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ABSTRACT 

The MgCl2-KCl molten salt has been proposed as one of the heat transfer fluids (HTFs) 

in the solar energy system because of its potential thermal properties. This research investigates 

the corrosion behavior and protection strategies of Haynes 230 (H230), Incoloy 800H (800H), 

and Stainless Steel 316 (SS316) in MgCl2-KCl molten salt at high temperature.  

First of all, the corrosion rates of different alloys are determined by performing the long-

term static corrosion experiments. The morphologies of the surface and corrosion depths are 

examined by scanning electron microscopy (SEM) equipped with an energy dispersive X-ray 

spectrometer (EDS). Secondly, the effect of Ni on the corrosion behavior of the alloys is studied 

in this research. When the alloy is connected with Ni, the corrosion rate is higher than that 

without connection in the same condition. Thirdly, the electrochemical tests of three alloys are 

also investigated in present research work. Tafel curves are plotted to calculate the corrosion 

potentials and corrosion rates of three alloys at different temperatures. Fourthly, two methods are 

proposed and studied to protect the alloys from severe corrosion in the MgCl2-KCl molten salt: 

1) adding a sacrificial anode into the salt, and 2) coating a high-corrosion-resistance alloy. Mn, 

Zn, and Zr are chosen as the sacrificial anode materials to protect the alloys from further 

corrosion. The result showed that additions of inhibitor into the molten salts decrease the 

corrosion rates of the tested alloy. Pure Ni, Al2O3, Ni-Al alloy, and Cr-Fe-Al alloy are chosen to 

coat the tested alloy. Long-term corrosion experiments, as well as electrochemical tests of alloys 

with and without different coatings, are studied in present work. The results demonstrated that all 
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these coatings decreased the corrosion rates of the tested alloys. Finally, the diffusion models are 

constructed to predict the distribution of the Cr in the different alloys after corrosion. And the 

results are comparable to the experimental data. 

In conclusion, H230 showed the highest corrosion resistance in the MgCl2-KCl salt 

proved by long-term corrosion test and electrochemical tests. Different inhibitors and coatings all 

improved the corrosion resistance of alloys in the molten salt.
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CHAPTER 1: INTRODUCTION 

Global warming has been recognized as a severe problem since the widespread ice 

melted and sea levels rose. Moreover, this problem originates from greenhouse gases, especially 

carbon dioxide, which is a byproduct of the burning of fuels like petroleum and coal. As the 

emphasis pf protecting the environment is rising by the 20th century, renewable energy sources 

such as wind, solar, water, biomass, and geothermal energy have to play a vital role in our life 

[1-3]. Although wind energy produces lower greenhouse gas emissions [4], it has still not 

received widespread application because it can only be constructed at the place with heavy wind. 

Like wind energy, water dams are also used to generate the electrical energy but is limited by the 

water resources. However, the dam’s impact on the river flow might cause some ecological 

problems [5]. Another energy source is biomass energy, which is produced by burning the living 

organism. The cost of biomass energy is low, but severe air pollution from burning limits its 

applicability [6]. The widespread usage of geothermal energy is hot springs for tourism. The 

stream produced by geothermal energy can generate electrical energy. Although the cost of 

geothermal energy is less than other renewable energy, a large amount of nitrogen, carbon 

dioxide, and some hydrogen sulfide contained in geothermal fluids still limit the usage of 

geothermal energy for electricity generation [7]. Among these renewable energy sources, solar 

energy is one of the cleanest energy resources to alleviate the global warming problem [8]. 

Besides, because of the cheap cost, infinite amount, clean transfer, and secure storage, solar 

energy is emphasized as one of the promising energy to satisfy the large requirement not only in 
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the industry but also in human’s daily life [9]. The only concern for using solar energy is 

the relatively low energy conversion efficiency. However, this problem can be solved by 

optimizing the energy collection method and heat transfer fluid (HTF). One of the solar energy 

collection methods is concentrated solar power system, such as concentrated solar power plants, 

parabolic trough, linear Fresnel and central receiver towers [10].  

