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Abstract 
 

Rising CO2 levels due to the production of energy from fossil fuels are major contributors to 

environmental pollution. Nuclear energy, on the other hand, is clean energy and does not contribute 

to environmental pollution. Conventional water-cooled reactors are safe; however, they still suffer 

the consequences of the Fukushima accident.  A molten salt-cooled reactor, on the other hand, is 

intrinsically safe and more efficient. But the problem of corrosion of structural alloys in a molten 

salt environment is an obstacle to the success of Molten Salt Reactors (MSR). The purpose of this 

research is to analyze the corrosion behaviour of different alloys in a molten salts environment and 

develop coatings for inhibiting this corrosion. 

 

The alloys Hastelloy® N, Haynes® X-750, AISI 304, and AISI 316 were tested for corrosion in 

molten FLiNaK for 100 h at 700 °C under an argon gas cover. The Cr depletion was found to be 

the major cause of corrosion in the FLiNaK environment. The highest corrosion observed in the 

Haynes® X-750, is related to the presence of Al and Ti. However, Hastelloy® N is well protected 

against corrosion in the FLiNaK environment. 

 

Furthermore, AISI 316 was coated with Ni of varying thicknesses to see its corrosion resistance 

behaviour in FLiNaK at 700 °C. The results indicate thicker Ni coatings of 75 µm are sufficient to 

provide corrosion resistance to the stainless-steel samples under the testing conditions. But the 

chromium was still observed to be diffusing toward the Ni coating from the steel substrate and 

could eventually lead to corrosion during longer exposures to FLiNaK salt. The Ni coating was 

also modified with the addition of Mo to evaluate the corrosion resistance in the FLiNaK 

environment. The AISI 304 samples coated with Ni-Mo did not protect well against corrosion. The 

presence of Mo in the Ni-Mo coating was associated with the formation of carbides at the surface 

of the Ni-Mo coated sample, which led to accelerated corrosion. 

 

Finally, a SiC diffusion barrier was deposited between the Ni plating and the steel surface. The 

results obtained showed that this coating improved the corrosion resistance of the AISI 304 

samples by five times.  
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Chapter 1. Introduction 
 

1.1. Overview 

This chapter focuses on the motivation behind this research and the importance of nuclear energy. 

The concept of Molten Salt Reactors (MSR) is introduced, and their benefits are discussed in detail.  

This chapter also addresses the problem of corrosion in MSR. The main objectives of the research 

are then defined. 

 

1.2. Importance of nuclear energy 

In the new global economy, environmental pollution has become a central issue in energy 

production. At present, only 10% of world energy consumption is produced by nuclear fission 

compared to 63.3% by coal [1,2]. The energy produced by coal emits approximately 30 billion 

tons of carbon dioxide annually [3]. Such emission has a significant impact on our environment.  

The rising global temperatures and pollution of the atmosphere call for alternative sources of clean 

energy. Nuclear energy is considered as one of the clean energy resources. It is the least polluting 

energy source and it has only a small overall environmental impact [4]. Even the spent nuclear fuel 

from a reactor, if disposed properly, does not pollute the environment. Moreover, an estimated 

1.84 million air-pollution related deaths have been prevented by existing nuclear power plants [3]. 

Coal, on the other hand, is one of the most polluting fuels used. Coal ash and soot naturally contain 

uranium and other radio-active isotopes along with arsenic, sulphur, mercury, and selenium [5]. 

Mortality rates per billion kWh reported by WHO (World Health Organization) are 100 for coal, 

36 for oil, 24 for biomass, 4 for natural gas, 1.4 for hydro, 0.44 for solar, 0.15 for wind and 0.04 

for nuclear [5]. Currently, active nuclear power plants prevent the emission of more than 2 billion 

tons of CO2 every year [5]. Additionally, nuclear fuel is a concentrated source of energy; 1 gram 

of thorium/uranium in a breeder reactor produces heat energy equivalent to burning 3 tons of coal 

[6]. Considering all these advantages, a transition from conventional coal/fossil energy to nuclear 

energy has many benefits. 

 

1.3. Nuclear energy production and the safety problems 

Conventional nuclear power plants draw thermal energy from a nuclear fission reaction in the 

reactor core (Figure 1.1) and then use a heat-carrying medium (mostly water/heavy-water) to 
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transfer the heat from the reactor core to a secondary cooling medium (water), which converts to 

steam. The steam then runs a turbine where heat energy is converted into mechanical energy and 

then into electrical energy using a generator. Figure 1.1 shows a simplified diagram of a water-

cooled nuclear power plant. 

 

Figure 1.1. Schematic of a conventional water-cooled nuclear power plant. 

 

The water/heavy-water directly in contact with the reactor core is called the primary cooling 

medium and the water in the steam-generating unit (Figure 1.1) is called the secondary cooling 

medium. Both primary and secondary piping systems are under high pressure during the operation 

of nuclear power plants because of highly pressurized steam. Therefore, a robust design of these 

systems is required to prevent any leakages and explosions due to high pressure. This type of 

nuclear reactor requires active safety operation and continuous cooling. If the primary cooling 

system shuts down due to natural or unnatural causes, then the reactor core might melt, leading to 

a nuclear disaster. Such incidents have happened in the past: for example, the Chernobyl nuclear 

disaster, Ukraine in April 1986 caused great damage. This disaster caused the direct killing of 31 

people, estimated indirect killing of 200,000 people, contamination of 160,000 km2 of land and 

400,000 people were evacuated [7]. Another similar disaster happened at Fukushima, Japan in 

2011. It led to contamination of a 30,000 km2 area, 100,000 people evacuated and there is no 

estimate of indirect killing [8]. The main reason for these disasters was the failure of the primary 

cooling system resulting in the melting of the reactor core. Currently, there exists a need for better 

and safer nuclear reactor technology. Therefore, in 2000 the US Department of Energy (DOE) 
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initiated Generation IV International Forum (GIF), which focuses on clean, safe, and economical 

nuclear reactor technologies. The Molten Salt Reactor (MSR) is among the generation IV nuclear 

reactors; it addresses the primary cooling system failure-safety issue and is also cost effective. The 

next section discusses in detail the MSR and its enhanced safety regarding failure of the primary 

cooling system. 

1.4. Molten salt reactors 

An MSR uses molten salts as a coolant instead of water. There are many design variants of molten 

salt reactors [9–11]. However, the basic principle of their operation is the same. A brief description 

of the MSR is depicted in Figure 1.2. In MSRs, the nuclear fuel is mixed in the salt and processed 

in the chemical processing unit on site and sent to the reactor core where a nuclear fission reaction 

takes place and produces the heat. The molten salts carry the heat to the heat exchanger (HE), 

where it is transferred to the secondary cooling medium, often molten salts without nuclear fuel. 

The secondary salts can then transfer the heat to water to produce steam to run turbines and/or use 

heat in a hydrogen generation facility or other applications. (Figure 1.2) [12]. For continuous 

operation of the MSR, the fission products must be removed from the molten salts, which are then 

replenished with fresh fuel in the chemical processing unit. 

 

There are numerous advantages to using molten salt as a coolant instead of water [13]. One of 

these is its negative coefficient of reactivity, which indicates that the rate of nuclear reaction will 

decrease as the fuel and salt mixture expands from the heat produced in the fission reaction. This 

advantage makes the MSR passively safe. In the event of a natural or unnatural disaster, the salt 

will continue to expand until the nuclear reaction is ceased, the freeze plug (Figure 1.2) will melt, 

and the salt will flow out of the reactor to the emergency dump tanks where it will be stored. Water-

cooled reactors, on the other hand, lack this safety feature. 
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Figure 1.2. Molten salt nuclear reactor design layout [14]. 

 

The other key advantage of the MSR is its ability to operate at high temperatures (700-850 °C) and 

it is, as a result, thermally more efficient. Water-cooled, Pressurised Water Reactors (PWR), in 

contrast, operate at much lower temperatures < 400 °C.  Moreover, an MSR’s molten salt remains 

in the liquid state during the operation of the reactor; therefore, MSRs operate at nearly 

atmospheric pressure, which eliminates the need for a piping system robust enough to handle the 

high pressure. The vapour pressure of molten salts is very low under reactor operating conditions 

and therefore, no dangerous fumes are generated in MSRs. Molten salt-cooled reactors are thus 

better in most aspects than water-cooled reactors. 

 

One of the critical issues with conventional water-cooled reactors is the management of nuclear 

waste and this has become one of the problems in the operation of conventional nuclear power 

plants. The molten salt-cooled nuclear reactors offer a solution to this problem by burning the 

nuclear waste generated by water-cooled reactors. The Seaborg Wasteburner reactor technology 

can burn the waste produced by the water-cooled reactor and can generate 50-250 MW of power 

[9]. Another advantage of the MSR stems from the small modular reactor (SMR) design concept; 

these reactors, which can generate 42-225 MW of power, can be built in a factory and transferred 

to the sites using rails, barges, or trucks because of their small size [2]. This greatly reduces the 



   

 

5 
 

cost of the nuclear power plant and makes nuclear energy economically viable. The Advanced 

High Temperature Reactor (AHTR) concept developed in the USA is also based on molten salt 

technology and can generate 900 MW of power. Since a molten salt reactor derives its advantages 

from the coolant, it is important to understand the chemical, physical, and electrochemical 

properties of the coolant salts, which are discussed in detail in Chapter 2. 

 

1.5. Molten salt reactors and the corrosion of construction materials  

This section provides a brief history of MSR and introduces the problem of corrosion in MSRs. 

The development of molten salt reactors began in the 1940s with the aim of building an airplane 

powered with nuclear energy and molten salts mixtures were investigated for this purpose in the 

1950s under the Aircraft Nuclear Propulsion Program (ANP) [15]. In 1954, under the program 

named Aircraft Reactor Experiment (ARE), nuclear fuel (uranium fluoride) dissolved in molten 

salt mixtures (zirconium and fluorides) was used as fuel for a 1–3 MW(th) molten salt reactor. The 

reactor, placed in a building constructed specifically for this purpose, operated for nine days at 

~900 °C with no mechanical and chemical problems [16]. Inconel®, a Ni-based alloy (Table 1.2), 

was used to build the reactor and the parts were welded using He inert gas welding. BeO was 

utilized as a moderator (Table 1.1). The term of this reactor’s operation was too short to draw any 

significant conclusions; however, the data collected about the physical and chemical properties of 

salts and fuel are very useful for similar upcoming projects. 

 

Table 1.1. Aircraft Reactor Experiment parameters (ARE) [17,18]. 

Power 

 

1-3 MW (th) 

Fuel NaF 53%, ZrF4 41%, UF4 6% 

Melting point of Fuel 532 °C 

Fuel inlet temperature 625 °C 

Fuel outlet temperature 882 °C 

Moderator Hexagonal blocks of BeO 

Container Inconel®a 

Flow rate of fuel 45 gal/min 

Critical Nov 3, 1954 
Shut down Nov 12, 1954 

 

a Chemical composition of Inconel® alloy is provided in Table 1.2. 
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Table 1.2. Chemical composition of Inconel® alloy used in the ARE [19]. 

Element Weight % 

Ni 78.5 

Cr 14.0 

Fe 6.5 

Si 0.2 

Cu 0.2 

Co 0.2 
Al 0.2 

Ti 0.2 

Ta 0.5 

W 0.5 

Zn 0.2 

Zr 0.1 

C 0.08 

 

 

Later, the goal shifted from nuclear powered aircraft to nuclear power generation for civilian use 

and the molten salt reactor experiment (MSRE) program was initiated to build a nuclear reactor 

utilizing fissile material mixed in molten salt as fuel [20]. The UF4-ThF4 fuel mixture was used 

with a graphite moderator in the MSRE. The Ni-based alloy, Hastelloy® N, was used for the 

construction of the reactor. The 8 MW(th) nuclear reactor successfully operated from 1965 to 1969 

[20]. At that time the breeding capability (which means producing more fuel than it uses) of molten 

salt reactors was also looked at with the aim to produce more fissile material than the reactor 

consumed [11,21]. A semi-annual report was prepared for the period ending August 31, 1972, to 

continue the funding for development of molten salt reactor technology [22]. This report showed 

the success of this reactor technology [22]. However, due to a lack of political and technical 

support, the funding of the MSRE was terminated in 1976 [21]. 

 

Oak Ridge National Laboratory (ORNL), however, continued a part of their study on fuel salt 

chemistry and materials development and proposed another reactor technology called Denatured 

Molten Salt Reactor (DMSR) which addressed the serious issue of proliferation in the 1970s [23]. 

Additionally, two privately funded companies continued research on MSR technology; one was 

Molten Salt Reactor Associates headed by Black and Veach in 1970 and the other was Molten Salt 

Group headed by Ebasco Services [21]. 
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In the 1960s, Russia initiated their nuclear program to study molten salts for use in a molten salt 

reactor at Kurchatov Institute [24]. The Sodium-Cooled Fast Reactor, BN350, was built in 1964 

in a part of the Soviet Union now referred to as Kazakhstan near the Caspian Sea with the purpose 

of generating heat for desalination of water and electricity generation [25]. This reactor reached 

criticality in 1972 with 750 MW(th) output and 130 MWe electricity plus production of 120,000 

m3/day of desalinated fresh water supplied to Aktau city [25]. The reactor operated for 20 years 

until the end of 1993 and was decommissioned in 1998. During the lifetime of BN350, there were 

major sodium leaks in two steam generators [26]. The studies in Russia slowed down drastically 

after the nuclear disaster in Chernobyl in 1986. In the late 1980s interest in inherently safe reactor 

concepts surfaced again and the molten salts concept was again studied for this purpose. However, 

due to changes in the economic and political environment and dissolution of the Soviet Union, 

many of the studies were halted including molten salts reactors. All  studies were well documented 

in a review by Ignatiev et al. [27] where the importance of  uncertainties and work needed on the 

MSR concept are detailed. Several similar reactors were built around the world as summarized in 

Table 1.3 along with the number of leaks during their time of operation due to corrosion. 

 

Table 1.3. Sodium-cooled breeder reactors with number of leaks [28]. 

Reactor BN 350 Phenix KNK II Superphenix BN-
600 

FBTR MONJU 

Country Soviet Union 

(now 
Khazakhstan) 

France Germany France Russia India Japan 

Operation 1973-1993 1975-
2010 

1977-
1991 

1985-1998 1981- 1985- 1995 

Leaks 15 31 21 7 27 6 1 

 

In 2001, an international co-operation framework was recognized as the Generation IV nuclear 

reactor Forum (GIF) to evaluate 130 nuclear reactor concepts and this forum consisted of 100 

experts from 10 different countries [29]. The following six technologically advanced and safe 

types of reactors were determined by GIF: 

 Gas cooled Fast Reactor (GFR) 

 Lead cooled Fast Reactor (LFR) 
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 Sodium cooled Fast Reactor (SFR) 

 Molten Salt Reactor (MSR) 

 Supercritical Water-cooled Reactor (SCWR) 

 Very High Temperature Reactor (VHTR) 

 

Following are the main objectives of the reactor technology concepts in GIF [30]: 

 Sustainability: - The reactors under GIF will provide long-term availability of systems 

and effective utilization of fuel for clean air objectives. Additionally, these reactors will 

also minimize nuclear waste and improve public health protection. 

 Economics: - The Generation IV nuclear reactors will be life cycle cost effective 

compared to other sources of energy. 

 Safety and reliability: - These reactors will have low risks of reactor core damage and 

will excel in reliability and safety. 

 Proliferation resistance and physical protection: - These reactors will be the least 

attractive routes for conversion of the fuel to nuclear weapons-grade material and will 

have increased protection against acts of terrorism. 

 

From data given in Table 1.3, it is evident that leakages have been a serious issue in the operation 

of these Generation IV MSR reactors. The reason for these leakages has been identified as 

corrosion of alloys by salts and other coolants used in these reactors [26]. Determining the 

mechanism of corrosion of alloys in molten salts is of great importance for the future of MSRs. 

The research objectives of the present study are therefore aimed at the issue of corrosion in molten 

salt reactors. 

 

1.6. Research objectives 

Despite their safety and efficacy, MSRs suffer from a major drawback due to corrosion of materials 

used in reactor construction. In recent years, there has been an increasing interest in understanding 

the corrosion mechanism and corrosion control of alloys in a molten FLiNaK salt environment. 

For that reason, the overall objective of this research was to investigate the corrosion behaviour of 

selected alloys in molten FLiNaK salt to analyze the corrosion process and design methods of 

minimizing the corrosion. To date, only very limited studies have been done to inhibit corrosion 
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in the FLiNaK salt environment by the application of coatings. Thus, novel metallic coatings need 

to be developed with the intention of improving corrosion resistance of alloys in a molten salt 

environment. To achieve this goal, the following objectives are undertaken: 

1. To analyze and compare the corrosion of selected alloys in a molten salt environment 

2. To understand and evaluate the mechanism of mass loss in the corrosion process 

3. To develop protective coatings for improvement of the corrosion resistance of the 

investigated alloys in a molten salt environment at high temperatures 

4. To test the coating performance in a molten salt environment and propose the 

mechanism of the corrosion process 

 

 

1.7. Thesis outline 

In this thesis, the development of coatings for the purpose of improving corrosion resistance of 

selected alloys in a molten salt environment is discussed and their corrosion behaviour before and 

after coatings are applied is analyzed based on characteristics of elemental diffusion and 

microstructural analysis of their structure. The outline of this thesis is as follows: 

 

1. In Chapter 1, the importance of nuclear energy is discussed. The fundamental operation 

of water-cooled reactors and molten salt-cooled reactors is explained. A detailed 

background of development of molten salt reactors is presented. The problem of 

materials corrosion in molten salts is introduced and research objectives are listed. 

2. In Chapter 2, the review of important studies is presented with the goal of understanding 

the mechanism of corrosion in the molten salt environment and selection of molten salts 

used in this study. A comprehensive discussion on solid-state diffusion of alloying 

elements is presented with a goal to calculate the effective diffusion coefficient in the 

molten salt environment. The corrosion prevention methods are discussed and the 

reasons for selection of base metals and coatings elements used in this study are 

presented. 

3. Chapter 3 of this thesis presents the alloys selected for this study along with their 

chemical composition. The experimental procedures for electrochemical deposition and 
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physical vapour deposition (PVD) are discussed. The corrosion testing setup used in this 

research is presented and, lastly, the characterization techniques used are elaborated. 

4. Chapter 4 focuses on results and discussions of extensive testing of AISI 316 steel in a 

molten FLiNaK salt environment. The effective diffusion coefficient of chromium 

through the alloy was evaluated in the actual corrosion environment. 

5. The focus in Chapter 5 is to evaluate the corrosion resistance of alloys (Hastelloy® N, 

AISI 304 stainless steel, AISI 316 stainless steel, Haynes® X-750) in a molten FLiNaK 

salt environment at 700 °C. 

6. In Chapter 6, the results obtained from Ni deposition on AISI 316 steel samples and 

their corrosion response in the molten FLiNaK salt environment are reported. The 

effective diffusion coefficient of Cr in the Ni coating was also determined.  

7. Chapter 7 presents the Ni-Mo coating on AISI 304 steel and the corrosion testing and 

analysis at 700 °C in a molten FLiNaK salt environment.  

8. The results from a detailed corrosion analysis of the Ni coating with and without a SiC 

diffusion barrier in a molten FLiNaK salt environment are presented in Chapter 8.  

9. An overall summary, conclusions and original research contributions are presented in 

Chapter 9. 

10.  In Chapter 10, the recommendations for future work are suggested.  
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Chapter 2. Literature review 
 

2.1. Overview 

This chapter reviews the important studies conducted in this field of research with a goal to 

understand the selection of molten salts used in the present study and the corrosion mechanisms 

of alloys in a molten salts environments. The basic corrosion control methods are discussed, and 

the selection of coatings for the current study is explained in detail. 

 

2.2. Selection of salts 

The first and most important criterion for a salt to be used as a coolant in MSR is its low thermal 

neutron capture cross-section. The neutron cross-section of a nucleus is the ability of the nucleus 

to absorb the neutrons. Evidence suggests that the neutron cross-section of the salt components 

must be < 1 barn [31]. This means the salts used as a coolant in an MSR should not absorb the 

neutrons and slow down the nuclear reaction. Additionally, in an MSR, the nuclear fuel is mixed 

with the salts, therefore, the salts must dissolve more than a sufficient concentration of fissionable 

fuel in it at the operating temperature of the MSR [32]. The other important properties of salts 

required for MSR application are [32,33]: 

 

1. Stability in the intense radiation environment 

2. Chemical stability at elevated temperature (700–850 °C) 

3. Low melting point (< 500 °C) 

4. Ability to dissolve fissile materials 

5. Compatibility with reactor construction materials and alloys 

 

The complete salt selection criteria are also presented in Figure 2.1 [32]. The list of eligible salts 

with a low neutron cross-section is given in Table 2.1, along with the cause of exclusion of certain 

salt elements. The salts with Li, F, Be, B, Zr and Na are suitable and stable at the operating 

temperatures of the MSR, which range from 700 °C to 850 °C. 
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Figure 2.1. Molten salts selection criteria for molten salt reactor application [32]. 
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Table 2.1. List of eligible elements for molten salts for MSR application [31]. 

Element Neutron cross-

section 

Cause for exclusion 

Fluorine 0.009 OK – suitable salts exist 

Beryllium 0.010 OK – suitable salts exist 

Lithium-7 0.033 OK – suitable salts exist 

Boron-11 0.05 OK – suitable salts exist 

Sodium 0.53 OK – suitable salts exist 

Zirconium 0.18 OK – suitable salts exist 

Rubidium 0.37 OK – suitable salts exist 
Nitrogen-15 0.000024 Stability and compatibility 
Oxygen 0.0002 Stability and compatibility 

Deuterium 0.00057 Stability and compatibility 
Hydrogen 0.33  
Carbon 0.0033 No thermo-stable liquids 
Bismuth 0.032 Not compatible with alloys 

Magnesium 0.063 No low-melting salts exist 
Silicon 0.13 Not compatible with alloys 
Lead 0.17 Not compatible with alloys 
Phosphorus 0.21 Stability and compatibility 

Aluminum 0.23 No low-melting non-volatile salts 
Calcium 0.43 No low-melting salts exist 
Sulphur 0.49 Stability and compatibility 
Chlorine-37 0.56 Less attractive than F 

Cerium 0.7 No low-melting salts exist 
Tin 0.6 Not compatible with alloys 

 

 

The alkali fluorides, fluoroborates, ZrF4 salt mixtures, and chloride salts have low vapour pressure 

and are chemically stable, making them more attractive for MSR applications [16,33–35]. The 

melting points of individual salts are high: LiF 845 °C, NaF 993 °C, KF 858 °C, and BeF2 554 °C, 

which can lead to the salts’ freezing in the heat exchanger due to the large temperature drop that 

occurs there. Therefore, to avoid this salt freezing, salts must have low melting points. One way 

to obtain a low melting point is to create a eutectic mixture of compatible salts.  Such mixtures of 

salts with low melting points have been proposed to be used in an MSR [36].  Table 2.2 lists the 

different salt mixtures along with their physical properties and heat transfer properties. Among the 

salt mixtures, FLiBe and FLiNaK are the most studied because of their chemical stability at high 

temperatures, ability to dissolve fissile material and low melting points. The beryllium fluoride in 

the FLiBe salt mixture is highly toxic and therefore if used in research, extra care must be give n 
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to its handling. On the other hand, FLiNaK is relatively easy to handle and is inexpensive. 

