conditions in the storage tanks, 

including erosion-corrosion studies. In addition, we need to consider the costs of the utilised FeCrAl alloys 

and their availability in the required form and weldability. Another aspect that warrants study is the 

corrosion behaviours of potential alloys at welded sections.   

Chloride melts, which are the other candidates considered for Gen3-CSP plants, are highly corrosive for 

the metallic components containing them. Since corrosion in such an environment is impurity-driven, 

further studies are required to investigate salt purification techniques in conjunction with corrosion 

mitigation strategies, e.g., coatings. However, we must carefully consider applying coatings in the case of 

defects, such as abrasion or cracking, as this can lead to complete failure of the coating to protect against 

alloy corrosion.  

Another perspective is identifying new metallic materials that can withstand such aggressive environments. 

This drastic return to the drawing board might be required to enable applications that operate with molten 

chlorides. 

Overall, further research is needed to find solutions to the corrosion challenges faced by metallic materials 

exposed to potential TES media for Gen3-CSP plants. In this work, guidance is provided in terms of alloy 

composition, pre-treatments, and salt chemistry to support this ongoing endeavour.  
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