 

Figure 1. Stirling SunCatcher solar dishes on California desert [11]. 

 

Figure 2. Concentrated Solar tower energy collection system [12].  
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As shown in Figure 1, the solar parabolic dish can reflect the sunlight and concentrate on 

one spot, where the receiver absorbs solar energy. The temperature at the focal point usually 

reaches 1473 K [13]. As shown in Figure 2, the solar tower energy collection system is 

constructed by numerous mirrors, which reflect the sunlight to the central point where the tower 

stands. The receiver on the top of the tower absorbs solar energy and transfer the heat to the 

generator system. The schematic of the solar energy collection system is shown in Figure 3 to 

understand how solar energy is transformed into electrical energy. 

 

Figure 3. Schematic of a solar collection system. 

In the beginning, the solar system concentrated the solar energy to the receiver. HTF 

inside the receiver is heated up and converting the solar energy to thermal energy. In the 

meantime, the heated HTF is transferred to the Hot HTF Tank through the tube, and then 

pumped to the Steam Generator. Thus, the water is gasified and turned to steam by contacting the 

hot tube and finally goes to the turbine and generates electricity. Since the thermal energy is 
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absorbed by water, the temperature of HTF will be suddenly decreased. The cooled HTF will be 

pumped back to the receiver. 

Therefore, in the solar energy collection system, HTF plays an essential role in collecting 

solar energy and transferring the heat to the steam generator. There are three methods of using 

the HTF to collect and transfer the solar energy, which are sensible heat storage, latent heat 

storage, and thermochemical heat storage [15]. In the process of absorbing and releasing energy, 

sensible heat storage is based on the heat capacity and the change with temperature; latent heat 

storage is based on phase transform and the enthalpy of the fusion; and thermochemical heat 

storage is based on the heat capacity and enthalpy of chemical reaction. In the solar energy 

collection system, sensible storage is considered as the major method as it ensures the complete 

reversibility of HTF [15].  

Numerical kinds of materials have been proposed as the HTF in the solar energy 

collection system. Among the candidates of HTF, water is the most common HTF, which has a 

high heat capacity and good thermal conductivity. However, the working temperature of the 

water is in the range of 273K to 373K. Organic oil was served as the storage medium in the solar 

energy collection system since it's melting point is comparably lower than other mediums [16]. 

However, directly using organic oil as HTF is generally expensive. Also, high serving 

temperature, as well as pressure, limit the application of organic oil in the solar energy collection 

system [16]. Ionic liquid (IL) could be another candidate since it has comparable heat capacity 

and broad working temperature range. However, severe corrosion problems and high cost limit 

the development of this kind of HTF. As a result, molten salt was adopted as the proper HTF 

flowing through the storage for charging and discharging because of its better thermal properties 

and higher energy-transferring efficiency [17]. The most current one is the molten mixture of 
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alkali nitrates because of its low melting point and stability for long-time serving [18-22]. 

However, the next generation of solar power conversion systems is serving at a higher 

temperature, and the temperature at the solar energy receiver may reach above 1473 K [23]. 

Moreover, the high temperature exceeds the range of nitrate stability [24]. Therefore, molten salt 

with better thermal properties, lower cost, and more efficiency during transferring process, has 

been considered as the candidate to serve as HTF in the next generation of solar energy systems 

from last century [25]. The limitation of carbonate salts serving as HTF is their high vapor 

pressure [26]. Also, fluoride salt is strong corrosiveness to the alloy structure [27]. It is clearly 

understood that renewable energy technologies need to be competitive with traditional energy 

sources; lower cost should be emphasized as a significant factor. Therefore, chloride salt seems 

to be a possible candidate in the solar energy system,  especially for the eutectic MgCl2-KCl salt 

[27]. In addition, MgCl2-KCl salt also has the comparable thermal properties such as heat 

capacity, thermal conductivity, and low melting point [27]. 