Moreover, the corrosion mechanism is the same in both FLiBe and FLiNaK [37]. In the present 

research, the mixture of LiF-NaF-KF (FLiNaK) with mol% 46.5-11.5-42 was used to study the 

corrosion of materials.



 

 
 

1
5

 

Table 2.2. Physical properties of salt mixtures and heat transfer properties at 700 °C of different salts mixtures proposed for MSR 
application [36]. 

 
Melting point 
(°C) 

Vapour pressure 
(mm Hg) 
at 900 °C 

Density 
(g/cm3) 

Volumetric 
heat capacity 
(cal/cm3-C) 

Viscosity 
(cP) 

Thermal 
conductivity 
(W/m-K) 

       

LiF-BeF2 460 1.2 1.94 1.12 5.6 1 

NaF-BeF2 340 1.4 2.01 1.05 7 0.87 

LiF-NaF-BeF2 315 1.7 2 0.98 5 0.97        

LiF-ZrF4 509 77 3.09 0.9 >5.1 0.48 

NaF-ZrF4 500 5 3.14 0.88 5.1 0.49 

KF-ZrF4 390 
 

2.8 0.7 <5.1 0.45 

Rb-ZrF4 410 1.3 3.22 0.64 5.1 0.39 

LiF-NaF-ZrF4 436 5 2.79 0.84 6.9 0.53        

LiF-NaF-KF 454 0.7 2.02 0.91 2.9 0.92 

LiF-NaF-RbF 435 0.8 2.69 0.63 2.6 0.62 
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2.3. Selection of materials 

The main requirements for construction materials to be used in an MSR are: 1) high-temperature 

strength, 2) resistance to oxidation in air, 3) resistance to corrosion in a molten salts environment, 

and 4) stability in a radiation environment [38,39]. The high temperature strength can be achieved 

by the addition of  alloying elements (Cr, Mo etc.) [40]. There exist numerous alloys for high 

temperature application that can maintain their strength at elevated temperatures. The resistance 

to oxidation in the air is required for alloys in MSRs since the pipes containing molten salts are 

exposed to air from the outer surface. Some alloys attain this resistance to oxidation in air by 

forming an oxide layer (Cr, Si or Al oxide) on their surface [41]. However, this protective oxide 

layer, on the salt side, is soluble in molten salts and hence passivation of alloy in contact with 

molten salt is precluded [11]. Resistance to corrosion in molten salts, on the other hand, is the 

major focus of this study and can be enhanced either by alloying addition or by coatings 

application. The irradiation stability of alloys is also of concern since the radiations can alter the 

mechanical properties of the alloys by introducing defects such as cavities and helium bubbles into 

the microstructure of the alloy [42]. Materials that are either stable in a radiation environment or 

least affected by radiation are recommended for MSR application. 

 

To develop an alloy for use in a molten salt environment, a study was conducted in 1969 where Ni 

was chosen as the major constituent of the alloy because of its excellent resistance to corrosion in 

a fluoride salts environment and Mo was added to provide high temperature strength by solid 

solution strengthening [43]. Different alloying elements such as Fe, Nb, V, Cr, W, Ti, and Al etc., 

were added in the Ni-Mo alloy to evaluate the corrosion resistance in molten fluoride salts [43]. 

This research demonstrated that the increasing order of corrosion susceptibility for different 

alloying elements when added in this alloy was in this order: Fe, Nb, V, Cr, W, Ti, and Al [43]. 

Aluminum was the worst candidate to be used as an alloying element in forming alloys to use in 

MSRs [44]. This trend of higher susceptibility to corrosion for alloying elements in a molten 

fluorides salts environment was strongly supported by their Gibbs free energy of formation of 

fluoride (Figure 2.2) [45]. Additionally, a study conducted by Olson et al. [45] concluded that 

nickel alloy Ni-201 with 99% Ni by weight had the best corrosion resistance in the fluoride salts 

environment. These studies [43,45,46] indicate the inertness of Ni against corrosion in molten 

fluoride salts.  On the other hand, Cr was found to be the most active alloying element participating 
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in this type of corrosion reaction [36,47,48]. The high Cr activity in the molten salt environment 

could be attributed to its large negative Gibbs free energy of formation of fluoride at elevated 

temperatures 700°C–850°C [38,45,49–51]. Therefore, ideally the alloy should not contain any Cr. 

However, at the same time, Cr is needed to form a protective chromium oxide layer on the air side 

of the reactor. After extensive research at Oak Ridge National Laboratory, researchers found that 

the Ni- 17% Mo alloy must have at least 7 % Cr in it to form a protective chromium oxide layer 

[44]. Finally, alloy INOR-8, now known as Hastelloy® N, with 17% Mo, 5% Fe, 7% Cr, and 

balanced Ni was developed with optimum high temperature strength and corrosion resistance in 

the fluoride salts environment [43].  After corrosion tests in molten fluoride salt for the duration 

of 500 h to 12,000 h, INOR-8 showed a corrosion rate of 0.5 MPY (mills per year) [52]. These 

results indicate that the INOR-8 had the best corrosion resistance among high temperature alloys  

in a molten salt environment [52]. A major problem with this experiment, however, was that the 

effect of prolonged annealing at elevated temperature on solid solution strengthening of the alloy 

was not evaluated. Recently, this issue resulted in Hastelloy® N not being qualified for use in 

molten salt reactors under ASME Boiler and Pressure Vessel Code, Section III [53]. The specific  

reasons for this exclusion were the structural instability after annealing at high temperature and 

the embrittlement of Hastelloy® N with fission product tellurium [54]. 

 

Previous studies have reported that Cr was the most corrosion susceptible alloying element in 

Hastelloy® N and was diffusing out from the alloy into the molten salt [55]. Traces of Cr were 

detected in the molten salts after corrosion tests [56]. Later, many studies were conducted to 

understand the corrosion of Hastelloy® N and other high temperature alloys in molten fluoride salt 

environments, which are discussed in detail in section 2.4. 

 

Considering the corrosion susceptibility of Cr in molten salts and acknowledging the importance 

of having a minimum of 7% Cr requirement in Ni-17%Mo alloys, it is important to study the 

corrosion mechanism of Cr-bearing alloys in the fluoride salts environment. Therefore, in the 

present research, the materials were selected based on the Cr concentration present in them, their 

high temperature strength and previous use at high temperature. Since Cr depletes from the alloy 

to the molten salts at high temperature, the goal was to assess the Cr depletion and corrosion 

resistance of four different alloys: Hastelloy® N (7% Cr), AISI stainless steel 304 (18.10% Cr), 
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Haynes® X-750 (17% Cr), and AISI stainless steel 316 (16.77% Cr) in a molten FLiNaK 

environment. 

 

2.4. Corrosion mechanism 

Corrosion may be defined as the destruction or deterioration of the material because of reaction 

with its environment [57] or it may be described as degradation of the material’s properties due to 

interactions with its environment [58]. The corrosion in general can be divided into three major 

groups [59]: 

 

1. Wet corrosion, where the corrosion environment is water and its solutions 

2. Corrosion in other fluids, where the corrosion environment is molten salts or liquid 

metals 

3. Dry corrosion, where the corrosion is taking place in the air environment, also known 

as chemical corrosion   

 

Although molten salts offer many advantages when used in an MSR as a coolant, they can also be 

highly corrosive to the structural alloys comprising the reactor construction materials [60,61]. In 

the pure alkali fluoride salts (LiF, NaF, KF) the metal would react by reaction given in equation 

2.1: 

 

 𝑥. 𝑀𝑒 + 𝑦. 𝑀F = 𝑀𝑒xFy + 𝑦. 𝑀 2.1 

 

where M is Li, K, or Na and Me is Fe, Ni, Co, Cr or Al. Additionally, there are multiple factors 

that affect the rate of corrosion such as the impurities present in the salts, temperature gradient, 

galvanic coupling of different materials in the salts environment, and the redox potential of the 

salts [51]. It is difficult to isolate one factor while studying corrosion in molten fluoride salts since 

these factors are inter-related to each other. However, in the upcoming subsections, an effort has 

been made to describe these corrosion factors in detail. 
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2.4.1. Thermodynamics of corrosion in molten fluoride salts 

Some of the recommended alloys to use at high temperature form a passive oxide layer on their 

surface that protects them from further oxidation: e.g., chromium oxide on steels, aluminum oxide 

on aluminum metal, and silicon oxide on silicon metal. This passive oxide layer, however, is only 

stable under certain environmental conditions. In an MSR, these oxide layers of alloys are soluble 

in molten salts and therefore, alloys are unable to maintain a protective layer on their surface [62]. 

For illustration, stainless steels have a chromium oxide layer on their surface, which dissolves in 

molten fluoride salts; thereafter, more Cr diffuses out from the steel to the surface and dissolution 

of Cr in molten salts continues until thermodynamic equilibrium is reached. The rate of corrosion, 

in this case, depends on the rate of diffusion of Cr from the alloy to the surface of the alloy [63]. 

This corrosion reaction is mainly driven by the thermodynamics of molten salts and the alloy 

system [52,64]. The Gibbs free energy of formation of the fluoride of different elements could be 

used to predict the corrosion-prone elements in a molten fluoride salts environment [48]. The 

Gibbs free energy of formation of fluoride for different elements at 700 °C is shown in Figure 2.2. 

This was not evaluated at other temperatures since the corrosion tests in the present work were 

conducted at 700 °C, which is a commonly tested temperature for molten salt corrosion [65–68]. 

 

 

Figure 2.2. Gibbs free energy of formation of fluorides for different elements at 700 °C [45] 
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From Figure 2.2, aluminum has the highest negative Gibbs free energy of formation of fluoride , 

except for the salt constituents (Li, Na, K); hence it is the alloy element most prone to corrosion 

in molten salts. The negative Gibbs free energy is the necessary condition for the forward reaction 

to form fluoride; however, the rate of reaction could be controlled by other factors such as the 

concentration of elements, temperature, activity, and diffusivity, etc. Interestingly, the energy 

levels of the salt constituents (Li, K, Na) are even more negative than the corrosion products, 

indicating the corrosion by fluoride formation of alloying elements must be limited [36]. However, 

these reactions are not straightforward since corrosion in molten salts could be initiated by other 

controlling factors such as impurities present in salts, galvanic coupling of metals and more, as 

described in upcoming subsections. 

 

2.4.2. Impurity driven corrosion 

Fluoride salt mixtures (FLiNaK/FLiBe) usually have impurities such as metal fluorides, hydrogen 

fluoride, and/or moisture. It is possible to purify the salts from impurities such as metal fluorides 

and HF; however, since salts are hygroscopic, complete removal of moisture is extremely difficult 

and an expensive procedure. Previous research has revealed that the corrosion in molten fluoride 

salts could be initiated by one of the following means [69]: 

 

1. Impurities in the salt: Impurities in the salts such as HF, FeF2, NiF2 can react with Cr in 

the alloy to form CrF2 as shown in equations from 2.2 to 2.4: 

 

 NiF2 + Cr → CrF2 + Ni 2.2 

 2HF + Cr → CrF2 + H2 2.3 

 FeF2 + Cr → CrF2 + Fe 2.4 

 

2. Nickel oxide on alloy: The nickel oxide layer on the alloys can also initiate the 

corrosion. The nickel oxide reacts with fluoride salt to form nickel fluoride as shown in 

equation 2.5 [31]. This nickel fluoride product, when formed, can then react with Cr to 

form chromium fluoride as shown in equation 2.2. Ultimately, this results in dissolution 

of Cr from the alloy. 
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 NiO + 𝑀F2 → NiF2 + 𝑀O 2.5  

 

where M can be Li, K, or Na. 

3. Moisture: Water present in the salts and environment during operation of an MSR can 

initiate the corrosion by first forming hydrogen fluoride after reacting with alkali 

fluoride salt, as shown in equations 2.6 and 2.7. The hydrogen fluoride product formed 

then reacts with metals in the alloys to form metallic fluorides, as shown in equation 

2.8. These metallic fluorides thereafter react with Cr to form chromium fluoride, as 

shown in equations 2.2 and 2.4. Like corrosion initiation by nickel oxide, the corrosion 

by moisture eventually consumes Cr from the alloy if present. 

 

 𝑀F(l) + H2O(g) → 𝑀OH(l) + HF(g) 2.6 

 

where M can be Li, K, or Na. 

 

 2𝑀F(l) + H2O(g) → 𝑀2O(l) + 2HF(g) 2.7 

 𝑥. 𝑀𝑒 + 𝑦. HF → 𝑀𝑒𝑥 F𝑦 +
𝑦

2
H2 

2.8 

 

where Me is the metal elements from the alloy such as Cr, Ni, Fe, Al etc. 

 

Ouyang et al. [70] studied the effect of moisture present in FLiNaK on corrosion of Ni based 

alloys. They found that the moisture accelerated the corrosion, and the mass loss was due to the 

depletion of Cr and Mo from the alloy. The mass loss varied linearly with Cr content in the alloy 

and 1/3rd of the Mo content of the alloy in the presence of moisture in salts [70]. In contrast, another 

study where moisture was removed using stringent salt purification methods showed the weight 

loss from alloys due to corrosion was only related to Cr content [45]. These studies indicate that 

the moisture present in salts can lead to dissolution of other less active alloying elements (Mo, Fe) 

in addition to Cr. 
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Another typical impurity is HF, which can either be present in salts or can be formed in salts after 

interaction with moisture and can accelerate the corrosion. In one study, M. Kondo et al. [71] 

investigated AISI 304 and AISI 316L in molten fluoride salts at 500 – 600 °C for 1000 h and 

concluded the HF dissolved in molten salt caused corrosion by dissolution of Cr and Fe in both 

steel samples with a corrosion rate of 10.6 µm/year for AISI 304 and 5.4 µm/year for AISI 316L 

[71]. Likewise, in another study, Ni based superalloys were tested in a fluoride salt environment 

for 1000 h at 500 – 600 °C and the Cr was seen to be dissolving in molten salts in the presence of 

HF in molten salts [72]. Overall, these studies revealed HF tended to accelerate the corrosion of 

alloys in the fluoride salts environment. 

 

Palvik et al. [73] studied the effect of metal fluoride impurities (CrF3, FeF3, FeF2, NiF2) present in 

molten salt on the corrosion rate of Inconel® 800H/HT and observed the corrosion rate increased 

with increasing concentrations of impurities in the static salt test specimen. In a similar study, Yin 

et al. [65] studied the corrosion of Hastelloy® N and AISI 316L stainless steel in FLiNaK with an 

added impurity CrF3 0.4 wt.% and noticed an increase in the corrosion rate. The corrosion reactions 

that can occur because of CrF3 impurity are shown in equations 2.9 – 2.11[65]: 

 

 2CrF3 + Cr → 3CrF2  2.9 

 3CrF3 + 1.5Fe → 3CrF2 + 1.5FeF2 2.10 

 3CrF3 + 1.5Mn → 3CrF2 + 1.5MnF2 2.11 

 

Other scholars, Ye et al. [74], studied the effect of iron ion impurity on corrosion of Hastelloy® N 

in the FLiNaK salt environment. They found that Mo and Cr were depleting from the alloy into 

the salt. A Fe rich layer was also formed on the alloy surface due to deposition of Fe from the salt 

[74]. In the same vein, impurities such as H2O and Cr3+ appeared to accelerate corrosion of Fe and 

Cr in the FLiNaK environment; however, Ni was not affected by the Cr3+ impurity and the 

corrosion rate increased to four times when 2% H2O was added to the FLiNaK [75]. The impurit ies 

from air can also affect the corrosion rate of alloys in the FLiNaK environment as reported by 

Fukumoto et al. [76]. The authors observed the corrosion rate to double in the presence of air in 

comparison to argon gas [76]. Ouyang et al. [77] also studied the corrosion of Hastelloy® N and 

Hastelloy B3 in a moisture-containing FLiNaK environment for a duration of up to 1000 h. They 
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found that the corrosion was rapid initially because of the impurities present in salt and speculated 

the reason for the subsequent decreased rate of corrosion was the depletion of corrosive alloying 

elements on the surface; thereafter the corrosion was controlled by solid state diffusion of corrosive 

elements through the depleted zone [78]. Overall, these studies indicate that the presence of 

impurities in the FLiNaK salt mixture can lead to accelerated corrosion of alloys during the initial 

exposure; therefore, rigorous purification methods have been applied to eliminate  impurities from  

salts [12,79]. These methods involved heating  salts at 100–300 °C for 24 – 48 h and sparging HF 

through the salt in addition to storing the salts in a glove box [60,80–84]. 

 

In the present study, the salts used were ≥ 99% ACS (American Chemical Society) reagent; 

however, salts used are hygroscopic and therefore may have absorbed moisture from the air. The 

salts were not purified, and no method was used to remove the moisture. Therefore, the limitation 

of the current study was these salts with moisture (if any) may have resulted in accelerated 

corrosion. 

 

2.4.3. Corrosion driven by fuel and fission products  

The nuclear fuel uranium tetrafluoride, present in the salts, can react with Cr in the alloys to form 

uranium trifluoride, as shown in equations 2.12 and 2.13: 

 

 2UF4 + Cr → 2UF3 + CrF2 2.12 

 3UF4 + Cr → 3UF3 + CrF3 2.13 

 

This reduction of UF4 with Cr to produce CrF2 or CrF3 depends greatly on the corrosion media 

[43]. In NaF-ZrF4 or NaF-BeF2 salts mixtures, the CrF2 is produced as shown in equation 2.12. 

However, in a FLiNaK-UF4 medium both CrF3 and CrF2 are produced. At equilibrium, the reaction 

produces 80% of the trivalent Cr ions in the mixture as shown in the net reaction equation 2.14 

[43]: 

 

 2.8UF4 + Cr → 2.8UF3 + 0.2CrF2 + 0.8CrF3 2.14 
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The trivalent Cr formed can accelerate the corrosion of alloys by nonelectric charge transfer as 

shown in equation 2.15 [85]: 

 

 3Cr2+ ⇋ 2Cr3+ + CrFe(Alloy) 2.15 

In summary, the nuclear fuel present in the salts also accelerates the dissolution of Cr from the 

alloy surface. Following this, the rate of Cr dissolution depends only on the diffusion of Cr from 

the alloy to the surface. The present study assumes that impeding this diffusion can result in 

improving resistance to Cr dissolution. 

 

Another significant problem with nuclear fuel added in salts is fission products. MacPherson 

recommends removing the fission products as much as possible [21]. If not removed, such fission 

products as Te have been observed to cause inter-granular cracking in Ni based alloys [22,86–88]. 

Cheng et al. [89] studied the Ni–16% Mo–7% Cr–4% Fe alloy corrosion in Te vapours at 800 °C 

and noticed that the corrosion occurred by inward diffusion of Te into the alloy. The diffusion 

mechanism was seen to be intergranular in nature and in just 100 h the Te penetrated to the depth 

of 110 µm and CrTe alloy was detected at the grain boundaries [89]. Other researchers, Lu et al.  

[90], studied the corrosion of pure Ni samples plated with Te for 100 h at 1000 °C. They found 

that NiTe compounds formed at the grain boundaries by inward diffusion of Te and substitution 

of the Ni atoms with outward relaxation of neighbouring Ni atoms. These findings indicate the 

increased corrosion of alloys/metals by inward diffusion of Te [89,90]. Therefore, to inhibit this 

type of corrosion, active removal of fission products from the salt mixture is required. 

Alternatively, this corrosion of alloys by Te diffusion could also be controlled by [U(IV)]/[U(III)] 

ratio. Ignatiev et al. [88] observed that low ratios, such as < 20, decrease the corrosion in Ni, Mo, 

Cr and Nb alloys.  

 

2.4.4. Temperature gradient controlled corrosion 

The heat from the molten salt reactor must be transferred to an intermediate cooling medium as 

shown in Figure 1.2 and, therefore, there exists a temperature drop at the cold leg of an MSR where 

it contacts the heat exchanger. Due to this temperature drop, a temperature gradient exists between 

the hot and cold legs of the MSR. 
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In molten salts corrosion, Cr dissolution from the alloy to the molten fluoride salts continues until 

equilibrium concentration of Cr in salt is reached [56]. This equilibrium concentration of Cr 

depends on the temperature and therefore the dissolution takes place in the hot leg and Cr 

deposition takes place in the cold leg [62]. Usually the weight loss has been observed in the hot 

leg with weight gain observed in the samples extracted from the cold leg [91]. Due to this 

temperature gradient, the long-term corrosion of the structural alloy will continue even after the 

corrosion rate due to impurities has decelerated significantly. In a study conducted on Hastelloy®  

N and stainless steel AISI 304L for durations of 3000 to 20,000 h in molten salt loops with 

temperatures ranging from 450–704 °C, the Cr and Fe were seen to transfer from the hot leg to the 

cold leg of the salt loop causing large void formations in hot leg alloys [92]. This mass transfer 

mechanism is better illustrated in Figure 2.3. It is possible to control this corrosion by controlling 

the diffusion of elements from the alloy to the alloy surface. 

 

 

Figure 2.3. Temperature gradient mass transfer in molten salts loop [93]. 

 

2.4.5. Redox potential driven corrosion 

The oxidation potential of the molten salts directly depends on the oxidation states of cation in 

molten salt, which can exist in multiple oxidation states. Lowering the oxidation potential of the 

salts by adding reducing agents could be useful in mitigating the corrosion in the molten salts. 



   

 

26 
 

However, caution must be taken to analyze the negative effects of added reducing agents on 

physical and heat transfer properties of the salts. In MSRE, the ratio of  U4+ to U3+ controlled the 

redox potential of fluoride salts and was measured using the Nernst equation 2.16 [94]: 

 

 
𝐸fuel salt = 𝐸UF4 UF3⁄

0′
+

2.3RT

F
log

𝑥(UF4)

𝑥(UF3)
 

2.16 

 

where R is the ideal gas constant (J/mol/K), T is the temperature (K), F is the Faraday’s constant 

(C/mole) and E0´ is the standard potential of the UF4/UF3 redox system. Since controlling redox 

potential in salts can mitigate the corrosion in a fluoride salt environment, it is important to 

measure the redox potential of the salts at the operating conditions , which is an intricate task. 

Previous attempts have been made to measure the redox potential at high temperatures using 

electrochemical sensors consisting of three electrodes: working electrode, reference electrode, and 

counter electrode [95–98]. These methods of measurement, however, are not reliable for non-

isothermal and actual reactor operating conditions and issues such as long wetting times, 

degradation of reference electrode, and potential drift still need to be addressed [99]. Alternatively, 

optical methods can also be used to calculate the redox potential by measuring the concentration 

of different species in the salts using FTIR (Fourier-Transform Infrared Spectroscopy) or 

monochromatic spectrometer. However, measuring the concentration on a nuclear reactor site and 

erroneous calculations render this method very challenging. 

 

Yet another obstacle, after measuring the redox potential, is to control the redox potential. There 

are three methods to control the redox potential of the molten salts: 1) the gas control method (e.g., 

HF/H2); 2) the dissolved salt control method (e.g., U4+/U3+); and 3) the major metal control method 

(e.g., Be2+/Be0). However, these methods have their own limitations. For instance, the gas control 

method may result in non-uniform molten salt chemistry; the dissolved salt control method 

requires continuous addition of uranium fluoride to control UF4/UF3; and introduction of the major 

metal Be may result in a high concentration of UF3 in salt, which can change the physical properties 

of the molten salts [99]. 

 

In an interesting study, Ignatiev et al. [88] examined corrosion of Ni-based alloys at 725–750 °C 

in an environment of LiF-BeF2 (FLiBe) and ThF4-UF4 with added Cr3Te4. The researchers 
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observed corrosion to be controlled by the redox potential of UF4/UF3. The UF4/UF3 ratio was 

varied from 0.5 to 500 and corrosion was minimal at low UF4/UF3 ratios [88]. Other studies also 

concluded that lowering the oxidation potential of the salt by adding Be can mitigate the corrosion 

in a fluoride salt environment [100,101]. Yet another study involving Ni based alloys tested in 

58NaF–15LiF–27BeF2 with 100 °C of temperature drop between the hot and cold legs showed the 

low redox potential resulted in slow and uniform corrosion [102]. Hence the redox potential is an 

important variable in corrosion in a fluoride salt environment. However, new methods to measure 

and control the redox potential of salts still need to be developed. Additionally, even after 

controlling the redox potential of salts, slow and steady corrosion still exists and this calls for 

another method of corrosion control such as coatings, which are developed in the present work to 

mitigate corrosion of alloys in a molten salts environment. 

 

2.4.6. Galvanic coupling corrosion 

The design for an MSR may involve the use of different materials that may have different corrosion 

potential and thus be prone to galvanic corrosion. Galvanic corrosion normally occurs at a 

macroscopic level where two or more materials with different electromotive potential are in 

contact with an electrically conductive medium. However, it can also happen at a microscopic 

level such as between an alloy matrix and precipitates [45,103]. The electromotive force potentials 

have been known for common metals in aqueous solution; however, in a molten salt environment 

this ranking has not yet been developed. To date, a few studies have been directed at galvanic 

corrosion in a molten salt environments such as Hara et al. [104], who measured the galvanic 

current between Ni and Pt in Na2CO3 at 900 °C in an Ar and O2 environment. Mo et al. [66] 

observed the galvanic current between Ni and NiCr samples at 900 °C in molten Na2SO4 salt. Zeng 

et al. [105] studied the corrosion of dual phase Ni-20Cr-20Cu and Ni-20Cr-30Cu (mass %) in 

eutectic (Li/K)2CO3 at 650 °C. They observed that the accelerated corrosion occurred due to 

galvanic coupling of two phases (Cu rich and Cu depleted) in a dual phase alloy [105]. Similar ly, 

Kondo et al. [37] observed that the corrosion of steel in FLiNaK at 700 °C was three time larger 

in Ni crucibles than in JLF-1 alloy (8.92Cr–2W-Ni) crucibles, and the high corrosion was 

attributed to a different electrochemical potential between the crucible material and test specimen. 

Other scholars, Olson et al. [45], studied the various Ni based alloys in FLiNaK at 850 °C and 

found the corrosion was 20 times more in Incoloy® 800H alloy samples in a graphite crucible than 
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in an Incoloy® 800H crucible. In another detailed study, Wang et al. [66] tested pure Ni, Cr and 

Fe galvanic couples in FLiNaK at 700 °C and found a large potential difference between Ni and 

Cr galvanic couple. Cr was found to be the anode for the Ni-Cr and Fe-Cr galvanic couple and 

dissolution of Cr was accelerated because of the galvanic coupling [66]. Yet another study by Qiu 

et al. [67], determined the container material (graphite) accelerated the corrosion of Cr in a FLiNaK 

salt environment at 700 °C. Koger et al. [106] studied Hastelloy® N with another Cobalt based 

alloy (Haynes alloy No. 25) in a fluoroborate salt mixture. The researchers saw Co and Cr depleted 

from the Haynes alloy No. 25 and found deposits of Cr and Co on the loop pipes and Hastelloy®  

N specimen. 

 

Overall, these studies illustrate the role of galvanic coupling in accelerating the corrosion of alloys 

in a molten fluoride salts environment. To control this type of galvanic corrosion in MSRs, one 

type of material use for the entire construction of an MSR was discussed in a report [107].  

 

2.4.7. Diffusion controlled corrosion 

This subsection seeks to detail the diffusion of elements in alloys/coatings during corrosion in 

molten salts environments. The corrosion of Cr-bearing alloys in a molten salts environment could 

be divided into two phases: Initial corrosion occurs where Cr is depleted from the salt-alloy 

interface [93]. Later more Cr starts to diffuse to the salt-alloy interface via solid-state diffusion 

from the alloy (Figure 2.4) and the depletion of Cr continues until the thermodynamic equilibr ium 

concentration of Cr is achieved in the molten salts [36]. 

 

 

Figure 2.4. (a) schematic showing initial Cr depletion occurs from the surface of the alloy, and 
(b) later, the Cr diffuses through the depleted zone to the surface and depletion continues. 



   

 

29 
 

 

After the initial depletion of Cr from the salt-alloy interface, the further Cr depletion process will 

be controlled by solid-state diffusion of Cr from the alloy matrix to the salt-alloy interface [69]. 

This is because the rate of diffusion of Cr ions in molten salts (10-7 m2/s) is faster than the diffusion 

of Cr in the Fe/Ni alloy (10-15 to 10-17
 m2/s) at the operating temperature of 700°C [55,63,108,109]. 

Therefore, it becomes important to study the diffusion of Cr in the alloy matrix and in the coatings 

deposited on the Cr-bearing alloys for corrosion prevention. The diffusion coefficients could be 

expressed by empirical Arrhenius relation [110]: 

 

 
𝐷 = 𝐷0. 𝑒−

𝑄
R.𝑇 

2.17 

 

where D is the diffusion coefficient, D0 is the pre-exponential factor, Q is the activation energy, R 

is the gas constant, and T is the temperature. 

 

The diffusion can further be classified using the crystal microstructure; the diffusion occurring 

through the crystal lattice involves the lattice diffusion coefficient (𝐷𝑙) also known as volume or 

bulk diffusion coefficient while the diffusion occurring via grain boundaries involves the grain 

boundary diffusion coefficient (𝐷𝑔𝑏). There is also a third type of diffusion coefficient known as 

the overall diffusion coefficient or effective or measured diffusion coefficient (𝐷𝑒𝑓𝑓). This is 

required since in polycrystalline materials (materials with multiple grains oriented in a random 

manner) the diffusion occurs simultaneously via the grain boundaries and lattice. 

 

Since diffusion can occur via grain boundaries and/or through the lattice, Harrison introduced 

kinetic regimes to classify different types of diffusion occurring in materials [111]. These kinetic 

regimes depend on the data obtained from concentration profiles of a diffusion element [110]. The 

three possible regimes shown in Figure 2.5 depict the conditions necessary for each regime [111]. 

In the type A regime, the diffusion contours from the overlap of grain boundaries and after long 

anneals at high temperatures and/or with smaller grain size [110]. The condition required for the 

type A regime to occur in a material is: The lattice diffusion length (√𝐷𝑙𝑡) must be larger than the 

spacing between the grain boundaries [110]: 
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 lattice diffusion length = √𝐷𝑙𝑡  ≫ 𝑑 2.18 

 

where Dl is the lattice diffusion coefficient, d is grain size and t is the time for annealing. 

 

In the type C regime, only grain boundary diffusion occurs. The diffusion distance in the lattice 

must be small and the condition for a type C kinetic regime may given by the expression [111]: 

 

 √𝐷𝑙𝑡  ≪ 𝛿 2.19 

 

where 𝛿 is the width of the grain boundary. 

 

In the type B regime, both grain boundary and lattice diffusion occurs simultaneously and the 

condition necessary for this diffusion regime is given by [111]: 

 

 𝛿 ≪ √𝐷𝑙𝑡  ≪ 𝑑 2.20 

 

 

 

Figure 2.5. Schematic showing concentration profiles of the different kinetic regimes proposed 

by Harrison [111]. 

 

At the macroscopic level, polycrystalline materials obey Fick’s law with an effective coefficient 

of diffusion Deff, which could be calculated from Hart’s equation [110–112]: 

 

 𝐷𝑖
𝑒𝑓𝑓

= 𝑓. 𝐷𝑔𝑏 + (1 − 𝑓). 𝐷𝑙 2.21 
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where Dgb is the grain boundary diffusion coefficient, 

𝐷𝑙 is the lattice diffusion coefficient, 

f is 
(𝑞.𝛿)

𝑑
, which is the volume fraction of grain boundaries in a polycrystalline material, 

q depends on the grain shape; it is 1 for parallel grains and 3 for square grains, 

𝛿 is the grain boundary width, 

and d is the size of the grain. 

 

A modified form of this equation could be used if the diffusion elements tend to segregate at the 

grain boundaries [112]: 

 

 𝐷𝑖
𝑒𝑓𝑓

= 𝑠. 𝑓. 𝐷𝑔𝑏 + (1 − 𝑓). 𝐷𝑙 2.22 

 

where s is the segregation coefficient, which represents the ratio of concentration of diffusing 

elements at the grain boundary to the concentration in the grains. 

 

To measure the diffusion coefficient experimentally, Fick’s second law of diffusion could be used, 

which expresses the relationship between concentration, diffusion length and time and is given by 

(assuming diffusion coefficient D is independent of concentration): 

 

 𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 
2.23 

 

The effective diffusion coefficient could be calculated empirically from the concentration profiles 

of the diffusion couples [113]. The appropriate solution of equation 2.23 with boundary conditions 

at t=0, C(x<0)=C0 and at t=0, C(x>0)=0 and with instantaneous source of diffusing element could 

be given by [114]: 

 

 
𝐶(𝑥, 𝑡) =

𝐶0

2
. erfc (

𝑥

2. √𝐷. 𝑡
) 

2.24  
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where C(x,t) is the concentration of a diffusing element (Cr) at the distance x and at time t, and 𝐷 

is the effective diffusion coefficient. The origin of x-axis in this expression is at the Matano 

interface and under ideal conditions the Matano interface occurs at the initial alloy-coating 

interface position [115]. The Matano interface is the interface where mass flow in one direction 

equals the mass flow in the opposite direction during diffusion (Figure 2.6); this can further be 

expressed mathematically as [116]: 

 

 
0 = ∫ 𝑥𝑑𝐶

𝐶𝑖
𝑝

0
 

2.25  

 

where 𝐶𝑖
𝑝
 is the initial concentration of element p in the substrate.  

 

Figure 2.6. Graphical representation of the Matano plane Xm; the volume diffusion element 
leaving from one side equals the volume diffusion element entering from the other side. 

 

If the diffusion coefficient depends on the concentration of diffusing elements then an accurate 

method developed by Matano called Boltzmann-Matano analysis can be used to calculate the 

effective diffusion coefficient  𝐷(𝐶∗) at any concentration C*, which is given by [110,117]: 
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𝐷(𝐶∗) =

1

|2𝑡
𝛿𝐶
𝛿𝑥

|
𝑥∗

∫ (𝑥𝑚 − 𝑥)𝑑𝑐
𝐶∗

𝐶𝑅

 
2.26  

 

where the terms may be defined as shown in Figure 2.7 and xm is at the coating alloy interface 

(x=0) [115]. The concentration profile of diffusing elements can be collected using energy 

dispersive x-ray spectroscopy (EDS) along the cross-section of the alloy-coating interface. The 

diffusion coefficient can then be calculated at any diffusing distance [110]. 

 

Figure 2.7. Schematic illustration of diffusion of an alloying element into the coating [110]. 

 

During the development of MSRE, Evans et al.[63], studied the overall diffusion of Cr in INOR-

8 alloy using radioactive tracer Cr51 introduced into the salt mixture NaF-ZrF4 after stabilizing the 

salts at 900°C and lowering the temperature before immersing the INOR-8 alloy specimens. The 

overall diffusion coefficient was determined by the Cr51 concentration profile below the exposed 

surface of the alloy. The mass transfer of the Cr51 was calculated by the following equation 

[63,100]: 

 

 

∆𝑀 = 2𝐴𝐶0√
𝐷𝑒𝑓𝑓𝑡

𝜋
 

2.27  

 



   

 

34 
 

where A is the area of the specimen, C0 is the initial concentration of the radioactive tracer Cr51 in 

salts, 𝐷𝑒𝑓𝑓 is the effective diffusion coefficient of Cr in INOR-8 alloy, and t is the annealing time.  

Evans et al. [63] concluded that the diffusion was occurring largely via grain boundaries at 

temperatures lower than 800 °C, while by both lattice and grain boundaries diffusion at 

temperatures above 800 °C. 

 

So far, this section has discussed the possible corrosion mechanisms of alloy in a molten fluoride 

salts environment including diffusion of elements in the alloys/coatings. The section below 

critically examines the possible corrosion control methods along with the reason behind the 

selection of coatings elements used in the present research. 

 

2.5. Corrosion control 

Many researchers have proposed methods to control corrosion in a molten salts environment that 

include controlling redox potential, removing impurities, coatings applications and avoiding 

dissimilar metals in contact, etc. [71,72,76,82,88]. Each method of corrosion control in an MSR 

has some limitations, which are discussed below. 

 

2.5.1. Moisture control 

The moisture in the salts can be removed using various methods such as heating the salts mixture  

in a controlled environment (Ar gas) furnace [48,118–121]. After the moisture removal, the salts 

must be kept in a glove box with a controlled environment because of the hygroscopic nature of 

the salts. Additionally, it is a very difficult, time consuming and expensive process to completely 

remove the moisture from the salts [79]. Even after complete removal of the moisture, corrosion 

still occurs, although at a relatively lower rate due to temperature gradient, dissimilar metals in 

contact or metallic impurities present in salts as explained in section 2.4. 

 

2.5.2. Impurities control 

Corrosion occurring due to impurities such as metallic impurities (Fe, Cr, Mo etc.) present in salts 

or oxide scales on alloys (NiO, Cr2O3, Al2O3 etc.) can be controlled by removing these impurities.  

The sparging of HF-H2 gas through molten fluoride salts can remove oxides and reduce metallic 

impurities [55]. The addition of Be in FLiBe salt can also remove sulfate impurities [122]. After 



   

 

35 
 

the initial removal of metallic impurities, the moisture present in the salts or environment can again 

produce HF and metallic impurities as explained earlier via equation 2.6. Therefore, removing 

metallic impurities alone would not be sufficient to control the corrosion. Also, active removal of 

metallic impurities from the salts is not convenient at a reactor operating site. 

 

2.5.3. Redox potential control 

The redox potential method of corrosion control in molten fluoride salts first requires the accurate 

measurement of redox potential of the salts at the operating temperature (700–850 °C) of an MSR. 

Measuring the redox potential of molten fluoride salts is an intricate task as explained in section 

2.4.5. Some Russian scientists [123] have developed a Be2+/Be reference electrode, but these have 

not been tested under actual reactor conditions yet. Therefore, the redox potential corrosion control 

method can be both difficult and erroneous [99]. 

 

2.5.4. Fuel and fission products control 

Fission products can be removed constantly from the salts on the reactor site in a chemical 

processing plant [20,21]. The ratio of U3+ to U4+ in fuel can also be controlled to mitigate corrosion 

occurring due to nuclear fuel (uranium fluoride) present in salts [88–90]. This method of corrosion 

control only mitigates the corrosion occurring due to the presence of nuclear fuel and fission 

products present in salts.  

 

2.5.5. Alloy modification and coatings 

Corrosion in molten fluoride salts can be mitigated by either changing the alloy’s chemical 

composition or by applying corrosion-resistant coatings. The latter method of corrosion control is 

beneficial since it maintains the mechanical properties of the substrate while extending its 

corrosion and wear resistance properties. The application of corrosion-resistant coatings on 

materials in a molten salts environment is also expected to control other methods of corrosion such 

as temperature gradient corrosion, dissimilar metals corrosion and corrosion due to moisture or 

impurities. This is possible because coatings can form a barrier between salts and the alloy. The 

section that follows critically assesses the selection of coatings’ elements. 

 



   

 

36 
 

2.6. Selection of coatings 

The present research is focused on developing coatings for alloys with an aim to mitigate the 

corrosion in a molten FLiNaK salt environment. Ni has very good resistance to corrosion in molten 

FLiNaK salt due to its lower negative Gibbs free energy of formation of fluoride, which has been 

demonstrated previously in multiple studies [43,46,82]. Therefore, Ni coatings could be used to 

improve the corrosion resistance of various alloys. Olson et al. [82] studied nickel coating on 

Incoloy® 800H for improvement of corrosion resistance in molten FLiNaK salt. The study 

concluded that Ni coatings have potential to significantly improve the corrosion resistance of 

Incoloy® 800H in FLiNaK salt environment. However, the study failed to analyze the effects of 

thickness of nickel coatings, current density, and grain size on corrosion resistance. In the present 

study, nickel coatings were deposited at three different current densities using an electrochemical 

deposition method on AISI 316 specimens and tested for corrosion resistance in a FLiNaK salt 

environment at 700 °C for 100 h. 

 

Similar to Ni, Mo also has lower negative Gibbs free energy of formation of fluoride at 700 °C 

[45]. Therefore, Mo coatings were also expected to have good resistance to corrosion in a molten 

FLiNaK salt environment. Mo can be deposited on an alloy substrate by either electroplating or 

sputtering. Olson observed that Mo coatings deposited using electroplating would delaminate after 

exposure to FLiNaK salt [79]. The cracks and delamination of Mo plating rendered this coating 

non-protective in the FLiNaK salt environment [79]. In the present study, the problem of 

delamination of Mo coatings was solved by co-depositing Ni-Mo using an electrochemical 

deposition technique on stainless steel AISI 304. The co-deposition of Ni-Mo was expected to 

eliminate the issue of cracking and delamination since Ni will provide additional ductility and 

adhesion to the substrate as previously demonstrated by other researchers where crack-free 

coatings of Ni-Mo were developed [124]. It was hypothesized that the Ni-Mo coating will have 

the corrosion resistance properties of both Ni and Mo. The Ni-Mo coated stainless steel AISI 304 

specimens were tested for the first time for corrosion resistance in FLiNaK salt at 700 °C for 100 

h. 

 

Both stainless steel AISI 316 and stainless steel AISI 304 have higher Cr content, 16.7 wt.% and 

18.0 wt.% respectively, compared to Hastelloy® N. The mechanism of corrosion in FLiNaK salt 
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is similar in both steels, i.e. depletion of Cr from the alloy [55]. Therefore, coatings were deposited 

on both steels to observe the corrosion resistance. The reason that only stainless-steel specimens 

were selected for corrosion resistant coatings deposition was that both steels have been used in 

nuclear reactors and have high temperature strength. Additionally, Hastelloy® N was not used as 

a substrate for coating deposition because it has not yet been qualified for nuclear reactor use [53]. 

 

In the later part of the research, it was observed that the diffusion of Cr from the alloy to the nickel 

coating occurred along the substrate-coating interface allowing Cr to eventually diffuse to the 

surface of the coating and cause corrosion. To mitigate this diffusion of Cr across the substrate-

coating interface, a diffusion barrier coating must be used. For this purpose, a novel approach was 

taken where SiC was deposited using the sputtering technique as a diffusion barrier between the 

Ni coating and steel substrate. The SiC was chosen because of its high temperature stability and 

previous use as a diffusion barrier coating [125,126]. It was hypothesized that the SiC will mitigate 

the diffusion of Cr across the coating-substrate interface. 
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Chapter 3. Materials and methods 
  

In this section, the techniques used for experimental studies are described in detail. The sample 

preparation procedures, coating deposition techniques and corrosion testing methods are 

discussed. Lastly, the characterization techniques used in this study are described. 

 

3.1. Procurement and processing of alloys  

The process of finding suitable alloys to test in a molten fluoride salt corrosion environment 

consisted of several steps. First, a meticulous literature review was done to understand the 

corrosion mechanism in molten fluoride salts at high temperature. Thereafter, recent studies 

conducted by Olson [79] for his PhD and Zheng [55] were discussed with supervisor, Prof. Jerzy 

Szpunar. Alloys were finalized based on their Cr content and their previous use at high 

temperature. The four alloys selected were: Hastelloy® N, Haynes® X-750, stainless steel AISI 

304, and stainless steel AISI 316. 

 

Hastelloy® N and Haynes® X-750 alloys were procured from Haynes International in the form of 

50.8 mm x 50.8 mm x 1.6 mm sheets. The elemental composition of the Hastelloy® N is given in 

Table 3.1. Table 3.2 provides the elemental composition of the Haynes® X-750. 

 

Table 3.1. Chemical composition of Hastelloy® N weight %. 

Ni Cr Mo Fe Si Mn V C Co Cu W Al+Ti 

71 7 16 4 1 0.8 0.5 0.06 0.2 0.35 0.5 0.5 

 

Table 3.2. Chemical composition of Haynes® X-750 weight %. 