MgCl2-KCl was first served as the HTF in the nuclear industry [28]. However, the 

widespread applicability of MgCl2-KCl is still limited because of its corrosive property. The 

passive oxide films formed by adding Cr, Al, or Si to protect the alloy material from corrosion in 

the environment are unstable in the molten salt [27]. For the construction material, a prime 

consideration is its corrosion resistance to the molten salts. In effect, Brookhaven National 

Laboratory (BNL) indicated Ni is the most stable element in chloride salts, and follow by Fe, Cr 

and Al [29]. However, a material designed for containing the molten salt was alloyed with at 

least 6 atom % of Cr to minimize the corrosion damage in the air at high temperatures [30]. 

According to the high-temperature creep rupture strength and corrosion resistance to the air, Ni-

Cr based alloys have been investigated to serve as the structural materials [27]. Fe-based alloys 
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were also proposed as the structural alloys for economic consideration [31, 32].  However, 

corrosion of alloys in molten salt is not only due to dissolution of elements but also the impurity 

effect and galvanic corrosion. Therefore, the corrosion mechanism, corrosion rates and 

protection methods of alloys in molten salt was investigated in present research work.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 History of molten salts  

Molten salts are used in the nuclear industry and started by Oak Ridge National 

Laboratory (ORNL) in Aircraft Reactor Experiment (ARE) program in 1949 [33]. The initial 

considerations of the molten salt were fluoride salts, which were always combined with UF3 or 

UF4, serving as the fuel-coolant because of their high thermal conductivity and proper viscosity 

[33, 34]. In the meantime, fluoride salts were also used as the electrolyte, aided coating Nb, Ta, 

and Zr successfully, because of their electrical properties [35-37]. At the same time of ARE, 

chloride-based molten salts have also been investigated at Brookhaven National Laboratory 

(BNL), including thermodynamic properties, electrical properties, and corrosion resistance [29, 

38, 39]. The major part of this research is the corrosion study of alloys in a eutectic mixture of 

NaCl-KCl-MgCl2 [29]. After 1960s, the research on HTF was continued at ORNL named molten 

salt reactor experiments (MSRE) with the objective of finding a proper HTF in nuclear system 

[40]. The fluoride salts are carefully chosen based on their chemical and physical properties and 

mixed at their eutectic point [40]. Besides, as the eutectic mixture presented excellent thermal 

properties, LiF-BeF2-ZrF4-UF4 was served as the fuel salt, and LiF-BeF2 (FLiBe) was used as the 

secondary coolant [41]. However, chloride salts were not considered in further nuclear research 

because of their corrosive characteristics [42, 43]. From 1970 to 2000, investigations of the 

molten salt are focusing on the electrodeposition of metals, like Cr [44], Nb [45], and Ta [28], 

which are very difficult to be reduced in aqueous solution. Since solar energy is emphasized as 
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one of the promised green energies, molten chloride salt is being considered as one of the 

proper HTFs and thermal energy storage (TES) candidates in current applications of solar energy 

systems. In the programs of Advanced High Temperature Reactor (AHTR) and Next Generation 

Nuclear Plant (NGNP) at ORNL, molten chloride salts are considered in use in advanced 

concentrating solar power (CSP) plants [46]. Since UF4 component is proved to be corrosive to 

the structural alloy, only non-fuel salts were considered as HTF in the solar energy systems [29]. 

Therefore, different combinations of fluoride and chloride salts with their thermal properties 

were examined in detail during this research program [28, 46]. Nitrate and carbonate salts are 

also the candidates as HTF materials. However, high-temperature condition exceeds the range of 

nitrate stability [24]. Carbonate salt may serve at high temperatures, but the high melting point of 

single compound and high vapor pressure of mixture impeded the development of these molten 

salts [26, 47]. Recent studies were focusing on the corrosion behaviors of different alloys in 

molten salts such as Next Generation Concentrated Solar Power System program in Savannah 

River National Laboratory (SRNL) [48]. Additionally, a lot of researchers and organizations 

have studied the corrosion property of chloride salts to find proper structural material and 

improve the corrosion resistance of materials. Among these molten salts, MgCl2-KCl eutectic 

molten salt is one of the promise candidates serving as HTF in solar energy systems. 