Ni Cr Ti Fe Si Mn C Co Cu Nb Al 

71 17 2.25 5 0.5 1 0.08  0.5 0.7 0.4 

 

Stainless steel AISI 304 and stainless steel AISI 316 were obtained from YIEH United Steel 

Corporation in the form of 127 mm x 127 mm x 1.5 mm sheets. The chemical composition of both 

AISI 304 and AISI 316 are given in Table 3.3. 
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Table 3.3. Elemental composition of AISI 304 and AISI 316 weight %. 

 C Si Mn P S Ni Cr Mo N Cu Fe 

AISI 

316 

0.024 0.60 0.98 0.035 0.001 10.13 16.77 2.02 0.02 0.10 Balance 

AISI 

304 

0.08 0.75 2.00 0.045 0.030 9.00 18.10 -- 0.10 -- Balance 

 

The samples cut from the original alloy sheets had dimensions of 15 mm x 10 mm x 1.5 mm. An 

IsoMetTM low speed precision cutter, shown in Figure 3.1 (a), was used to cut the samples. 

 

 

Figure 3.1. a) IsoMet Low Speed Precision Cutter used to cut sample coupons b) VibroMetTM 
vibratory polisher used as the final step in polishing samples for EBSD analysis. 

 

The samples were polished progressively using SiC grinding paper of grit sizes 320, 500 and 800 

for corrosion tests and for coating deposition. The higher number grit size grinding papers were 

not used on the samples to increase the adhesion between the coating and base alloy. However, for 

Electron Back Scattered Diffraction (EBSD) analysis, the samples were polished using SiC 

grinding paper of grit sizes 320, 500, 800, 1000, 1200, 2000, 2400, and 4000. Thereafter the 

samples were polished using polishing cloth MD-Dac with diamond suspension DiaPro Dac (grain 

size 3 µm) followed by MD-Nap with diamond suspension DiaPro Nap (grain size 1 µm). Lastly, 

the samples were polished using MasterMetTM colloidal polishing solution of grain size 0.06 µm 

on the VibroMetTM machine (shown in Figure 3.1 b). The polished samples were washed in acetone 
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and de-ionized (DI) water and were dried in warm air using a handheld hair dryer. Later the 

samples were stored in a vacuum desiccator for further procedures. 

 

3.2. Coating deposition using sputtering 

A physical vapour deposition technique, magnetron sputtering coating, was used to deposit SiC 

and Mo. In this technique, a sputtering target is bombarded with Ar+ ions which liberate the metal 

atoms and these metal atoms are then deposited on the substrate surface forming a thin metallic 

film [127]. The simplified process is depicted in Figure 3.2. The target SiC (diameter=50.8 mm, 

thickness=3.175 mm, bonding type=Indium, purity=99.5%) and Mo (diameter=50.8 mm, 

thickness=3.175 mm, bonding type=Indium, purity=99.5%)) were procured from the Kurt J. 

Lesker Company. Custom-built RF (radio frequency) sputtering equipment in Prof. Robert 

Johanson’s lab in the electrical engineering department at the University of Saskatchewan was 

used for deposition. 

 

 

Figure 3.2. A simplified schematic explaining sputtering deposition. 

 

The RF magnetron sputtering of SiC was performed using a power of 100 W, Ar pressure 0.293 

Pa and flow rate of Ar 12.0 cm3/min. Mo sputtering was performed at a power of 100 W, pressure 

of 0.293 Pa, and Ar flow rate of 1.6 cm3/min. 
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3.3. Electrochemical coatings deposition 

 

3.3.1. De-greasing 

Samples to be coated using electrochemical deposition must be free of dirt and oils on the surface, 

which can affect the adhesion between coating and substrate [128]. Therefore, polished samples 

were degreased in 1 M NaOH solution in a beaker with a magnetic stirring for 10 min. Thereafter, 

the samples were washed with acetone and lastly, DI water was used to rinse the samples and they 

were dried using a handheld hair dryer. The samples were then stored in a vacuum desiccator for 

further procedures. 

 

3.3.2. Acid pickling 

Stainless steel (AISI 304 and AISI 316) is the substrate used in this study for electrochemical 

deposition. Stainless steels usually have a very thin layer of chromium oxide on their surface. This 

layer can cause peeling of the coating after deposition, which was noticed in the initial coating 

depositions in the present study. Therefore, this chromium oxide layer must be removed using a 

surface treatment such as acid pickling [129,130], which removes the chromium oxide layer and 

improves the coating adhesion. The solution used for pickling was 16 weight % HCl and samples 

were pickled for 10 min at room temperature [131]. The initial coating depositions with and 

without acid pickling showed drastic improvement in adhesion, which can be seen in the cross-

section Scanning Electron Microscopy (SEM) images in Figure 3.3. 

 

 

Figure 3.3. SEM micrographs showing Ni plating on stainless steel AISI 316 alloy a) without 
acid pickling, and b) with acid pickling of base alloy before plating. 
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3.3.3. Nickel strike 

Nickel strike is another crucial step in plating stainless steel samples. The method was developed 

by Don Wood and involves plating a thin layer of Ni on stainless steel samples using an acidic 

nickel chloride solution [132].  While the acidic solution removes the chromium oxide layers a 

low current is supplied to the anode (graphite) and cathode (steel sample) that deposits the thin 

layer of Ni. This thin layer of Ni then serves as the ideal surface to continue plating normally. This 

method of Ni strike was used for some samples and the parameters of Ni strikes are given in the 

first column of Table 3.4. 

 

Table 3.4. Electrochemical bath composition and plating parameters used in this study. 

Ni Strike Ni Plating bath Ni-Mo Plating bath 

NiCl2 22.4 g/100 
mL 

NiSO4.6H2O 30 g/100 
mL 

NiSO4.6H2O 5.2 g/ 100 
mL 

HCl 12 mL/100 
mL 

NiCl2.6H2O 5 g/100 
mL 

Na3C6H5O7 8.8 g/ 100 
mL 

  H3BO3 4 g/ 100 

mL 

Na2MoO4 2.3 g/100 

mL 
pH 1.0 pH 2.6 pH 10 

Temperature 18 ±5 °C Temperature 45 ±5 °C Temperature 45 ±5 °C 

Current density 10 
mA/cm2 

Current density 50 
mA/cm2 

Current density 100 
mA/cm2 

 

3.3.4. Electroplating 

The electrochemical deposition setup used in this study consisted of three electrodes: a working 

electrode, a reference electrode, and a counter electrode. The standard calomel electrode with 3 M 

KCl was used as the reference electrode. The graphite rods coiled with pure Ni (99.9 % trace metal 

basis) wire of diameter 0.5 mm were used as the counter electrode. The stainless-steel sample was 

the working electrode. The electrochemical deposition setup is shown in Figure 3.4. The same 

setup was used for both Ni strike and Ni deposition. 
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Figure 3.4. Electrochemical deposition set up used in this study. 

 

A Gamry interface 1000 Potentiostat/Galvanostat/ZRA was used to supply constant current during 

the coating deposition. An OAKTON PH 700 benchtop pH meter was used to measure the pH and 

temperature of the electrochemical bath. The samples were plated with Ni and Ni-Mo and the 

electrochemical bath composition and deposition parameters used are given in the Table 3.4. 

 

3.3.5. Mo sputtering as pre-coat 

The basic purpose of acid pickling described in section 3.3.2 is to remove the chromium oxide 

layer, but there is also a limitation since this chromium oxide layer could be a protective diffusion 

barrier. This interesting finding was seen in a study performed by Olson et al. [79], where they 

noticed the chromium oxide layer can be beneficial and act as a diffusion barrier for Cr. The Ni 

strike also removed the chromium oxide layer from the steel surface. Therefore, a solution was 

needed where a good adhesion of plating on steel surfaces could be achieved without removing its 

natural protective chromium oxide barrier. 

 

To achieve this, the samples were coated with palladium using sputtering to improve the surface 

conductivity and provide a uniform non-contaminated surface for plating, thereby skipping the 

acid pickling and Ni strike preliminary steps. However, the palladium coating was brittle and was 

not adhering to the steel surface. Thereafter, Mo was sputtered, showing the expected outcome. 

The Mo sputtering method and parameters used are discussed in section 3.3.5. Mo sputtered steel 
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samples were then plated with Ni using electrochemical deposition (setup shown in Figure 3.4) 

and the coating was adherent to the steel surface. This allowed keeping the natural chromium oxide 

layer on the steel sample and improved coating adhesion. The choice of Mo as a pre-coat material 

for the steel samples was based on the availability of the material and practicality of the deposition 

method. It may be possible to use other elements such as Ni or Cu. 

 

A part of the present study is focussed on Ni-Mo coating co-deposited on stainless steel samples. 

The electrochemical bath composition and parameters for Ni-Mo coating deposition are given in 

the third column of Table 3.4. 

 

3.4. High temperature corrosion tests set up 

This section details the preparation of salts, corrosion testing conditions and experimental setup. 

The uncertainties due to these corrosion testing conditions are discussed in detail in APPENDIX 

A. 

 

3.4.1. Preparation of salts 

NaF, KF, and LiF salts were procured from Alfa Aesar with ≥ 99.98 trace metal basis. The salts 

were weighed and mixed in a pure Ni crucible procured from Delta Scientific Laboratory. The 

mixed salt composition was 46.5 LiF, 11.5 NaF, 42 KF mol%. The salt prepared was stored in a 

dry place for later use. 

 

3.4.2. Preparation of steel container 

Initially, a stainless-steel (AISI 316) container was designed using 3D modelling software 

SOLIDWORKS, as shown in Figure 3.5. The purpose of this container was to surround a pure Ni 

crucible filled with FLiNaK and alloy coupons. 
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Figure 3.5. Sectional view of the container modelled in SOLIDWORKS for corrosion testing in 
fluoride salts environment. 

 

Figure 3.6 shows the manufactured AISI 316 container. The pure Ni crucibles were filled with the 

prepared FLiNaK salt mixture. The samples of Hastelloy N, AISI 316, and AISI 304 were 

completely submerged in the salt and the Ni crucible was placed in the stainless-steel container. 

The container was covered with its lid and placed in a Lindberg BlueMTM box furnace. A 12.7 mm 

thick plate of AISI 316 was placed underneath the steel container to capture any flow of salt into 

the furnace and to avoid damage to the furnace. The furnace was set to run for 50 h at 700 °C. The 

image shown in Figure 3.7 was taken of the steel container in the furnace towards the end of the 

50 h. 

 

 

Figure 3.6. a) Stainless steel container used for fluoride salts environment tests and b) pure 
nickel crucible containing samples in FLiNaK salt mixture. 
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Figure 3.7. AISI 316 container in Lindberg Blue MTM Furnace after 50 h at 700 °C. 

 

The container was taken out and let to cool in air. As seen in Figure 3.7, the salts expanded lifting 

the lid. Figure 3.8 shows corrosion pictures of the samples, which were destroyed and not useful 

for further analysis. 

 

 

Figure 3.8. Optical images of the samples after corrosion in FLiNaK at 700 °C in AISI 316 
container in Lindberg Blue MTM furnace. 

 

From these corrosion tests, it was found that moisture from air accelerates the corrosion as 

previously explained in section 2.4.2. Therefore, corrosion tests must be conducted in a covered 

argon gas environment. To test the samples for corrosion in FLiNaK under Ar cover gas, the 

corrosion tests could be run in several ways: in a furnace placed inside a glove box containing Ar 

gas or in the AISI 316 container with salts and samples inside it and sealed by welding in a glove 

box under an Ar gas environment. Both solutions required that a glove box be available for 

extended periods of time, another challenge. Yet another solution was to use an environmental box 
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furnace big enough to contain the steel container and maintain the argon gas environment. 

However, none was available that could accommodate steel container. Later, a temporary solution 

was employed where a glove box was constructed using household items as shown in Figure 3.9. 

 

 

Figure 3.9. Custom-built glove box used to seal the AISI 316 container during the initial 
corrosion tests. 

 

The clear box was sealed from all possible leakages using E6000 superglue. A cut out on one side 

of the box was used to introduce samples. The inlet valve was used to introduce Ar at low velocity 

into the glove box and the outlet valve was opened to flush out the air. A simple test of lighting a 

lighter in the glove box was performed to check the presence of oxygen inside the glove box. It 

was, however, not possible to measure the ppm (parts per million) concentration of the oxygen in 

the air inside the glove box. The samples were put into the FLiNaK filled pure Ni crucible and the 

steel container was sealed using clamps inside the glove box as shown in Figure 3.10. 
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Figure 3.10. Stainless steel AISI 316 container sealed in custom-built glove box before corrosion 

test in box furnace. 

 

This sealed container was tested for 100 hours at 700 °C in a Blue MTM box furnace. The corrosion 

test was successful without any damage to the container. The Ni crucible was removed from the 

container and images were taken of the samples after removal from the salts as shown in Figure 

3.11. 

 

 

Figure 3.11. Optical images of the samples after 100 h of corrosion in a FLiNaK environment 
tested using sealed AISI 316 container in custom-built glove box. 

 

The significant improvement in the corrosion indicated the efficacy of the glove box used. 

However, after the corrosion test, the contact surface between steel lid and steel container 

underwent corrosion as seen in Figure 3.12. 
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Figure 3.12. The image showing the corrosion on the steel lid and container top surface after 100 

h in furnace at 700 °C. 

 

After corrosion tests, both corroded surfaces were polished using grinding papers to assist the 

sealing, and another test was successfully conducted. However, during the third corrosion test, 

heavy corrosion destroyed the samples due to imperfect sealing as shown in Figure 3.13. 

 

 

Figure 3.13. The image of the AISI 316 container showing heavy corrosion due to the imperfect 
seal in glove box. 

 

The imperfect seal occurred due to surface degradation of the area between the steel lid and steel 

container, which resulted in oxygen/air leaking into the container and causing harsh corrosion. 
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Clearly, these containers could not be reused after 1–2 usages, which was outside the budget for 

this research. 

 

Lastly, an MTI Corp GSL 1500x tubular furnace was adopted for the corrosion test. This furnace 

had a 41.91 mm internal diameter; therefore, to accommodate this dimension, Ni crucibles were 

cut from the top to reduce height and allow them to fit in the horizontal tube of the furnace. A 

quick corrosion test in the Ni crucible was run for 24 h at 700 °C. The tubular furnace was filled 

with argon gas for the duration of the corrosion test. The test was successful and thereafter all the 

other corrosion tests presented in this research were conducted in this furnace for 100 h. 

 

The typical duration of corrosion tests in a molten salt environment ranges from 60 h to 500 h 

[46,77,81,102,133–135]. The duration of corrosion tests in the present research was 100 h. This 

could possibly be one of the limitations of the present research. The corrosion behaviour of the 

alloys/coatings may be different for a longer duration (>500 h) of corrosion tests. More information 

on this limitation has been provided in APPENDIX A.  

 

3.5. Post corrosion examination 

 

3.5.1. Weight change 

One method to assess corrosion extent, which is widely used and reported in the literature 

[37,77,79,81,136], is to observe the weight change in corroded samples. However, this method of 

analysis has a number of limitations. The spalling-off of the corrosion products from the samples 

or the deposition of corrosion products from one sample to another or from one part of the sample 

to another may present challenges in assaying the extent of corrosion using weight change. 

Additionally, the rate of corrosion calculated from weight change using equation 3.1 [57] will also 

suffer from the same consequences. 

 

 
MM/Y (mm per year) =

87.6𝑊

𝐷𝐴𝑇
 

3.1  

 

where MM/Y (millimeters per year) = the depth of corrosion in millimeters per year, 

W = weight change in mg, 
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D = density of the specimen in g/cm3, 

A = area of the specimen in cm2, 

and T = time in h. 

 

One major drawback of measuring the corrosion rate using equation 3.1 is the density of the alloy 

is assumed to be constant for the duration of the corrosion tests, which is incorrect for corrosion 

in a molten salt environment. The density of the alloy is expected to change due to dissolution of 

Cr from the alloy into the molten salts. Thus, for such an environment of corrosion, the weight 

change analysis cannot provide sufficient information to assess the corrosion in alloys . 

Microstructural examination methods using SEM, EDS, EBSD and XRD were chosen as the most 

reliable techniques to assess the corrosion of alloys in a molten salts environment. 

 

If only Cr were uniformly depleted from the alloy’s surface and no corrosion products were 

deposited, the weight loss per unit area of each corroded alloy could be compared for corrosion 

behaviour analysis. In the present study, the weight of the samples was measured before and after 

corrosion tests using a Torbal AGZN220 weighing scale (shown in Figure 3.14a). 

 

 

Figure 3.14. a) Torbal AGZN220 weighing scale used to measure the weight change in the 
samples and b) Vernier caliper used to measure the dimensions of the samples. 

 

Before weighing the samples after corrosion, they were cleaned in 1 M Al(NO3)3 [77] in a beaker 

on a magnetic stirrer for 10 minutes to remove salts from the surface. The X-Ray photoelectron 
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spectroscopy (XPS) spectra (Figure 3.15) of the samples after cleaning revealed this method of 

cleaning was effective in removing salts from the surface of the samples as no peaks were detected 

in spectra from salt constituents. The length, width, and thickness of the samples were measured 

at two points on each sample using a Vernier caliper (shown in Figure 3.14b). The surface area of 

each sample was calculated from the recorded dimensions. The surface area and weight loss/gain 

were used to calculate the weight loss per unit surface area of the samples. 

 

Figure 3.15. X-Ray photoelectron survey spectra of corroded AISI 316 after cleaning using 1 M 
Al(NO3)3. 

 

3.5.2. Microstructural characterization 

 

X-Ray Diffraction 

The crystallographic characterization of corroded samples was performed using an X-Ray 

diffractometer (Rigaku Ultima IV X-ray Diffraction (XRD)) with Cu Kα radiation at 44 mA and 

40 kV. Measurements were taken in the 2θ range of 10° to 80° with 0.02° step size.  

 

Scanning Electron Microscopy 
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For analyzing the surface morphology of samples, the Hitachi SU6600 Scanning Electron 

Microscope (SEM) was used. The surface micrographs were taken at multiple magnifications to 

capture the surface morphology features in different samples. The distribution of elements on the 

samples’ surfaces was also analyzed using an Energy Dispersive X-Ray Spectrometry (EDS) 

system made by Oxford Instruments with X-Max 50 mm2 Large Area Silicon Drift Detector 

(SDD). 

 

Additionally, the samples were also cut cross-sectionally, mounted using Polyfast-Struers on a hot 

mounting machine (shown in Figure 3.16) and polished to analyze cross-sectional morphology 

using SEM and elemental distribution using EDS. 

 

 

Figure 3.16. Hot mounting machine used to mount the cross-sectional samples using Polyfast 
Struers for cross-sectional SEM analyses. 

 

X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used quantitative spectroscopic technique. In 

XPS, the surface of the samples is put under monochromatic X-rays and the emitted photoelectrons 

are detected. From the energy of the emitted photoelectrons, it is possible to calculate from which 

elements’ atom a particular photoelectron was emitted. The kinetic energy (Eke) of the emitted 

photoelectron, the photon energy of striking X rays (hv), the binding energy of the ejected electron 
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(Ebe), and the work function Φ relate to each other by the equation Eke = hv - Ebe – Φ. The binding 

energy of the photoelectron can then be used to determine which element ejected it, the orbital 

before its ejection, and the chemical environment of the atom from which the electron was emitted.  

Figure 3.17 (a) shows the schematic of XPS and Figure 3.17 (b) shows the picture of the instrument 

used in this study. 

 

 

Figure 3.17. a) Schematic of X-Ray Photoelectron Spectroscope (XPS) used to analysis the 
chemical composition of samples and electron states of elements on the surface, and b) image of 

the Kratos Supra XPS at Saskatchewan Structural Sciences Centre. 

 

In the present research, a Kratos AXIS Supra system equipped with a 500 mm Rowland circle 

monochromated aluminum Kα 1486.6 eV source combined with a hemi-spherical analyzer (HSA) 

and spherical mirror analyzer was used. XPS spectra were collected at different points on the 

samples for the analyses. Before collecting spectra, the surfaces of the samples were cleaned using 

Ar sputtering built into the XPS machine. An accelerating voltage of 4 keV was used for just 10 

seconds to clean off the dirt from the samples. The analyzing window was a slot of size 300 x 700 

µm. The wide survey scans were collected from the surface of the samples from the energy range 

-5 eV to 1200 eV binding energy with pass energy of 160 eV. The step size was 1 eV and the 

accelerating voltage and current were 15 keV and 15 mA respectively. For the high resolution 

XPS, a spectra step size of 0.1 eV and pass energy of 20 eV was used. For XPS data fitting of Ni, 
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a 2p Shirley background was used with CasaXPS shape parameter A(0.4,0.55,10) GL(30) and for 

C, a 1s GL(30) shape parameter was used. 

 

Electron Back Scattered Diffraction 

For further microstructural analyses of the samples, the surfaces of the samples were prepared for 

Electron Back Scattered Diffraction (EBSD) analysis. The surface finish of the samples must be 

very good for EBSD scans. For cross-sectioned samples, it is very difficult to obtain a good surface 

finish without damaging the cross-sectional features. For instance, the polishing may remove the 

corrosion products from the surface of cross-sectioned samples. In the present research it was very 

difficult to prepare samples for EBSD analysis. The basic EBSD schematic shown in Figure 3.18 

describes the working principle of the EBSD.   

 

 

Figure 3.18. Schematic representation of basic EBSD technique utilized in this research.  
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Chapter 4. Corrosion of AISI 316 steel in molten FLiNaK 
 

4.1. Overview 

In this chapter, the results of corrosion testing of AISI 316 for different exposure times of 24 h, 50 

h, and 100 h in a FLiNaK salt environment are presented. The motive of this study was to analyze 

the corrosion mechanism at different exposure times in the FLiNaK salt environment and to study 

the diffusion of Cr from the base alloy into the molten salt. This chapter addresses the objective of 

this thesis of understanding and evaluating the mechanism of mass loss in the corrosion process in 

a molten salt environment. 

 

4.2. Experimental procedure  

Three stainless steel AISI 316 samples of size 15 mm x 10 mm x 1.5 mm were prepared by the 

procedure detailed in section 3.1. Three precleaned pure nickel crucibles were filled with FLiNaK 

salt mixture and one sample was immersed in each crucible. The crucibles were then put inside 

the tubular furnace at 700 °C with Ar as cover gas. The first crucible was removed after 24 h, the 

second after 50 h, and the third after 100 h. The samples were removed from the crucibles and 

cleaned in a beaker with Al(NO3)3 solution on a magnetic stirrer for 10 min before weighing. For 

characterization of the corroded samples, the procedure listed in section 3.5 was followed. The 

next section presents the results and discussions of this study. 

 

4.3. Results and discussions 

 

4.3.1. Weight loss 

All three samples were observed to lose weight after exposure to the FLiNaK salt environment.  

The weight loss in the AISI 316 samples after 24 h, 50 h, and 100 h was 0.8 mg/cm2, 1.0 mg/cm2, 

and 2.1 mg/cm2 respectively. The dissolution of Cr from the alloy’s surface into molten salts was 

the primary reason for this weight loss, which has also been reported by other researchers 

[45,136,137]. The dissolution of Cr into molten salts was expected to continue until the 

concentration of Cr in the salts reached the thermodynamic equilibrium concentration [36]. The 

continued increase in weight loss from 24 h duration to 100 h duration in molten salts indicates 

the equilibrium concentration of Cr in salts was not reached. Additionally, after initial depletion 
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of Cr from the alloy’s surface the further dissolution occurred due to diffusion of Cr through the 

alloy to the surface as explained in section 2.4.7. 

 

Assuming uniform Cr depletion from the alloy, the mass of Cr diffused from the alloy’s surface 

could be expressed in terms of each sample’s surface area, initial concentration of Cr in the alloy, 

diffusion time, and the effective diffusion coefficient as given in equation 2.27. The weight loss 

per unit area (mg/cm2) of samples was plotted against the square root of corrosion time in seconds 

in Figure 4.1. The weight loss was observed to be a linear function of corrosion time. The red line 

in Figure 4.1 shows the linear fit along with the R2 value of 0.9716. The slope of the trend line 

equals 2𝐶0(𝐷𝑒𝑓𝑓 𝜋⁄ )1/2 from equation 2.27. As a result, the effective diffusion coefficient can be 

calculated from this relation. The calculated 𝐷𝑒𝑓𝑓 of Cr for stainless steel AISI 316 was 4.161x10 -

16 m2/s. The calculated 𝐷𝑒𝑓𝑓 is close to the reported effective diffusion coefficient of Cr in stainless 

steel with 17% Cr and 12% Ni [138]. 

 

 

Figure 4.1. Weight loss as a function of the square root of corrosion time for AISI 316 samples 
exposed for 24 h, 50 h, and 100 h in molten FLiNaK salt environment. Linear fitting red line and 
R-squared value are indicated on the graph. The estimated average deviation of 0.23 mg/cm2 was 

included in the weight loss measurements. Please refer to APPENDIX A for more details. 
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4.3.2. XRD analysis 

Figure 4.2 shows the XRD pattern of the samples after corrosion for 24 h, 50 h, and 100 h in a 

molten FLiNaK salt environment at 700 °C. The peaks from Fe2O3 and NiO were detected after 

just 24 h in the FLiNaK environment. The Ni(111) and Ni(200) peaks were observed to shift 

toward a lower 2θ angle with increased corrosion time. This indicates the lattice constant and 

crystal size in the alloy increased with corrosion time [136]. The sharp increase in Fe2O3 peak in 

the sample after 100 h shows the oxidation of the unprotected alloy, which happened after the 

dissolution of its protective chromium oxide layer. 

 

 

Figure 4.2. XRD pattern of samples after 24 h, 50 h, and 100 h in molten FLiNaK salt at 700 °C. 

 

4.3.3. Surface morphology and EDS analysis  

Further microstructural analysis of corroded samples was carried out using SEM and the elemental 

distribution of the samples was analyzed using EDS. Figure 4.3 shows the top surface of the AISI 

316 after 24 h, 50 h and 100 h of corrosion time. The outward diffusing Cr deposited on the surface 

was found in this image after just 24 h in the FLiNaK environment. After 50 h the damaged top 
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protective chromium oxide could be seen. The underneath alloy was identified in the centre of the 

image after 50 h. In contrast, after 100 h, only a few remnants from the protective oxide layer were 

found on the surface. The spherical particle located on the surface of the samples after 100 h 

appears to be a freshly formed oxide particle from diffused Cr from the alloy. From these SEM 

micrographs, it is evident that the Cr started diffusing out from the alloy surface within the first 24 

h. Later, the protective oxide layer started to get dissolved in the molten FLiNaK salt. Finally, 

more Cr started diffusing out from the alloy surface. At this point, the outward diffusion of Cr 

from the alloy controlled the rate of corrosion in the molten salt environment. 

 

 

Figure 4.3. SEM micrographs of the top surface of AISI 316 after corrosion in molten FLiNaK 

salt for 24 h, 50 h, and 100 h at 700 °C showing the progression of corrosion in the alloy surface.  

 

Figure 4.4 shows the SEM EDS maps of the Cr, Fe, O, and Ni after corrosion in FLiNaK for 24 h, 

50 h and 100 h. The deposits on the surface of the sample tested for 24 h were identified as 

chromium and iron oxides and these deposits were surrounded by a Ni rich region. In the sample 

tested for 50 h, the damaged area was found to be rich in Fe and Ni and depleted of Cr, which 

indicates the dissolution of the protective chromium oxide from this area. In the sample exposed 

for 100 h in FLiNaK, the remnants of the protective layer were found to be chromium oxide and 

the spherical shaped particles were identified as chromium oxide. The complete absence of Ni and 

Fe in these particles reveals that these particles were formed with Cr diffusing outward from the 

base alloy AISI 316. These SEM EDS results, obtained from the top surface, confirm the diffusion 

of Cr from the sample, damage to the protective chromium oxide layer and continued diffusion of 

the Cr from withing the alloy underneath. 
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Figure 4.4. SEM EDS maps of Cr, O, Fe, and Ni on the surface of the corroded AISI 316 after 24 
h, 50 h, and 100 h in molten FLiNaK at 700 °C. 

 



   

 

61 
 

To better understand the diffusion of Cr from the base alloy into the molten salts, the salt-alloy 

interface must be analyzed. For this cross-sectional, SEM-EDS scans were collected from the 

corroded alloys. Figure 4.5 shows the cross-sections of the samples after corrosion in FLiNaK at 

700 °C. The Cr outward diffusion was registered in the sample after 24 h. This diffusion occurred 

primarily through the grain boundaries causing the grain boundaries to deplete of Cr as seen in 

Figure 4.5. After 50 h, the large area of the alloy cross-section was found to be attacked. The Cr 

depletion caused this area to separate from the alloy. This may have caused the spalling-off of this 

area. The attack in the sample tested for 50 h was non-uniform. Contrarily, the corrosion was rather 

uniform in the AISI 316 tested for 100 h. It was found that the initial corrosion primarily occurred 

at the grain boundaries; however, after around 100 h the corrosion became uniform.  
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Figure 4.5. Cross-sectional SEM EDS maps of Fe, Cr, and Ni in AISI 316 sample after 24 h, 50 
h, and 100 h in molten FLiNaK at 700 °C. 

 

4.3.4. EBSD analysis 

The SEM EBSD micrographs were collected from the surface of the sample tested for 24 h. Figure 

4.6 shows the EBSD band contrast image and ND-IPF colour coded grains in the cross-section of 

the AISI 316 tested for 24 h in FLiNaK salt. The cracks were observed at the grain boundaries 

close to the outer surface of the alloy in Figure 4.6. These cracks were formed due to outward 

diffusion of Cr through the grain boundaries [82]. This shows grain boundary diffusion of Cr was 

more pronounced than the lattice diffusion in the first 24 h of the corrosion. The increased diffusion 
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through grain boundaries was due to their relatively high energy due to lower atomic packing of 

atoms at these sites. These EBSD results conclusively show that the initial diffusion was occurring 

predominantly through the grain boundaries. 

 

 

Figure 4.6. EBSD of the cross-section of the AISI 316 after 24 h in FLiNaK at 700 °C showing 

the initial corrosion attack at the grain boundaries. 

 

4.4. Conclusions 

The AISI 316 samples were tested for corrosion resistance in a FLiNaK environment at 700 °C for 

24 h, 50 h and 100 h. The primary reason for corrosion of stainless steel AISI 316 in the FLiNaK 

salt environment was identified as dissolution of Cr from alloy into the salts. The diffusion 

coefficient of Cr in AISI 316 steel was found to be 4.161x10-16 m2/s. Initially, Cr depletion was 

observed to occur at grain boundaries followed by damage of the protective chromium oxide layer 

on the surface and finally dissolution of the whole protective oxide layer on the stainless steel. The 
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corrosion was seen to change from grain boundaries corrosion to uniform corrosion around 100 h 

of exposure to FLiNaK salt.  



   

 

65 
 

Chapter 5. Corrosion of Hastelloy® N, Haynes® X-750, AISI 316, AISI 304 in FLiNaK 
 

5.1. Overview 

In this chapter, the results of corrosion tests of four different alloys in a FLiNaK salt environment 

are presented. The focus of this chapter was to address the first and second objectives in this thesis, 

which is to analyze the corrosion of investigated alloys in a molten salt environment and 

understand the mechanism of mass loss. The alloys were selected based on their Cr content and 

their previous use for high-temperature applications, as explained in section 2.3. The results 

presented in this chapter are published in the open-access journal “Energies”: Analysis of 

Corrosion of Hastelloy-N, Alloy X750, AISI 316 and AISI 304 in Molten Salt High-Temperature 

Environment [137]. No permissions were required from the journal since the manuscript was 

published in open access. 

 

5.2. Experimental procedure  

Sample coupons of Hastelloy® N, Haynes® X-750, AISI 316, AISI 304 were cut from the original 

alloy sheets by following the procedure provided in section 3.1. The polished and cleaned samples 

were immersed in FLiNaK salt mixture in a pure nickel crucible. This crucible was placed inside 

a tubular furnace and argon gas was introduced into the furnace to act as a cover gas. The furnace 

was set to run for 100 h at 700 °C. After 100 h, the samples were removed and cleaned using the 

procedure described earlier in section 3.1. 

 

5.3. Results and discussions 

 

5.3.1. Weight loss analysis  

The weight of the samples was measured before and after corrosion of 100 h. The surface area was 

also computed from the samples’ dimensions. Thereafter, the weight loss/gain per unit surface area 

(w) of the samples was calculated for comparison. Among the four alloys tested, Haynes® X-750, 

Hastelloy® N, AISI 316, and AISI 304, the highest weight loss was observed in the Haynes® X-

750. This weight loss was 9.9 mg/cm2. On the other hand, AISI 304 and AISI 316 showed weight 

loss of 2.1 mg/cm2 and 1.9 mg/cm2, respectively. Contrary to these weight losses, Hastelloy® N 
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showed weight gain of 3.1 mg/cm2. Figure 5.1 shows this weight change trend in samples after 

corrosion. 

 

The weight of an alloy decreases after corrosion in a FLiNaK salt environment due to depletion of 

alloying elements (such as Cr, Al, Ti, Fe, Nb etc.) from the alloy’s surface into the salt [43]. In a 

molten FLiNaK salt environment, Cr depletes preferentially from the alloy if the activity of other 

alloying elements is lower than Cr. The activity of an alloying element in FLiNaK salt has been 

found to be directly related to its Gibbs free energy of formation of fluoride as detailed in section 

2.4.1 [45]. For Hastelloy® N, AISI 316 and AISI 304, the Cr is the most active alloying element 

in a molten FLiNaK salt environment [46,71,136,139,140]. However, for Haynes® X-750, the Al 

and Ti are the most active alloying elements in addition to Cr [43]. The combined dissolution of 

Al, Ti, and Cr from Haynes® X-750 was the reason for its highest weight loss. The weight gain in 

the Hastelloy® N sample was due to plating of Fe on its surface from the molten salt, which has 

also been reported by other researchers [74]. The weight losses in steels AISI 304 and AISI 316, 

on the other hand, were similar since the Cr content of both steels is almost  the same [81]. 

 

 

Figure 5.1. Weight loss per unit surface area of the samples after corrosion in FLiNaK at 700 °C 
for 100 h. An estimated average deviation of 0.23 mg/cm2 was included in these weight loss 

measurements. Please refer to APPENDIX A for more details. 
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The weight loss and Cr content were plotted for four alloys tested and are shown in Figure 5.2. 

The weight loss was found to increase with an increasing Cr content of the alloy. The outlier in 

this plot was Haynes® X-750 where weight loss was significantly higher due to the combined 

depletion of Al, Ti, and Cr. The estimation of average deviation in weight loss measurements 

(Figure 5.2) is explained in APPENDIX A. This deviation in measurements could possibly be 

larger due to other contributing factors which are also explained in APPENDIX A.  

 

 

Figure 5.2. Weight loss as a function of Cr content after corrosion of alloys in FLiNaK at 700 °C 
for 100 h. The weight loss in X750 was higher due to combined depletion of Al, Ti, and Cr from 

the alloy. Estimation of average deviation shown here is explained in APPENDIX A. 

  

The results of the weight loss/gain analysis show the corrosion resistance of the tested alloys in 

the present study were in this order: Haynes® X-750 < AISI 304 < AISI 316 < Hastelloy® N. The 

SEM-EDS analysis in the next section is provided for further analysis of the extent of corrosion. 

 

5.3.2. Surface morphology and EDS analysis 

This section presents the results from SEM-EDS analyses of surfaces of samples after corrosion 

in a FLiNaK environment. Figure 5.3 shows the micrographs of the corroded surface of the four 

alloys tested. The surface of the Haynes® X-750 was corroded heavily as shown in Figure 5.3 (a); 

the inset high-resolution image reveals the formation of layered chromium oxide. The surface of 
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the Hastelloy® N, on the other hand, has a rough appearance and at higher resolution shows the 

presence of micro holes in the surface of up to 1 µm in size, as shown in Figure 5.3 (b). Contrarily, 

two distinct surfaces, the remnants of protective chromium oxides, were identified on the surface 

of the AISI 304 (Figure 5.3(c)). Like AISI 304, AISI 316 also showed the presence of two distinct 

surfaces, one in the middle rich in Cr concentration, and the other close to the sides in Figure 5.3 

(d), depleted of Cr. 

 

 

Figure 5.3. SEM secondary electron images of alloys’ surfaces after corrosion in FLiNaK at 700 
°C for 100 h showing different surface morphologies of (a) Haynes® X-750, (b) Hastelloy® N, 

(c) AISI 304, and (d) AISI 316. 

 

Further SEM-EDS maps were collected from the surfaces of the corroded samples to analyze the 

distribution of Ni, Cr, O, and Fe, as illustrated in Figure 5.4. The first column of Figure 5.4 shows 

the Haynes® X-750 after corrosion and reveals the presence of mostly Cr and O on the surface. 

This presence of Cr on the surface of the alloy confirms the diffusion of the Cr from the base alloy 

to the surface. As Haynes® X-750 is a Ni-based alloy, Ni was expected to be present on the surface 

instead of Cr. Additionally, these SEM EDS maps reveal the layered structure was of chromium 
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oxide as shown in Figure 5.4. For Hastelloy® N, the EDS maps in the second column of Figure 

5.4 do not show drastic changes in the distribution of Ni, Cr, and Fe, which indicates less corrosion 

on its surface. In contrast, the EDS maps of AISI 316, shown in the third column of Figure 5.4, 

confirm the middle area was rich in Cr diffusing from the alloy beneath. Similarly, AISI 304, seen 

in the last column of Figure 5.4, also shows the presence of Cr rich regions. The dissolution of Cr 

caused the dissolution of the protective oxide layer from the surface of AISI 304, although some 

remnants remained on the surface. 

 

Figure 5.4. SEM EDS maps showing distribution of Ni, Cr, O, and Fe on the surface of the 

samples after corrosion in FLiNaK at 700 °C for 100 h. 
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From these SEM-EDS analyses of the top surfaces of the alloy samples, the presence of Cr reveals 

the extent of the corrosion was greatest in the Haynes® X-750 and the lowest in Hastelloy® N. 

However, the cross-sections of the samples must be analyzed using SEM-EDS to see the extent of 

dissolution of Cr, Fe and Ni under the surface of the alloy samples. 

 

5.3.3. Cross-section SEM-EDS analysis 

Figure 5.5 shows the cross-sectional SEM-EDS maps of different elements for the alloys tested. 

The map of the Haynes® X-750 shows that the Cr, Ti, and Al depletion was significant, which 

must have contributed to the large weight loss. The depleted regions were clearly rich in Ni and 

Fe. In the case of Hastelloy® N, a very small layer close to the surface was depleted of Cr and a 

very thin layer rich in Ni element was identified on the outer surface. The Si and Mo precipitates , 

which provide high temperature strength to the alloy, were also identified [74,141]. Interestingly, 

an Fe rich band was formed close to the outer surface, which happened due to the inward diffusion 

of Fe from the molten FLiNaK salt [74]. The presence of Fe in these salts could be attributed to 

the loss of Fe from other samples tested. This inward diffusion of Fe triggered the increase in 

weight in Hastelloy® N in contrast to the weight loss in other samples. 

 

Comparing the two steel samples AISI 304 and AISI 316, depletion of Cr and Fe was significant; 

however, the Cr depletion was higher in the AISI 316 indicating the higher corrosion in AISI 316 

samples. The corrosion was uniform on the AISI 304 surface while it appeared to be non-uniform 

on the AISI 316 sample (Figure 5.5). The cross-sectional SEM EDS analysis reveals the existence 

of depleted regions of alloying elements, which confirms the outward diffusion of these elements 

from the alloy. This outward diffusion of alloying elements and dissolution to the molten salt was 

the reason for the weight loss in the alloy samples. To quantify the extent of corrosion, SEM EDS 

line scans were collected and are presented in the next section. 
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Figure 5.5. Cross-sectional SEM EDS maps of samples after corrosion showing the distribution 
of different elements in each sample after corrosion in FLiNaK at 700 °C for 100 h. 

 

Figure 5.6 depicts the SEM EDS line scans for Ni, Cr and Fe in the cross-sections of the alloys. In 

the Haynes® X-750, the depletion of Cr extended to a depth of 247 µm; however, for Hastelloy® 
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N, a depth of only 19 µm was depleted of Cr. For the steel samples AISI 304 and AISI 316, the 

depth of the Cr depletion region was 30 µm and 40 µm, respectively. These SEM EDS line scans 

indicate corrosion was greatest in the Haynes® X-750 and smallest in the Hastelloy® N sample. 

Of the two steel samples, AISI 316 showed 1.33 times more depth of corrosion compared to the 

AISI 304 sample. This higher depth of corrosion in AISI 316 could be due to its non-uniform 

nature, which resulted in more corrosion penetration into the alloy. The depth of corrosion in all 

four alloys is also shown in Figure 5.7. 

 

 

Figure 5.6. Cross-sectional SEM EDS line scans of Ni, Cr, and Fe in samples after corrosion in 
FLiNaK at 700 °C for 100 h. 
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Figure 5.7. Depth of corrosion in Hastelloy® N, AISI 316, Haynes® X-750, and AISI 304 after 
corrosion in FLiNaK at 700 °C for 100 h. 

 

5.3.4. EBSD analysis 

The cross-sections of the samples were prepared for the EBSD analysis according to the sample 

preparation described in Chapter 3. The SEM EDS scans and EBSD scans were collected from the 

cross-sections to see the effect of microstructure on the corrosion. Figure 5.8 shows the results 

from the SEM EDS and EBSD scans. Figure 5.8 (a) shows the cross-section of the Haynes® X-

750 and the grain boundaries rich with Cr that were identified close to the Cr-depleted regions, 

indicating that the Cr diffusion probably started at the grain boundaries. In the EBSD map, the red 

arrows in Figure 5.8 (a) point toward the formation of the Cr particles preferentially at the triple 

junctions of the grains. Triple junctions are the lines where three grain boundaries meet [142]. 

 

Similarly, in Hastelloy® N, EDS and EBSD maps show that the depletion of Cr started at the triple 

junctions. Likewise, both AISI 304 and AISI 316 samples also show the Cr depletion at the triple 

junctions and at the grain boundaries. These EDS and EBSD cross-section maps show that Cr first 

diffused out from the alloy at the grain boundaries and triple junctions, which are high energy sites 

in alloy due to less atomic packing at these locations [143]. The number of grain boundaries and 



   

 

74 
 

triple junctions in a material can be altered using heat treatment and mechanical working [143]. 

Hence it is possible to increase the corrosion resistance of the material by thermo/mechanical 

processing.   

 

 

Figure 5.8. Cross-sectional SEM EDS maps of Cr along with EBSD maps showing different 

grains in random colors for (a) Haynes® X-750, (b) Hastelloy® N, (c) AISI 316, and (d) AISI 
304 after corrosion in molten FLiNaK salt at 700 °C for 100 h. 

 

5.3.5. XRD and XPS analysis  

The X-ray diffraction pattern of alloys before corrosion is shown in Figure 5.9. Haynes® X-750 

showed γ FeCrNi phase with FCC structure along with γ' phase with L21 structure. γ' phase is 

typical in Haynes® X-750 and has X3Y alloy type where X is nickel like atom (e.g. Fe or Cr) and 

Y is Al like atom (e.g. Ti or Nb) [144,145]. For Hastelloy® N, FCC γ nickel phase was observed 

with (111) and (100) peaks. In AISI 316 sample, FCC γ iron phase with (111) and (200) diffraction 

peaks were present. For stainless steel AISI 304 sample, γ iron phase with (111) and (200) peaks 

and α iron phase with (110) peak were identified. The peaks observed in as-received samples 

matched with ones from the literature [74,144–146]. 
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Figure 5.9. X-Ray diffraction patterns of Hastelloy® N, Haynes® X-750, AISI 304, and AISI 
316 before corrosion in a FLiNaK environment. 

 

The XRD and XPS scans were also collected from the top surface of the samples after corrosion. 

Figure 5.10 (a) shows the XRD patterns of four alloys tested after corrosion. XRD peaks from 

(111), (200), and (220) planes were detected from γ phase in Hastelloy® N and Haynes® X-750. 

Iron oxide peaks were observed in AISI 316 and AISI 304 samples, which indicates the presence 

of corrosion products. The iron oxide peaks were also found in the Haynes® X-750 sample. The 

Hastelloy® N sample did not show any chromium oxide or iron oxide peaks, which reveals less 

corrosion on its surface.  

 

The XPS wide survey scans collected from the surface of the samples after cleaning with Ar 

sputtering are shown in Figure 5.10 (b). In XPS survey scans, shown in Figure 7 (b), Ni 2p was 

identified at binding energy of 856.5eV, Cr 2p at 577.2 eV, and Fe 2p at 712.2 eV. Other peaks 

are F 1s at 685 eV (metal fluoride), Cu 2p at 932 eV (doublet separated by 19.75 eV), and K 2p at 

293 eV were also noted. The source of this Cu peak was alloy X750 and AISI 304 with 0.5 weight 

% and 0.1 weight % of Cu, respectively.  
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Figure 5.10. (a) X-Ray diffraction pattern, (b) X-Ray photoelectron survey spectra of samples 
after corrosion in FLiNaK at 700 °C for 100 h, and (c) bar chart showing comparison of % 

atomic of Ni 2p, Cr 2p, and Fe 2p calculated from XPS wide survey spectra. 