2.2 Thermal properties of MgCl2-KCl molten salts 

2.2.1 Melting point of MgCl2-KCl and compared with other molten salts 

The molten salts can be divided into two groups based on the melting points: low melting 

point (LMP) molten salt and high melting point (HMP) molten salt. Single-component salt is 

hard to meet the requirement of a low melting point in the solar system. They are always 

combined as eutectic mixture to obtain the lower melting point. Nitrate-eutectic salt with low 
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melting point is one of the most popular HTF in the solar system. And, the melting points of 

these salts are around 400K. However, nitrate salts cannot be used in the next generation of solar 

power applications due to the decomposition problem at high temperatures. For example, 

Mg(NO3)2 may take the following decomposition reaction at 482oC [49]. 

Mg(NO3)2
482𝑜𝐶
→   𝑀𝑔𝑂(𝑠) + 2𝑁𝑂(𝑔) +

3

2
𝑂2(𝑔)                                                                           (2.1) 

Hydroxide salts are also defined as LMP molten salt as the melting is around 180oC [50]. 

However, similar to nitrate salts, hydroxide salts are not stable at a higher temperature, which 

impeded the development of these salts in the solar energy system. Halide salts and carbonate 

salts are defined as HMP molten salt. The melting points of several major carbonate salts are 

listed in Table 1. 

Table 1. Melting point of major carbonate salts. 

Eutectic mixtures Melting point (oC) Ref. 

Li2CO3 726 [47] 

Na2CO3 858 [47] 

K2CO3 898 [47] 

Li2CO3-K2CO3 505 [47] 

Na2CO3-K2CO3 710 [47] 

Li2CO3-Na2CO3-K2CO3 430 [51] 

CaCO3 is not listed in Table 1 as this salt is not stable at high temperatures. As illustrated 

in section (2.1), carbonate salt may start bubbling at 1073 K, and vapor pressure is higher than 

the other salts [26, 47]. Thus, the working temperature range of carbonate salt is relatively small. 
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The melting points of fluoride and chloride salts are listed in Table 2. Melting points of pure 

halide salts are not listed in Table 2 as they all have very high melting points. At the standpoint 

of lower melting point stability at higher temperatures, halide salts are considered as the proper 

candidate as the HTF. Besides, among the halide salts, MgCl2-KCl salt has a comparable melting 

point.  

Table 2. Thermal properties of several halide salts [28]. 

Eutectic mixtures Melting point (oC) 

LiF-NaF-KF 454 

NaF-ZrF4 500 

KF-ZrF4 390 

LiF-NaF-ZrF4 436 

LiCl-KCl 355 

NaCl-MgCl2 445 

KCl-MgCl2 426 

In conclusion, halide salts are proper candidates in serving as HTF in the next generation 

of solar energy systems since they can meet the requirement at high temperatures. Among the 

halide salt, MgCl2-KCl eutectic salt has a comparable melting point, which ensures a broad 

working temperature range as an HTF. 



11 

 

2.2.2 Density of MgCl2-KCl and compared with other halide molten salts 

HTF is required to be lightweight to obtain more efficiency in the energy transferring 

process. Therefore, low density is one of the requirements for the HTF. The densities of the main 

fluoride and chloride eutectic salts are listed in Table 3. 

Table 3. Densities of fluoride salts and chloride salts in the liquid phase. 