 

The atomic concentration of different elements was calculated from the XPS wide survey spectra 

using the formula given in equation 5.1: 

 

 
𝐶𝑥 =

𝐼𝑥 𝑆𝑥⁄

∑ 𝐼𝑖 𝑆𝑖⁄
 

5.1  

 

where Cx represents the atomic concentration of the element x, Ix represents the area under the peak 

of this element x, and Sx is the RSF – relative sensitivity factor of the element x. The CasaXPS 
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software provided by Saskatchewan Structural Sciences Centre at University of Saskatchewan was 

used to calculate the atomic concentrations. The results from the calculations are presented in the 

bar chart in Figure 5.10 (c). The Cr was highest on the surface of the sample of Haynes® X-750 

with 23 atomic % and was lowest on the Hastelloy® N sample with only 3 atomic %. The Ni 

atomic concentration on the Hastelloy® N was the highest with 12% and in Haynes® X-750 was 

7%. The steel samples, AISI 304 and AISI 316, did not show significant differences in atomic 

concentrations of Ni and Cr on their surfaces. The highest concentration of Cr on the surface of 

Haynes® X-750 was due to Cr diffusion from within the alloy to its surface. Likewise, the lowest 

concentration of Cr on Hastelloy® N indicates the least diffusion of Cr from the alloy to the 

surface. From these XRD and XPS analyses, it can be concluded that the Hastelloy® N was the 

most corrosion resistant and the Haynes® X-750 was the least corrosion resistant for the duration 

of the corrosion tests conducted in a FLiNaK salt environment. 

 

5.4. Conclusions  

The corrosion tests were conducted on four different alloys: Hastelloy® N, Haynes® X-750, AISI 

316 and AISI 304. The duration of the corrosion tests was 100 h at 700 °C in a FLiNaK salt 

environment with argon as the cover gas. The SEM-EDS, XRD and XPS results indicate the 

corrosion depth was 10 times lower in Hastelloy® N sample than for Haynes® X-750 sample. The 

corrosion process resulted in removal of alloying elements such as Cr, Fe, Ti, and Al from the 

alloy. The corrosion measured by weight loss was higher in the alloy samples with a higher Cr 

concentration except for Haynes® X-750, where the presence of Al and Ti added to weight loss. 

The atomic concentration of Cr on the surface of the Haynes® X-750 was 10 times larger than the 

Hastelloy® N sample. From these corrosion tests, the increasing order of corrosion resistance in 

FLiNaK salt measured by corrosion depth was found to be: Haynes® X-750 < AISI 304 < AISI 

316 < Hastelloy® N.  
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Chapter 6. Corrosion of Ni-plated AISI 316 in FLiNaK 
 

6.1. Overview 

In this chapter Ni coatings were successfully developed on stainless steel AISI 316 substrates and 

subsequently tested for corrosion resistance in a FLiNaK salt environment. The motive of this 

chapter was to address the objectives 3 and 4 in this thesis, which are to develop coatings for 

service in a molten salt environment and test the coating performance against corrosion and 

propose the mechanism of the corrosion process. Ni coatings were selected due to their good 

corrosion resistance properties in a FLiNaK salt environment as explained in section 2.4. The 

texture of the coatings was also evaluated after corrosion to analyse the effect of grain size on 

corrosion. 

 

6.2. Experimental procedure  

AISI 316 samples were polished, degreased and washed according to the procedure described in 

Chapter 3. The samples were first coated with a thin layer of Mo using sputtering parameters 

detailed in section 3.3.5 and later the samples were coated with Ni at three different current 

densities using the three-electrode electroplating setup detailed in section 3.3.4. The coatings of 

three samples are shown in Figure 6.1. Sample 1 was coated at a current density of 20 mA/cm2, 

Sample 2 was coated at 40 mA/cm2, and Sample 3 was coated at 60 mA/cm2
 using the Ni 

electroplating bath shown in Table 3.4. The coated samples were tested for corrosion resistance in 

a FLiNaK salt environment for 100 h at 700 °C in a Ni crucible inside a tubular furnace with Ar 

as a cover gas. For comparison, one uncoated AISI 316 sample (Sample 0) was also tested.  
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Figure 6.1. Coatings description on AISI 316 samples showing Sample 1 coated at a current 

density of 20 mA/cm2, Sample 2 coated at 40 mA/cm2, and Sample 3 coated at 60 mA/cm2. 

 

The Mo layer deposited between Ni plating and substrate AISI 316 was identified using SEM-

EDS line scans as shown in Figure 6.2. The reason for this Mo layer is explained in section 3.3. 

 

 

Figure 6.2. Cross-sectional SEM micrograph of Ni-plated sample overlaid with SEM EDS line 

scans of Mo, Fe, Ni, and Cr showing the presence of sputtered Mo. 
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6.3. Results and discussions 

 

6.3.1. Weight loss analysis  

All samples showed a loss in weight after corrosion in FLiNaK at 700 °C for 100 h. This weight  

loss, as described in Chapter 5, was due to the removal of alloying elements from the alloy surface. 

Weight loss in samples was observed to continue until the thermodynamic equilibrium was reached 

between the sample alloy and the salts [36]. Weight losses per unit of surface area of the alloys are 

shown in Figure 6.3. The weight loss per unit surface area in Sample 1 was 34 % higher than in 

Sample 3. Since the weight loss depends on the concentration of Cr in the alloy and the base alloy 

was the same in all three samples (AISI 316), this change in the weight loss between samples was 

attributed to the Ni coating present on samples. More weight loss in Sample 1 indicates its coating 

was less corrosion resistant while less weight loss in Sample 3 indicates greater corrosion 

resistance in the FLiNaK environment. This difference in the corrosion resistance of Ni coatings 

was further investigated using SEM EDS technique, as detailed in the next section. The average 

deviation in weight loss measurements in Ni coated samples was assumed to be same as in AISI 

316 samples. Please refer to APPENDIX A for more information on errors in measurements. 

 

 

Figure 6.3. Weight loss per unit surface area of the samples after corrosion in FLiNaK at 700 °C 
for 100 h. An estimated average deviation of 0.23 mg/cm2 was included in these weight loss 

measurements. This deviation could be larger due to other factors explained in APPENDIX A. 
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6.3.2. Surface morphology and EDS analysis 

Before Corrosion 

The top surfaces of the coatings after electroplating and before corrosion were analyzed using 

SEM and secondary electron micrographs are shown in the first column of Figure 6.4. The coating 

morphology on all three samples was uniform and devoid of cracks. No micro-holes or surface 

inhomogeneities were found, which indicates the good quality of the Ni deposits on all the samples  

before corrosion. The second column of Figure 6.4 shows the cross-sections of the three samples 

after Ni deposition. Compared to the poor coating adhesion as seen in the SEM image in Figure 

3.3, the coating adhesion was now of good quality. The third column of Figure 6.4 depicts the 

SEM-EDS elemental map of Ni, the coating deposit thickness seen in these Ni EDS maps. The 

coating thicknesses measured at different locations were 29.2 µm in Sample 1, 43.0 µm in Sample 

2, and 75.0 µm in Sample 3. This difference in coating thickness was attributed to the different 

current densities used during electroplating. The higher current density led to greater thickness of 

the Ni deposit, keeping the time of deposition (2000 s) the same for all three samples.  
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Figure 6.4. SEM secondary electron image of top surface, cross-section, and EDS of Ni map of 
samples before corrosion showing Ni coating deposition on Sample 1, Sample 2, and Sample 3. 

 

After Corrosion 

The SEM EDS scans were collected from the samples after corrosion in the FLiNaK environment 

for 100 h at 700 °C. Figure 6.5 shows the secondary electron images (SEI) of the samples after 

corrosion. The uncoated Sample 0 shows significant corrosion on its surface. Sample 1, which had 

a coating thickness of 29.2 µm, shows corrosion product deposits on the surface, which appear 

like holes formed in the Ni coating surrounded by oxides. Sample 2 with a 43 µm coating thickness 

and Sample 3 with a 75 µm coating thickness do not show the same corrosion products on the 

surface as seen in Sample 1. It is possible that the higher coating thickness improved their corrosion 

resistance in the FLiNaK environment.  
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Figure 6.5. SEM secondary electron images (SEI) of the samples showing the surface 
morphology after corrosion in FLiNaK at 700 °C for 100h. 

 

To further analyze the corrosion products on the surface of samples after corrosion, the EDS scans 

were collected from the surface of the samples for Ni, Cr and Fe. Figure 6.6 shows these EDS 

maps. The surface of Sample 0, which was without any Ni coating, was observed to be rich in Cr 

and Fe. The corrosion products accumulations on the surface of Sample 1, on the other hand, were 

found to be rich in Cr and deficient in Ni indicating the formation of holes in its coating from 

which the Cr diffused out from the base alloy to the surface of the Ni coating. The surface of 

Sample 2 did not show significant amounts of these deposits. This could be attributed to the higher 

thickness of Ni coating, which was able to protect the steel (AISI 316) from Cr depletion for the 

duration of the test. Sample 3 was also lacking any such corrosion products on the surface. It is 

almost certain that the thickness of the Ni plating is the important factor in mitigating the corrosion 

in a FLiNaK salt environment. 
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Figure 6.6. SEM EDS maps of Ni, Cr, and Fe showing the distribution of these elements on the 
surface of the samples after corrosion in FLiNaK at 700 °C for 100 h. 

 

6.3.3. Cross-section SEM-EDS analysis 

The samples were sectioned and mounted using the hot mounting method described in section 

3.5.2. The samples’ cross-sections were analyzed using SEM EDS to investigate the Cr and Fe 

depleted regions in the base alloy underneath the Ni coating. Figure 6.7 shows the cross-section 

SEM images along with EDS maps of Ni, Cr, and Fe. In Sample 0 (uncoated) the outer surface 

was heavily corroded with the presence of cracks that penetrated deep inside the alloy surface. The 

non-uniform nature of corrosion on this AISI 316 was like one observed in Chapter 5. For Sample 

1, however, no such cracks are observed as seen in Figure 6.7. The Ni plating is still seen on the 

surface of Sample 1 along with the Cr deposits present on the surface of the Ni coating, which 

diffused outward from the alloy surface through the thin Ni plating. A significant improvement in 

corrosion resistance is observed from the uncoated Sample 0 to the Ni coated Sample 1. Sample 2 

(Figure 6.7) shows no substantial presence of Cr on the surface of the Ni plating; however, a band 

of Fe element is seen close to the outer surface. Fe EDS maps on Sample 3 also reveal a similar 

band as shown in Figure 6.7. The Fe depleted from Sample 0 was accumulating on the surface of 

other samples and was diffusing into the holes created by the depletion of Cr atoms; this was also 
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noticed by other researchers [74]. The inward diffusion rate of Fe in Ni plating from the FLiNaK 

melt was likely less than the outward diffusion of Cr into the Ni plating from the AISI 316. 

Therefore, the Fe band was restricted to an area near the outer surface of the Ni plating; however, 

a Cr-depleted band was observed in the AISI 316 alloy underneath the Ni plating. This Fe band 

was present in all the Ni-plated samples. The Cr depletion was insignificant in Sample 3. 

  

 

Figure 6.7. Cross-sectional SEM EDS maps of samples showing the distribution of Ni, Cr, Fe 
elements after corrosion in FLiNaK at 700 °C for 100 h. 

 

In addition to the cross-sectional SEM EDS maps, line scans were also collected along the cross-

sections of corroded samples to measure the depth of Cr and Fe depleted regions from the surface 

of the samples. Figure 6.8 shows the line scans for Ni (red), Cr (green), and Fe (yellow) overlaid 

on the cross-sections of Sample 0, Sample 1, Sample 2, and Sample 3 after corrosion. The cracks 
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and Cr and Fe depleted regions were extending to a depth of 60 µm for Sample 0 (uncoated). This 

depth was 44 µm for Sample 1. Contrary to this, there were neither Cr depleted regions nor any 

cracks penetrating the surface for Samples 2 and 3. This improved corrosion resistance was due to 

thicker Ni coatings on these samples. Overall, Ni coatings on Sample 2 and Sample 3 performed 

well for corrosion resistance in a FLiNaK salt environment at 700 °C for 100 h. 

 

 

Figure 6.8. Cross-sectional SEM EDS line scans showing the distribution of Ni, Cr, and Fe along 
the cross-section of the samples after corrosion in FLiNaK at 700 °C for 100 h. 

 

6.3.4. Diffusion of Cr through Ni coatings  

The Cr EDS line scans in Samples 2 and 3 in Figure 6.8 reveal Cr diffusion occurred across the 

substrate-coating interface. For longer duration corrosion tests, the Cr will eventually diffuse 

through the Ni coating to the surface, and this will result in dissolution into molten salts. The 

diffusion coefficient of Cr into Ni coating for Sample 2 and Sample 3 could be calculated using 

the Cr concentration profile collected using SEM-EDS. The concentration profiles of Cr in the Ni 

coating for Sample 2 and Sample 3 are shown in Figure 6.9 and Figure 6.10 respectively. The 

diffusion coefficient was calculated using the Boltzmann-Matano method using equation 2.26. For 

the present conditions equation 2.26 could be reduced to the following expression [147]: 
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6.1  

 

where CR was zero since initially the concentration of Cr in the nickel coating was zero and x is 

the distance from the Matano interface, which under ideal conditions can be assumed to be at the 

substrate-coating interface [115]. The 
𝛿𝐶

𝛿𝑥
 is the slope of the concentration profile at the distance x 

from Matano’s interface. The integral in equation 6.1 is the area of the concentration profile on 

Matano’s interface. At 10 µm distance from the substrate-coating interface, the diffusion 

coefficient was calculated using Cr concentration profiles at three different locations on the 

samples’ cross-sections. The diffusion coefficient was calculated to be 6.13 × 10−16 m2/s for 

Sample 3 and 1.80 × 10−16 m2/s for Sample 2. The diffusion coefficient could not be calculated 

for Sample 1 from the Cr concentration profile because the Cr deposits on the surface would have 

altered the boundary conditions for equation 6.1. The calculated diffusion coefficient was close to 

the one reported (~10-16 m2/s) in other studies [148]. The diffusion of Cr into Ni coating is of 

concern regarding protectiveness in the present corrosion environment. 
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Figure 6.9. Cr atomic concentration profile in Sample 2 along substrate-coating interface and 

fitted data using equation 2.24. 

 

 

Figure 6.10. Cr atomic concentration profile in Sample 3 along substrate-coating interface and 
fitted data using equation 2.24. 
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6.3.5. EBSD analysis 

The diffusion of Cr from the base alloy (AISI 316) through the Ni coating largely occurs through 

grain boundaries and lattice [79]. Generally, the smaller grain size in the Ni plating indicates that 

there are more grain boundaries. The large number of grain boundaries can increase the diffusion 

through Ni coatings at lower temperatures (<800°C) [149]. The diffusion could also be accelerated 

via a short-circuit mechanism through dislocations , cracks, and voids [150]. Therefore, defect free 

Ni coatings with large grain size could be beneficial for lowering the diffusion of Cr through it.  

Electrochemical deposition at lower current density could be used to yield larger grain size Ni 

coatings [151].  However, as the grain growth is expected to occur in Ni coatings due to prolonged 

heating at 700 °C, the initial grain size of the Ni coating is of less importance. Also, the smaller 

grains grow rapidly but the rate of growth decreases as the size of grains increase [149]. Therefore, 

the grain size of the Ni plating at the end of corrosion can be useful to see the effect of grain size 

on corrosion. For this the grain size was calculated before corrosion of the Ni plating in Sample 1, 

2, and 3. The average grain size was 0.89 µm for the Ni coating in Sample 1, 0.80 µm in Sample 

2, and 0.73 µm in Sample 3. As there was no significant change in the grain size among the three 

samples, its effect on differences in corrosion will be limited. Figure 6.11 shows the inverse pole 

figures (IPF) of the direction normal to sample surface i.e., along the direction of the coating 

deposition. The ND-IPF figures indicate that most grains were oriented near {001}and red color 

represents the highest intensity in IPF triangles; Sample 1 has maximum intensity of 1.15, Sample 

2 has 3.58 and Sample 3 has1.78. 

  

 

Figure 6.11. Inverse pole figures (IPFs) of the direction normal to the sample surface (parallel to 

coating deposition direction) for Sample 1, Sample 2, and Sample 3. 
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The EBSD micrographs of the cross-sections of the samples are shown in Figure 6.12. The base 

alloy (AISI 316) thickness is indicated by the green arrow and the Ni-plating thickness is indicated 

by the red arrow at the top of the image in Figure 6.12. The grain size was seen to increase for the 

duration of the corrosion test in all the samples. This grain growth was observed to be restricted in 

Sample 1. This could be due to the presence of the iron and chromium oxide particles. The grain 

size after corrosion in Sample 1 was 3.8 µm, Sample 2 was 17 µm, and in Sample 3 was 22 µm. 

In this EBSD analysis the initial grain size did not show any conclusive effect on the corrosion of 

Ni plating in the FLiNaK environment due to a change in grain size during the corrosion tests. 

More detailed study could be performed using Cr51 radioactive tracer. Additionally, it is also 

recommended to change the texture (grains’ orientations) of the Ni-plating using 

thermomechanical processing (heat treatments/mechanical working) to see the effect of texture on 

corrosion behaviour in a FLiNaK environment. 

 

 

Figure 6.12. EBSD micrographs of the cross-sections of Sample 1, Sample 2, and Sample 3 
showing grain sizes after corrosion in FLiNaK at 700 °C for 100 h. 

 

6.3.6. XRD and XPS analysis 

The X-ray diffraction pattern obtained from the surface of the Ni-plated samples before corrosion 

is shown in Figure 6.13. Strong intensity peaks were observed for Ni (111) and Ni (200) and a 

weak intensity peak was observed for Ni (220). This XRD pattern changed after corrosion in the 

FLiNaK environment. Figure 6.14 (a) shows the XRD pattern after corrosion. The relative 
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intensity of the (111) peak was increased after corrosion. Interestingly, the peaks from iron oxide 

and chromium oxide were not identified in the XRD pattern. This could be due to the presence of 

a small amount of oxide on the surface of the samples. The X-ray photoelectron spectra (XPS), 

however, was able to identify the peaks from the corrosion products as the XPS is a more sensitive 

technique than XRD for elemental analysis on the surface. The XPS spectra from samples after 

corrosion are shown in Figure 6.14 (b). The atomic percentage was calculated using equation 5.1 

from the XPS spectra for Ni, Cr, and Fe and these are shown in the form of a bar chart in Figure 

6.14 (c). The highest atomic percentage of Cr was found on Sample 1 and the lowest on Sample 

3, while the highest percentage of Ni was found on Sample 3 and the lowest on Sample 1. These 

XPS atomic concentrations indicate that the corrosion on Sample 1 was higher compared to 

Sample 3. These XRD and XPS results reveal that the corrosion due to Cr diffusion was lowest on 

Sample 3 and highest on Sample 1.  

 

 

Figure 6.13. Xray diffraction pattern of Sample 1, Sample 2, and Sample 3 before corrosion 
showing the Ni peaks from the Ni deposited on the surface of AISI 316. 
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Figure 6.14. (a) X-Ray diffraction pattern, (b) X-Ray photoelectron survey spectra of samples 

after corrosion in FLiNaK at 700 °C for 100 h, and (c) bar chart showing comparison of % 
atomic after corrosion of Ni 2p, Cr 2p, and Fe 2p calculated from XPS wide survey spectra. 

 

6.4. Conclusions 

In this study, Ni was deposited on the AISI 316 samples using an electrochemical deposition 

technique at three different current densities: 20 mA/cm2 (Sample 1), 40 mA/cm2 (Sample 2), and 

60 mA/cm2 (Sample 3). The Ni coated samples along with one uncoated sample were tested in a 

FLiNaK salt environment at 700 °C for 100 h under Ar as a cover gas. The corrosion tests indicate 

the corrosion on Sample 1 was the highest and on Sample 3 was the lowest among the Ni-plated 

samples. The lower corrosion on Sample 3 was due to the higher Ni-plating thickness on this 

sample. Cr diffusion was the major cause of this corrosion. Interestingly, Cr was thermally 

diffusing into the Ni plating at the Ni coating-base alloy interface. The diffusion coefficient was 

calculated to be 6.35x10-16 m2/s for Sample 3 and 1.80x10-16 m2/s for Sample 2. The Cr diffusion 

could eventually lead to depletion of Cr from the plated alloys for a corrosion test run for longer 
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hours. The Ni-plated alloys showed some resistance to corrosion in the FLiNaK environment. The 

increasing order of corrosion among the samples tested was Sample 0 > Sample 1 > Sample 2 > 

Sample 3. 
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Chapter 7. Corrosion of AISI 304 with Ni-Mo coating in FLiNaK salt environment 
 

7.1. Overview 

The protective coating element Ni was chosen because of its lower negative Gibbs free energy of 

formation of fluoride as depicted in Figure 2.2. The other element with a low negative Gibbs free 

energy of formation is Mo. Therefore, it was expected that Mo may have better corrosion resistance 

in a FLiNaK environment. The Mo coatings cracked and delaminated from the substrate during 

application at high temperature as explained in section 2.6; therefore, Ni-Mo coatings were 

deposited instead of only Mo. The Ni-Mo coatings were expected to be free from cracks and 

delamination. The novel Ni-Mo coatings were successfully developed on the stainless steel AISI 

304 samples and were tested for the first time in the FLiNaK salt environment at 700°C under Ar 

as the cover gas. This chapter presents the results and discussions of corrosion tests of Ni-Mo 

coated AISI 304 samples. The motive of this chapter was to address objectives 3 and 4, which are 

to develop, and test coatings for service in a molten salt environment and propose the mechanism 

of the corrosion process. 

 

7.2. Experimental procedure  

The AISI 304 samples were polished and cleaned using the procedure elaborated earlier in Chapter 

3. Two samples were then plated with a thin layer of Ni using the Ni strike method detailed in 

section 3.3.3. One of these samples was then coated with Ni-Mo using an electrochemical bath 

described in Table 3.4. The other sample was coated with just Ni by the same method. These Ni-

Mo coated and Ni coated samples were tested along with an uncoated sample in a FLiNaK salt 

environment at 700°C for 100 h in a pure nickel crucible in a tubular furnace with Ar as the cover 

gas. The coating description on the AISI 304 alloy samples tested in this study is shown in Figure 

7.1 to avoid ambiguity. 
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Figure 7.1. Description of AISI 304 samples showing Ni-Mo coated sample, Ni coated sample 
and uncoated sample before corrosion. 

 

For comparison, the Mo coated AISI 304 is shown in Figure 7.2. The brittle nature of pure Mo 

coating deposited on steel is clearly evident in these SEM-EDS maps. In contrast, the Ni-Mo 

coating was rather free from cracks and delamination (Figure 7.4). 

 

 

Figure 7.2. SEM EDS maps of top surface of Mo deposited on AISI 304 samples using 

electrochemical deposition showing the brittle and non-uniform nature of the Mo coating. 
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7.3. Results and discussions 

 

7.3.1. Weight loss analysis  

The three samples were weighed before and after corrosion tests. The surface area of the samples 

was measured to calculate the weight change per unit of surface area. All the samples lost weight 

after corrosion in the FLiNaK environment to different extents. Figure 7.3 shows the weight loss 

per unit surface area of the samples in mg/cm2. The highest weight loss of 17.0 mg/cm2 was 

registered for the sample coated with Ni-Mo whereas it was lowest (1.0 mg/cm2) for the sample 

coated with only Ni. The uncoated sample, on the other hand, showed weight loss per unit surface 

area of 6.0 mg/cm2. This weight loss occurs due to loss of alloying elements from the base alloy. 

Interestingly, the corrosion in the uncoated sample was less than in the Ni-Mo coated sample 

according to this weight loss analysis. It was assumed that the average deviation in weight loss 

measurements in Ni/Ni-Mo samples was the same as in AISI 316 samples. APPENDIX A details 

the other sources of error in weight loss measurements in this research. 

 

 

Figure 7.3. Weight loss per unit of surface area of the samples after corrosion in FLiNaK 
environment for 100 h at 700 °C. Estimated average deviation 0.23 mg/cm2 used in weight loss 

measurements. Please refer to APPENDIX A for calculations of average deviation and other 
sources of error. 
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7.3.2. Surface morphology and EDS analysis 

The coating morphology of Ni-Mo and Ni coated AISI 304 before corrosion is shown in Figure 

7.4 along with EDS maps of Ni, Mo, and Fe. Comparing the Ni-Mo deposition on the AISI 304 

surface shown in Figure 7.4 (a) with the Mo deposition on AISI 304 surface shown in Figure 7.2, 

the Ni-Mo coating was uniform and devoid of cracks. The Ni coated AISI 304 top surfaces shown 

in Figure 7.4 (b) also reveals uniform deposition. 

 

 

Figure 7.4. SEM secondary electron images (SEI) of top surface along with EDS maps of 

samples of AISI 304 (a) coated with Ni-Mo, (b) coated with Ni before corrosion. 

 

The SEM micrographs of the top surface of samples after corrosion in the FLiNaK salt 

environment are shown in Figure 7.5. The top surface of the Ni-Mo coated sample shows heavy 

corrosion with uneven coating morphology (shown in Figure 7.5(a)). The surface of the Ni coated 

AISI 304 sample reveals rough coating morphology as shown in Figure 7.5 (b). The uncoated 

specimen shows uniform corrosion on its surface with the presence of two types of particles (dark 
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and bright) shown in the higher magnification inset image in Figure 7.5 (c). To further analyze the 

elemental distribution of the different alloying elements on the surface of the samples, the SEM 

EDS scans were collected from the surfaces. 

 

 

Figure 7.5. Scanning Electron Microscope images of the top surface of the (a) Ni-Mo coated 

sample (b) Ni coated sample (c) uncoated sample after 100 h at 700 °C in FLiNaK salt 
environment. 

 

Figure 7.6 shows the SEM EDS elemental maps of Ni, Cr, and Fe on the surface of corroded 

samples. The Ni-Mo coated sample shows the presence of significantly larger amounts of Cr on 

its surface compared to the Ni coated sample. It appears the Ni-Mo coating had some regions rich 

in Cr and others rich in Ni. The Fe is seen to be uniformly present on the surface. The Ni coated 

sample, on the other hand, shows holes formation in the Ni coating after corrosion. Around these 

holes the Cr accumulated and the remaining surface was rich in Ni. This Cr is observed to be 

diffusing outward from the base alloy (AISI 304) underneath the Ni coating. The uncoated sample, 

in contrast, does not show a significant accumulation of Cr, Ni or Fe, which is indicative of uniform 

corrosion on its surface. The Mo EDS map was not included in Figure 7.6 because, interestingly , 

there was no Mo detected on the surface. From these SEM EDS top surface scans, it appears that 

the Cr diffusion occurred heavily in the sample coated with Ni-Mo along with the complete 

depletion of Mo. However, the corrosion due to Cr diffusion was the lowest in the sample coated 

with Ni. The SEM EDS top surface map did not conclusively show the extent of corrosion on the 

uncoated sample. Therefore, to better analyze the depth of Cr depleted regions in the base alloy, 

the cross-sections of the samples were scanned using SEM EDS and this is discussed in the next 

section. 
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Figure 7.6. SEM-EDS maps of Ni, Cr and Fe on the surface of (a) Ni-Mo coated sample, (b) Ni 
coated sample, and (c) uncoated sample after 100 h at 700 °C in FLiNaK environment. 

 

7.3.3. Cross-section SEM-EDS analysis 

Figure 7.7 depicts the cross-sectional SEM EDS maps of Ni, Cr, Fe of samples before and after 

corrosion. Figure 7.7 (a) shows the uncoated sample where, as expected, uniform corrosion formed 

an oxide layer on the surface. This oxide layer was depleted of Cr and Fe. Figure 7.7 (b) shows the 

Ni-Mo coated sample before corrosion and a uniform deposition indicates successful coating on 

the AISI 304 alloy surface. Figure 7.7 (c) shows the cross-section of the Ni-Mo coated AISI 304 
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after corrosion in FLiNaK. The red dotted line shows the coating and base alloy interface. Yellow 

arrows indicate the holes formed under the coating-base alloy interface due to the outward 

diffusion of Cr from the base alloy. The Cr EDS maps clearly show the accumulation of Cr on the 

outer surface. Regions of Fe depletion were also registered in the base alloy. It is evident from 

these cross-sectional SEM EDS maps that the Mo, unlike Ni, was not resistant to corrosion in the 

present corrosion environment. The higher weight loss could also be attributed to the combined 

depletion of Cr and Mo from the sample coated with Ni-Mo.  

 

Figure 7.7 (d) and (e) show the Ni coated AISI 304 cross-sections before and after corrosion. 

Before corrosion, uniform deposition of Ni plating is observed. After corrosion, thermal diffusion 

occurred across the coating-base alloy interface because of the elevated temperature of testing (700 

°C) and long duration of the corrosion test (100 h). 

 

From the observation of Cr depleted regions in the alloy it is evident that the Ni-Mo coated AISI 

304 suffered from corrosion the most while the Ni coated AISI 304 had the least corrosion. For 

measurement of the depth of Cr depleted regions, SEM EDS line scans were collected from the 

cross-sections of the corroded samples. 
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Figure 7.7. Cross-sectional SEM-EDS elemental map scans of the Ni, Cr, and Fe of (a) uncoated sample after corrosion, (b) Ni-Mo 
coated sample before corrosion, (c) Ni-Mo coated sample after corrosion, (d) Ni coated sample before corrosion, and (e) Ni coated 

sample after corrosion in molten FLiNaK at 700 °C for 100h. 
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Figure 7.8 depicts the EDS line scans of Ni, Cr, Fe, Mo across the cross-sections of the samples 

before and after corrosion for comparison. Figure 7.8 (a) and (b) compare the EDS line scans for 

the Ni-Mo coated sample before and after corrosion. Interestingly, after corrosion, no Mo is present 

in the cross-section, which confirms the complete depletion of Mo. The regions of Cr and Fe 

depletion are identified in the line scans of the corresponding elements. These regions of depletion 

are observed up to the depth of 100 µm on the Ni-Mo coated sample. These depleted regions 

indicate the inefficacy of the Ni-Mo coating for corrosion protection in a FLiNaK salt environment.  

 

Figure 7.8 (c) and (d) represent the cross-sections of the Ni coated AISI 304 samples before and 

after corrosion. The uniform change in Ni, Cr and Fe is observed across the coating-base alloy 

interface, which was due to thermal diffusion of these elements. The Fe rich band near the outer 

surface in the Ni coated sample after corrosion was due to the inward diffusion of Fe from the 

molten salts. Regions of depletion of Cr or Fe are not identified after corrosion, which shows the 

Ni coated sample was well protected against corrosion in FLiNaK under the tested conditions.  

Figure 7.8 (e) and (f) show the before and after corrosion cross-sections of uncoated samples. The 

uniform corrosion occurred up to the depth of 48 µm for the uncoated sample. From SEM EDS 

analysis it is clear that the Ni-Mo coated sample performed poorly for corrosion resistance in a 

FLiNaK environment and even the uncoated specimen showed better corrosion resistance. It seems 

like Mo was accelerating the corrosion of the Ni-Mo coated sample. To further analyze the 

corrosion products, XRD and XPS high resolution scans were collected for Ni 2p and C 1s, which 

are presented in the next section. 
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Figure 7.8. SEM EDS Ni, Cr, Fe and Mo line scans across the cross-section of (a) Ni-Mo coated 
sample before corrosion, (b) Ni-Mo coated sample after corrosion, (c) Ni coated sample before 

corrosion, (d) Ni coated sample after corrosion, (e) uncoated sample before corrosion, and (f) 
uncoated sample after corrosion in molten FLiNaK salt at 700 °C for 100 h. 

 

7.3.4. XRD and XPS analysis 

The XRD pattern shown in Figure 7.9 compares the samples coated with Ni-Mo and Ni before 

corrosion in the FLiNaK environment. High intensity Ni peaks from (111), (200), and (220) planes 

are observed in the Ni coated sample; however, low intensity and broad peaks are identified for Ni 

in the Ni-Mo coated sample. These broad and low intensity Ni peaks could be due to the high stress 

in the Ni coating due to the presence of Mo in the Ni-Mo coating [152,153].  
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Figure 7.9. Comparison of X-Ray Diffraction patterns of samples coated with Ni-Mo and Ni 
before corrosion in FLiNaK environment. 

 

Figure 7.10 (a) shows the comparison of XRD patterns from the Ni-Mo coated AISI 304, Ni coated 

AISI 304 and uncoated AISI 304 after corrosion. High intensity peaks from Ni (111), (200), and 

(220) planes are identified for the sample coated with Ni. The absence of peaks from iron oxide 

and chromium oxide in the XRD pattern indicates an absence of corrosion products on its surface. 

Whereas in the Ni-Mo coated and the uncoated samples, peaks of Fe2O3 are observed in addition 

to Ni peaks. The increase in the intensity of Ni peaks, observed after corrosion as compared to 

before corrosion shows relaxation of Ni grains after Mo depletion. Moreover, no peaks of Mo are 

found in the XRD. Figure 7.10 (b) shows the XPS wide survey spectra. The Cr 2p, O 1s, C 1s, Ni 

2p and Fe 2p peaks are detected at the binding energies of 577 eV, 530 eV, 284.9 eV, 853 eV, and 

712 eV. Along with these, XPS peaks from the FLiNaK salt are observed at the binding energies 

of F 1s at 685 eV, K 2s at 378 eV and Na 1s at 1072 eV. 
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Figure 7.10. (a) X-ray diffraction pattern of samples after corrosion in FLiNaK salt for 100 h at 
700 °C and (b) X-ray photoelectron spectroscopy wide survey scans collected from the surface of 

corroded samples after 100 h in FLiNaK at 700 °C. 

 

The high resolution XPS spectra collected for C 1s before and after corrosion are shown in Figure 

7.11. The C 1s peak was fitted using the parameters provided in section 3.5.2. Figure 7.11 (a) and 

(b) show the XPS spectra of C 1s of Ni-Mo coated AISI 304 before and after corrosion 

respectively. The increase in carbide peak was observed from 9.53 atomic % to 19.92 atomic % 

for the Ni-Mo coated sample after corrosion. This increased intensity of the carbide peak after 

corrosion indicates the formation of carbides. The carbides (Mo2C and Cr7C3) have been 

previously found by other researchers on the surface of stainless steel after corrosion in FLiNaK 

[64]. As explained by Sellers et al. [49], the formation of these carbide particles can accelerate the 

corrosion in a fluoride salt environment. The availability of Mo in the Ni-Mo coated AISI 304 

sample caused the formation of Mo2C, which possibly accelerated the corrosion process for the 

Ni-Mo coated AISI 304 sample. This formation of Mo2C was also the reason for the complete 

depletion of Mo from the Ni-Mo coating on the AISI 304 sample. 

 

Figure 7.11 (c) and (d) show the XPS high resolution spectra of C 1s before and after corrosion 

for the Ni coated AISI 304 sample. The carbides were ~10 atomic % on the Ni coated sample , 

which were significantly less as compared the Ni-Mo coated sample after corrosion. The reason 

for less corrosion on the Ni coated sample was the smaller amount of carbide on its surface. 
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Additionally, Cr was seen to be diffusing through the Ni coating and therefore, the corrosion was 

limited by this diffusion. 

 

 

Figure 7.11. X-ray photoelectron spectroscopy high resolution spectra of C 1s of (a)Ni-Mo 
coated sample before corrosion test, (b) Ni-Mo coated sample after corrosion test, (c) Ni coated 
sample before corrosion test, and (d) Ni coated sample after corrosion test in FLiNaK at 700 °C 

for 100 h. 

 

Figure 7.12 (a) and (b) show the Ni 2p XPS spectra before and after corrosion in the FLiNaK 

environment for the Ni-Mo coated sample. Whereas Figure 7.12 (c) and (d) show the Ni 2p spectra 

for the Ni coated AISI 304 sample before and after corrosion, respectively. It is interesting to note 

that the Ni spectra were very similar for all the samples before and after corrosion, indicating the 

Ni was rather inactive during the corrosion in FLiNaK salt. 
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Figure 7.12. X-ray photoelectron spectroscopy high resolution spectra of Ni 2p of (a)Ni-Mo 

coated sample before corrosion test, (b) Ni-Mo coated sample after corrosion test, (c) Ni coated 
sample before corrosion test, and (d) Ni coated sample after corrosion test in FLiNaK at 700 °C 

for 100 h. 

 

These XRD and XPS results indicate the presence of carbides affected the corrosion mechanism 

and resulted in accelerated corrosion in the Ni-Mo coated sample. The corrosion resistance of the 

Ni coated sample was sufficient for the duration of the test. However, for the extended periods of 

tests the Cr was expected to diffuse out. To protect the alloy from this Cr diffusion, a diffusion 

barrier coating at the alloy-coating interface is recommended to improve the overall corrosion 

resistance of Ni plating. 
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7.4. Conclusions 

The main goal of this study was to develop Ni-Mo coatings and evaluate their corrosion resistance 

in a molten FLiNaK salt environment. These coatings were proposed for improving the corrosion 

resistance in fluoride salts at a temperature of 700 °C. Weight loss results show, however, that the 

Ni-Mo coating performed poorly for corrosion resistance. The weight loss was due to the combined 

depletion of Cr, Mo, and Fe in the Ni-Mo coated sample. The formation of voids and depth of 

voids’ penetration in the investigated samples were associated with low corrosion resistance. The 

formation of molybdenum and chromium/molybdenum carbides largely contributed to accelerated 

corrosion of the Ni-Mo coated specimen. It is recommended that a diffusion barrier should be used 

at the Ni coating and base alloy interface for improving the protection against corrosion. 
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Chapter 8. Corrosion of Ni-plated AISI 304 with SiC interlayer in FLiNaK 
 

8.1. Overview 

Previous studies in this thesis indicate the Cr diffusion into the Ni coating from the base alloy 

during the long exposure to FLiNaK salt at 700 °C still occurs, and Cr will eventually reach the 

surface and will be depleted from the base alloy. To restrict this outward diffusion of Cr from the 

alloy to the Ni coating, a diffusion barrier will be required. The fundamental requirements for an 

effective diffusion barrier coating are stability at higher temperature, lower diffusivity of Cr 

through it, and good bonding with both Ni and the base alloy. SiC coating could be used as a 

diffusion barrier since it is stable at higher temperature and is expected to prevent the Cr diffusion.  

This chapter presents results obtained for Ni coated AISI 304 samples with and without a SiC 

diffusion barrier. The SiC diffusion barrier was found to significantly restrict the Cr diffusion from 

stainless steel into nickel plating. This chapter addresses objectives 3 and 4 of this thesis of 

developing coatings for improvement of corrosion resistance of investigated alloys and testing 

their performance in a molten salt environment and propose the mechanism of the corrosion 

process. 

 

8.2. Experimental procedure  

In this study, AISI 304, Sample 1, was coated with SiC using magnetron sputtering described 

earlier in section 3.2. Thereafter, Mo was sputtered on this SiC to provide an electrically 

conductive surface for electroplating Ni and to improve adhesion as discussed in section 3.3.5. 

Later, the sample was coated with Ni using bath composition and parameters listed the Table 3.4. 

Sample 2, AISI 304, was coated first with Mo using the magnetron sputtering technique and then 

coated with Ni using electrochemical deposition with the same parameters used for Sample 1. 

Sample 3 was uncoated. For clarity, the samples’ coatings are illustrated in Figure 8.1. The prime 

difference between Sample 1 and Sample 2 was the presence of the SiC diffusion barrier in Sample 

1. All three samples were then tested for corrosion in the FLiNaK environment for 100 h at 700 

°C in a tubular furnace with Ar as the cover gas. 
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Figure 8.1. AISI 304 coated samples showing the coating description on three samples tested for 
corrosion in FLiNaK environment. 

 

8.3. Results and discussions 

 

8.3.1. Weight loss analysis  

The weight change was calculated from the weights of the samples before and after corrosion. The 

weight change per unit of surface area of the samples was evaluated as shown in Figure 8.2. The 

highest weight loss/area of 31.0 mg/cm2 was in Sample 3, the uncoated sample. This weight 

loss/area was more than two times higher than Sample 2 at 12.1 mg/cm2 and in Sample 1 it was 

6.0 mg/cm2. This weight loss was attributed mainly to Cr depletion from the samples. From this 

weight loss analysis, the coating with the SiC diffusion barrier reduced the weight loss by 5 times.  

Based on this weight loss trend, the SiC barrier was able to restrict the Cr diffusion from the base 

alloy into the salts and therefore increased its corrosion resistance. The average deviation in weight 

loss measurement was estimated to be the same as in AISI 316 samples. APPENDIX A details its 

calculation and other potential sources of error in the research. 
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Figure 8.2. Weight loss per unit surface area of the samples after corrosion in the FLiNaK salt 
environment at 700 °C for 100 h. The average deviation in weight loss measurements was 

estimated to be 0.23 mg/cm2. Please refer to APPENDIX A for more details. 

 

8.3.2. Surface morphology and EDS analysis 

SEM was used to observe the coatings’ morphology after corrosion in FLiNaK. Figure 8.3 shows 

the top surface of the samples before and after corrosion. The top row shows the samples before 

corrosion, which indicates the uniform deposition of coating on Sample 1 and 2. This coating on 

both samples did not have cracks and holes. The top surface of the uncoated sample was also free 

of surface inhomogeneities. 

 

The SEM micrographs at the bottom row in Figure 8.3 show the specimen surfaces after corrosion 

in FLiNaK salt. The surface of Sample 1 was found to be unaffected by corrosion. Similarly, the 

surface of Sample 2 was uniform and free of any corrosion products. Sample 3, which was 

uncoated, was heavily corroded by fluoride salts. Delamination of the oxide layer was observed at 

the bottom right corner in the SEM micrograph. From these SEM micrographs it was evident that 

significant corrosion occurred on the uncoated Sample 3. However, Sample 1 and Sample 2 

performed well in the corrosion test. 
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Figure 8.3. SEM secondary electron images (SEI) of the top surface of the samples showing the 

morphology of the coatings before and after corrosion in FLiNaK at 700 °C for 100 h. 

 

SEM EDS maps were collected from the top surface of the corroded samples for Cr, Fe, and Ni. 

Figure 8.4 shows these EDS elemental maps which reveal the distribution of these elements on the 

surface of samples. Sample 1 was not affected by the corrosion and no significant amount of Cr is 

found. In Sample 2 there was uniform distribution of the Cr and Fe elements. Sample 3 shows the 

flaking of the Cr oxide layer on its surface and reveals the underneath Ni rich surface, which 

demonstrates the dissolution of Cr and Fe from the alloy. There were some changes in Fe 

distribution on the surface of Sample 1 and Sample 2, which was due to the deposition of Fe from 

the salts melt, a phenomenon also observed by other researchers [64]. From these EDS maps of 

top surfaces, it is apparent that the Cr depletion was restricted in Sample 1 and Sample 2.  
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Figure 8.4. Top surface SEM-EDS maps of Cr, Fe and Ni showing distribution of these elements 

on the surface of samples after corrosion in FLiNaK at 700 °C for 100 h. 

 

8.3.3. Cross-section SEM-EDS analysis 

To better analyze the Cr depletion from the base alloy, samples were sectioned and SEM-EDS 

scans were collected from the cross-sections to see the elemental distribution of Cr, Fe, Ni, Mo, 

and Si at the substrate-coating interface. Figure 8.5 shows the SEM-EDS maps of cross-sections 

of Sample 1 and Sample 2 before the corrosion tests. The coating of Ni was uniform and the same 

in both samples. The Mo elemental map shows the presence of the Mo layer below the Ni coating 
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in both samples. The presence of Si in Sample 1 was also identified, which indicates the presence 

of the SiC layer. SEM-EDS line scans also confirm the presence of Mo and Si in Sample 1 but 

only Mo in Sample 2, as indicated in Figure 8.6. 

  

 

Figure 8.5. Cross-sectional SEM-EDS of Sample 1 and Sample 2 showing elemental distribution 
of Ni, Cr, Fe, Mo, and Si before corrosion. 

 

 

Figure 8.6. Cross-section SEM-EDS line scans overlaid on Sample 1 and Sample 2 cross-
sections showing the presence of Si and Mo at the base alloy and Ni coating interface. 

 

After corrosion in the FLiNaK salt environment for 100 h at 700 °C, the samples were cross-

sectioned and polished to analyze the substrate-coating interface. Figure 8.7 depicts the 

distribution of Ni, Cr, Fe, Mo, and Si on the cross-section of the samples after corrosion. Cr and 

Fe depleted regions were not present in Sample 1 and this indicates increased resistance to 
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depletion of these alloying elements from the base alloy. This could be attributed to the 

effectiveness of SiC as a diffusion barrier. In contrast, the grain boundaries depleted of Fe and Cr 

were observed in Sample 2, which indicates the diffusion of these elements from the base alloy 

into the Ni coating. This unrestricted outward diffusion of Fe/Cr led to the formation of voids at 

the grain boundaries in the base alloy in Sample 2. Comparing the extent of Cr depleted zones in 

Sample 1 and Sample 2, it is evident that the SiC layer was protecting against Cr diffusion from 

the base alloy to the Ni plating in Sample 1. No distortion of the SiC layer was recorded in Sample 

1 as seen in the Si EDS map in Figure 8.7. However, the Mo layer was seen to move toward the 

outer surface in both Sample 1 and Sample 2, as seen in Figure 8.7. The reason for this could be 

attributed to a higher diffusion coefficient of Mo in nickel (10-14 m2/s) coating [154]. Sample 3, 

which was uncoated, shows the uniform oxide layer on the outer surface along with the Cr depleted 

regions.  

 

 

Figure 8.7. Cross-sectional SEM-EDS maps for Ni, Cr, and Fe showing the distribution of these 
elements in the cross-sections of the samples after corrosion in FLiNaK at 700 °C for 100 h. 

 

From these cross-sectional SEM-EDS maps of samples after corrosion, the depth of corrosion 

attack was calculated by measuring the depth of Cr depleted zones in the base alloy. For Sample 
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2, Cr depleted zones were observed to extend into the base alloy up to an average of 30 µm from 

the substrate-coating interface. The uniform corroded region in Sample 3 was 40 µm. Sample 1, 

on the other hand, had no visible depth of corrosion because no Cr depleted zones were identified.  

These EDS results from the cross-sections suggest that the SiC layer proved to be an effective 

diffusion barrier and restricted the Cr diffusion from the base alloy and increased the coating’s  

resistance to corrosion in FLiNaK salt. 

 

8.3.4. Diffusion of Cr in Ni and Ni-SiC coatings 

The Cr atomic concentration profile was obtained using SEM-EDS along the cross-section of 

Sample 2 after corrosion in FLiNaK and is shown in Figure 8.8. Using the method explained in 

section 6.3.4, the effective Cr diffusion coefficient can be calculated from this concentration 

profile (using equation 6.1) at any distance from the Matano interface (which under ideal 

conditions is placed at the substrate-coating interface). The diffusion coefficient was calculated at 

a distance of 10 µm from the substrate-coating interface and was found to be 5.60 × 10−16 m2/s. 

The calculated diffusion coefficient of Cr in nickel was close to the diffusion coefficient calculated 

earlier (~10−16 m2/s) in section 6.3.4. 
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Figure 8.8. Cr atomic concentration profile in Sample 2 along the substrate-coating interface and 

fitted data using equation 2.24. 

 

Figure 8.9 shows the Cr concentration profile for Sample 1 across the substrate-coating interface. 

To calculate the effective Cr diffusion coefficient at 10 µm from the substrate-coating interface 

for Sample 1, equation 6.1 was used. The integral in this equation represents the area of the 

concentration profile on the Matano interface and 
𝛿𝐶

𝛿𝑥
 is the slope of the concentration profile at 10 

µm distance from the Matano interface. This slope was zero at this distance, therefore, equation 

6.1 could not give a defined answer. Furthermore, a SEM-EDS (Figure 8.10) point scan showed 

no presence of Cr at this distance, which further confirmed Cr was not able to diffuse up to this 

distance. 
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Figure 8.9. Cr atomic concentration profile in Sample 1 along the substrate-coating interface and 
fitted data using equation 2.24. 

 

 

Figure 8.10. SEM-EDS point spectrum of point 1 (10 µm from substrate-coating interface), and 
point 2 within the alloy in Sample 1 after corrosion in FLiNaK at 700°C for 100 h. 

 

The diffusion analysis confirmed that the Cr diffusion was restricted in Sample 1 as a result of 

introducing the SiC layer between the Ni coating and base alloy, whereas unrestricted diffusion 

occurred in Sample 2 with an effective diffusion coefficient of 5.60 × 10−16 m2/s. 
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8.3.5. XRD and XPS analysis 

The XRD pattern obtained from the surface of the samples after corrosion is shown in Figure 8.11 

(a). The high intensity Ni peaks from (111), (200), and (220) were observed in Samples 1 and 2. 

However, iron oxide peaks were identified along with Ni peaks for Sample 3. These additional 

iron oxide peaks indicate the presence of corrosion products on the surface of Sample 3. 

 

Figure 8.11 (b) shows the XPS spectra for samples after corrosion. The Fe 2p, Cr 2p, Ni 2p and O 

1s peaks were identified at the binding energies of 713 eV, 570 eV, 856 eV and 531 eV 

respectively. The atomic percentage was calculated from the XPS spectra and is shown in the form 

of a bar chart for Ni, Fe and Cr in Figure 8.11 (c). The Cr was negligible on the surface of Sample 

1 and Sample 2. However, in Sample 3 Cr was 4.21 atomic %. The presence of Cr on the surface 

of the alloy showed the depletion of Cr from the alloy. The oxygen atomic % was lowest on Sample 

1 and highest in Sample 3. The higher fraction of oxygen indicates the formation of oxide on the 

surface. From these XRD and XPS results it is evident that the corrosion was lowest in Sample 1 

and highest in Sample 3. It is possible to conclude from these results that the SiC interlayer acted 

as a barrier for outward diffusion of Cr and therefore improved corrosion resistance in the FLiNaK 

environment. 

 



   

 

120 
 

 

Figure 8.11. (a) X-Ray diffraction pattern for samples after corrosion in FLiNaK for 100 h at 700 
°C, (b) X-Ray photoelectron survey spectra of samples after corrosion in FLiNaK for 100 h at 

700 °C, and bar chart showing the % atomic calculated from XPS wide survey spectra for Ni 2p, 

Fe 2p, Cr 2p, and O 1s. 

 

8.4. Conclusions 

The SiC barrier was deposited between the Ni coating and base alloy. The Ni plated AISI 304 with 

SiC interlayer (Sample 1), Ni plated AISI 304 without SiC barrier (Sample 2), and uncoated AISI 

304 (Sample 3) were characterized and analyzed for their corrosion resistance in a FLiNaK salt 

environment for 100 h at 700 °C. The SiC interlayer acted as a diffusion barrier for Cr diffusion 

from the base alloy into the Ni plating and resulted in the lowest weight loss in Sample 1. The 

corrosion occurred in Sample 2 and Sample 3 due to Cr depletion from the AISI 304 substrates. 

The results demonstrate that the SiC interlayer between the Ni coating and the AISI 304 alloy 



   

 

121 
 

greatly improved the resistance to corrosion in a FLiNaK environment for use in MSRs. The 

increasing order of corrosion among the samples tested was Sample 1 > Sample 2 > Sample 3. 
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Chapter 9. Overall summary and original contributions 
 

Nuclear energy is one of the clean energy resources available; however, conventional nuclear 

power plants still need to improve safety and efficiency to tap the full potential of this form of 

energy generation. Molten Salt Reactors (MSR), which are classified as Generation IV nuclear 

reactors, are comparatively safer and have higher thermal efficiency. MSRs use molten salts 

(FLiNaK) as a coolant instead of water. These salts, however, are very corrosive to structural 

alloys. This thesis was aimed at understanding the corrosion mechanism of structural alloys in 

these salts at high temperature for use in MSRs. The objectives of this study were: 1) to analyze 

and compare the corrosion of selected alloys in a molten FLiNaK environment, 2) to understand 

and evaluate the mechanism of mass loss in the corrosion process, 3) to develop protective coatings 

for improvement of the corrosion resistance of the investigated alloys in a molten salt environment, 

and 4) to test the coating performance in a molten salt environment and propose the mechanism of 

corrosion process. The alloys for investigation were selected and prospective coatings were 

selected, produced, and optimized. The structures of alloys and coatings were analyzed before the 

corrosion tests and after the tests using EBSD, SEM, X-ray diffraction and XPS.  The following 

corrosive tests were performed:   

 

1. Corrosion of AISI 316 for 24 h, 50 h and 100 h in FLiNaK at 700°C. 

2. Corrosion of Hastelloy® N, Haynes® X-750, AISI 316, AISI 304 in a molten FLiNaK 

salt environment at 700°C for 100 h. 

3. Corrosion of Ni-plated AISI 316 in a molten FLiNaK salt environment at 700 °C for 

100 h. 

4. Corrosion of AISI 304 with Ni-Mo coating in a FLiNaK salt environment at 700 °C 

for 100h, 

5. Corrosion of Ni-plated AISI 304 with SiC interlayer in a molten FLiNaK salt 

environment at 700 °C for 100 h. 

 

The AISI 316 alloy was tested in a molten FLiNaK salt environment at 700 °C for three durations 

of exposure of 24 h, 50 h, and 100 h. The weight loss in all the samples was recorded. Cr dissolution 

was the primary reason behind the weight loss. The longer exposure to FLiNaK salt resulted in 
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higher depletion of Cr from the alloy. The effective diffusion coefficient of Cr in AISI 316 steel 

was found to be 4.161x10-16 m2/s. The corrosion mechanism was observed to change from the 

initially observed Cr depletion at grain boundaries to more uniform bulk depletion around 100 h 

in FLiNaK salt. The top protective layer of stainless steel was seen to dissolve in FLiNaK salt. 

 

Additionally, four alloys: Hastelloy® N, Haynes® X-750, AISI 316, AISI 304 were tested for 

corrosion resistance in a molten FLiNaK salt environment at 700 °C for 100 h in argon cover gas. 

The results of the investigation indicate the corrosion occurred by dissolution of Cr atoms from all 

the alloys’ surfaces. This depletion of Cr from the alloys resulted in formation of voids and cracks 

in the vicinity of the alloy. The depletion occurred predominantly via grain boundaries and triple 

junctions of the grains in all the alloys tested. The weight loss was seen in all samples due to this 

Cr depletion except for Hastelloy® N, where weight gain was observed due to deposition of Fe on 

its surface from the salts melt. The weight loss was correlated with the amount of Cr present in the 

alloys tested except for Haynes® X-750, which showed greater weight loss due to the presence of 

more corrosion prone elements such as Al and Ti. The depth of corrosion was measured to be 247 

µm in Haynes® X-750, 19 µm for Hastelloy® N, 30 µm for stainless steel AISI 304, and 40 µm 

for AISI 316. The order of increasing corrosion resistance among tested alloys was the following: 

Haynes® X-750 < AISI 304 < AISI 316 < Hastelloy® N. 

 

Ni coating was electrodeposited on AISI 316 samples with three different thicknesses of 29.2 µm 

for Sample 1, 43 µm for Sample 2, and 75 µm for Sample 3, using three different current densities 

of 20 mA/cm2, 40 mA/cm2, and 60 mA/cm2, respectively. The coated samples were tested for their 

corrosion resistance in the FLiNaK environment for 100 h at 700 °C. The corrosion resistance 

improved with the increase of thickness of the Ni plating, with maximum corrosion resistance in 

Sample 3. The diffusion of Cr was observed into the Ni plating from the base alloy. The diffusion 

coefficient of Cr in Ni coating was calculated to be in the range 1.80 to 6.13 × 10−16 m2/s. Due 

to the higher diffusivity of Cr in Ni coating, Cr atoms were expected to diffuse out even in thicker 

coatings (>100µm) after longer duration corrosion tests. It was evident from the results that the 

thicker Ni coating could potentially provide corrosion resistance in a FLiNaK environment if 

diffusion of Cr from the base alloy to the Ni coating were restricted. 
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The Ni-Mo coating was tested for corrosion resistance in a FLiNaK environment for 100 h at 700 

°C. Mo was co-deposited along with Ni to provide a Ni-Mo coating on the surface of an AISI 304 

sample. The Mo and Ni were expected to provide corrosion resistance in the molten salts 

environment. However, the Ni-Mo coating did not perform well in FLiNaK salt. The uncoated 

AISI 304 sample was better for corrosion resistance compared to the Ni-Mo coated sample. The 

weight loss was highest in the Ni-Mo coated sample and was lowest in the AISI 304 sample coated 

with only Ni. The high weight loss was attributed to a combined depletion of Cr and Mo from the 

Ni-Mo coated sample. The XPS and XRD analysis revealed the formation of molybdenum and 

chromium carbide particles, which accelerated the corrosion process on the surface of the Ni-Mo 

coated sample. It was concluded that the Mo present in Ni-Mo coating assisted in the formation of 

molybdenum carbide and increased the rate of corrosion. The Ni coated AISI 304 sample 

performed best under the tested corrosion conditions. The Cr was seen to be diffusing into the Ni 

plating across the base-alloy and Ni coating interface. 

 

The disadvantage of the Ni coating was the diffusion of Cr into the Ni coating from the base alloy. 

To address this problem, a SiC diffusion barrier was deposited between the Ni plating and base 

alloy. The corrosion tests were conducted for Ni plated AISI 304 samples with and without SiC 

diffusion barrier in the FLiNaK environment for 100 h at 700 °C. Cr depletion was significant ly 

reduced in the sample with a SiC diffusion barrier. In contrast, the sample without SiC coating 

showed grain boundaries depleted of Cr and formation of voids underneath the Ni plating in the 

base alloy. These results clearly indicate the effectiveness of the SiC coatings as diffusion barrier 

coatings to prevent Cr atoms from diffusing from the base alloy into the Ni coating. The corrosion 

resistance of Ni coated AISI 304 with SiC was improved more than two times when compared to 

Ni coated AISI 304 without SiC. 

 

9.1. Overall conclusions 

The important overall conclusions of the experiments conducted are listed below: 

  

 Extensive corrosion testing of AISI 316 in molten FLiNaK salt for 24 h, 50 h, and 100 h 

showed the primary reason for corrosion was due to the dissolution of Cr from the alloy 

into the salts. The diffusion coefficient of Cr in AISI 316 was found to be 4.161x10-16 m2/s. 
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 Among the four alloys (Hastelloy® N, Haynes® X-750, AISI 316, AISI 304) tested for 

corrosion resistance in FLiNaK environment for 100 h at 700 °C, Hastelloy® N showed 

ten times less depth of corrosion compared to Haynes® X-750. The primary mechanism of 

corrosion was depletion of alloying elements chromium, iron, aluminum, and titanium 

from the alloy. The increasing order of corrosion resistance was following Haynes® X-750 

< AISI 304 < AISI 316 < Hastelloy® N. 

 

 The thickness of the Ni plating on AISI 316 directly correlated with the corrosion resistance 

in molten FLiNaK salt environment. The higher thickness provided better corrosion 

resistance under the tested corrosion conditions. Cr diffusion was main cause for the 

corrosion of the Ni coated samples. Cr diffusion from base alloy to the Ni coating and 

eventually to the surface lead to the formation of voids in the base alloy underneath the Ni 

coating. The Cr diffusion coefficient in Ni coating was found to be in the range 1.80x10-16 

m2/s to 6.35x10-16 m2/s. 

 

 Contrary to the expectation, the Ni-Mo coated sample performed unsatisfactorily for the 

corrosion resistance in the FLiNaK environment. The corrosion in Ni-Mo coated sample 

was predominately due to the combined depletion of Cr and Mo from the sample. Presence 

of Mo in Ni-Mo coating caused the formation of molybdenum carbide which accelerated 

the corrosion process. 

 

 The SiC barrier was proved to be effective in restricting the diffusion of Cr from base alloy 

to Ni coating. Ni coated sample without SiC barrier showed corrosion due to depletion of 

Cr from the grain boundaries underneath the Ni coating due to outward diffusion of Cr. 

The corrosion resistance improved five times after Ni-SiC coating on the stainless steel 

AISI 304 sample. 

 

9.2. Original contributions 

The thesis has provided an insight into corrosion of alloys in a molten FLiNaK salt environment. 

The comprehensive analysis of various coatings, deposition methods and their corrosion 
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performance extended knowledge of corrosion control in molten FLiNaK salt. As the original 

contributions of the present work, the following are being considered:  

 

1. The corrosion resistance behaviour of Hastelloy® N, Haynes® X-750, AISI 304, and AISI 

316 was evaluated in a molten FLiNaK salt environment at 700°C for 100 h under Ar gas 

cover. For the first time, it was established that the presence of Al and Ti could accelerate 

the corrosion of nickel-based alloy Haynes® X-750.  After corrosion testing the difference 

between these four alloys were clearly established. The increasing order of corrosion 

resistance was the following: Haynes® X-750 < AISI 304 < AISI 316 < Hastelloy® N. 

2. For the first time, the effective diffusion coefficient of Cr in AISI 316 was calculated in an 

actual corrosion environment (46.5 LiF, 11.5 NaF, 42 KF mol%). The calculated effective 

diffusion coefficient was close to the diffusion coefficient of Cr in stainless steel in air.  

3. Ni coatings were successfully developed on AISI 316 substrates using an electrochemical 

deposition technique. The detailed analysis of coated samples after corrosion in FLiNaK 

demonstrated that thicker Ni coatings provided better corrosion resistance under tested 

corrosion conditions. Cr atoms diffusion from the base alloy into Ni coatings was found to 

be the primary reason for this corrosion. The effective diffusion coefficient of Cr was 

evaluated using concentration profiles across the substrate-coating interface using 

Boltzmann-Matano analysis. The calculated effective diffusion coefficient was found to be 

in agreement with previously reported experimental results. 

4. Novel Ni-Mo coatings were successfully developed on a stainless steel AISI 304 sample 

using an electrochemical deposition method. This study provides the first comprehensive 

assessment of the corrosion resistance of Ni-Mo coatings in a FLiNaK salt environment. 

The findings of this study illustrate the role of Mo2C and Cr7C3 carbide formation in 

accelerating the corrosion in a FLiNaK salt environment. This study also concluded Ni-Mo 

coatings performed poorly for corrosion resistance in a FLiNaK salt environment. 

5. Novel coatings of Ni with SiC barrier were developed and deposited on AISI 316 samples. 

As a result, the corrosion was reduced 5 times compared to uncoated samples. 
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Chapter 10. Recommendations for future work 
 

10.1. Texture analysis of electroplated Ni coatings  

The preferred orientation of grains, also known as texture, is an important factor that impacts the 

physical and chemical properties of materials [155,156]. Previously, texture coatings has been 

found to strongly influence their corrosion behavior [157]. Additionally, Zheng et al. [55] observed 

the high corrosion resistance of CSL (coincidence site lattice) ∑3 grain boundaries in a molten 

fluoride salt environment. It is documented that the texture can be altered using thermomechanical 

processing such as rolling and annealing [158,159]. The present research could be extended by 

first developing electroplated Ni coatings, then mechanical working (rolling, forging etc.) in 

combination with heat treatment (annealing, quenching etc.) could be used to obtain different 

textures in Ni coatings. The effect of texture on corrosion resistance of coating could then be 

evaluated by conducting corrosion tests in a molten fluoride salts environment. 

 

10.2. SiC diffusion barrier 

In the present research, the diffusion barrier coating of SiC was observed to restrict the diffusion 

of Cr from the stainless steel AISI 304 samples into Ni coating. This SiC was deposited using a 

sputtering technique described in section 3.2. The present research could be extended to see the 

effect of sputtering parameters on SiC deposits. The corrosion tests could be conducted to evaluate 

the performance of these coatings in a molten fluoride salt environment. 

 

10.3. Corrosion testing conditions 

Corrosion tests conducted by other researchers generally vary in duration from 100 h to 1000 h 

[46,77,102]. As detailed in section 2.4.2, initially accelerated corrosion occurs in molten salts 

environment due to impurities present in salts. However, long-term corrosion has been reported to 

be steady and slow [47]. In the present research, the corrosion tests were conducted for 100 h, the 

future studies could be conducted for a longer duration of corrosion tests of up to 2000 h to see the 

performance of the coatings. 

 

The impurities present in the salts tend to accelerate the corrosion in a molten salt environment 

[77,160]. The corrosion tests conducted in the present study utilized ACS grade FLiNaK salts, and 
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no purification procedure was done on salts. It could be useful to purify the salts and test the 

coating's performance in this purified salt mixture. 

 

Furthermore, the research could be extended to first construct salt loops to simulate the exact salt 

loops in MSR. Then molten salt could be filled in these loops with one leg of the loop heated to 

reactor operating temperature (700 °C), and the other cooled to heat exchanger temperature (~500 

°C). The sample coupons could be inserted in this salt loop to test for corrosion resistance behavior. 

In this experimental setup, the corrosion could be different than the static corrosion tests conducted 

in the current research. The flow of salts and temperature difference between the hot and cold leg 

of the loop could impact the corrosion behavior of coatings. It would be useful to evaluate this 

corrosion resistance to better understand the corrosion resistance of coatings in an MSR 

environment.  
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APPENDIX A 
 

Sources of errors/uncertainty in results  

 

 The weight loss was calculated from three repeated corrosion experiments on stainless steel AISI 

316 under FLiNaK at 700 °C for 100 h. The average deviation of the weight loss measurements 

from mean was found to be 0.23 mg/cm2. This average deviation was estimated to be the same in 

all the corrosion tests conducted in a similar corrosion environment. However, this could be larger 

due to other contributing factors explained below. 

 

 In Chapter 5, four alloys were tested in a FLiNaK salt environment in a pure nickel crucible at 700 

°C for 100 h. As detailed in section 2.4.6, the galvanic coupling of different materials in a molten 

salt environment could affect their weight loss due to corrosion. This difference in the rate of 

corrosion could possibly be due to differences in the corrosion potential of the alloys. Previous 

researchers had also observed higher weight loss in sample coupons when crucible material was 

different than the samples material, which created a galvanic couple between sample and crucible 

material [37]. For instance, higher corrosion was observed in Incoloy® 800H coupons when tested 

in graphite crucible [82]. Ideally, each alloy should be in a crucible made of the same material as 

that of the sample being tested. In the present research, the four alloys tested in the same crucible 

could result in different weight loss than if tested in separate crucibles. This could be one of the 

limitations of the current study. 

 

 The salts used in the present study were not purified after procuring. The salts are hygroscopic in 

nature and could potentially absorb moisture from the air. This moisture may result in higher 

corrosion of samples in a molten salt environment, as explained in section 2.4.2.  

 