Fluoride salt Density equation (g/cm3) Reference 

LiF-NaF-KF 2.530-0.00073•T (ºC) [46] 

LiF-BeF2 2.280-0.000488•T (ºC) [46] 

NaF-BeF2 2.270-0.00037•T (ºC) [46] 

LiF-BeF2-ZrF4 2.539-0.00057•T (ºC) [46] 

LiF-KF 2.460-0.00068•T (ºC) [46] 

LiF-RbF 3.300-0.00096•T (ºC) [46] 

NaF-ZrF4 3.650-0.00088•T (ºC) [46] 

LiCl-KCl 1.877-0.00087•T (ºC) [28] 

LiCl-RbCl 2.742-0.00069•T (ºC) [28] 

MgCl2-NaCl 2.297-0.00051•T (ºC) [28] 

MgCl2-KCl 2.255-0.00047•T (ºC) [28] 

MgCl2-KCl 2.001-0.00046•T (ºC) [52] 

As listed in Table 3, densities of chloride salts are lower than fluoride salts. Besides, the 

density of MgCl2-KCl is only higher than LiCl-based molten salts but is comparable to other 
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chloride salts. Since the halide salts with higher atomic weight tend to be heavy [52], there is an 

estimated method to predict the density of molten salt mixture based on the molar volumes [53]. 

And the relationship is listed in equation (2.2). 

𝜌𝑚𝑖𝑥 = ∑𝑥𝑖𝑀𝑖/∑ 𝑥𝑖𝑉𝑖                                            (2.2) 

Where xi is a mole fraction of halide salt component, Mi is the atomic weight of this component, 

and Vi is molar volume. 

Density is not the prior reason in the consideration to choose a molten salt as HTF. However, the 

comparable density of MgCl2-KCl salt makes it an ideal candidate. 

2.2.3 Heat capacity of MgCl2-KCl and compared with other halide molten salts  

For improving the efficiency of the solar energy conversion process, another crucial 

thermal property of molten salt is the heat capacity. Heat capacity is the amount of heat needed 

to increase the temperature by 1K for unit volume or weight of the salt. Fluoride and chloride 

salts both have large heat capacities, which gives more potential for them to be the HTF. There is 

one method to predict the heat capacities of the mixture of molten salts, which is listed in 

equation (2.3) [53]. 

𝐶𝑝 = 8 ∗ ∑𝑥𝑖𝑁𝑖/∑𝑥𝑖𝑀𝑖                                            (2.3) 

Where xi is the mole fraction of halide salt component, Mi is the atomic weight of this 

component and Ni is atoms per salt constituent (LiF=2, MgCl2=3). 

One mole of each atom in the mixture is assumed to have 8 cal/K contribution for the 

empirical method. This method is still not perfect because the accuracy is only about 80% or 

90% for different salts. By ignoring the little variation of the heat capacity with temperature, the 
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heat capacities of some fluoride and chloride salts in the liquid phase were measured 

experimentally, which are listed in Table 4 [28]. 

Table 4. Heat capacities of the fluoride and chloride salts. 

Salt Cp (J/cm3*K) Reference 

LiF-NaF-KF 3.81 [28] 

NaF-ZrF4 3.68 [28] 

KF-ZrF4 2.93 [28] 

LiF-NaF-ZrF4 3.60 [28] 

LiCl-KCl 1.82 [28] 

NaCl-MgCl2 1.84 [28] 

KCl-MgCl2 1.92 [28] 

As listed in Table 4, the heat capacities of fluoride salts are higher than those of chloride 

salts. However, MgCl2-KCl has the highest heat capacity among the chloride salts, which gives it 

more opportunity to be the candidate as the HTF in solar energy systems. 

2.2.4 Thermal conductivity of MgCl2-KCl and compared with other halide molten salts 

Thermal conductivity of molten salt is difficult to measure experimentally as there is 

always much error during the measurement. For example, the thermal conductivity of LiF-KF-

NaF (FLiNaK) has been corrected several times at different temperatures in history. 

Williams[46] indicated thermal conductivity of FLiNaK is in the range of 0.6 to 1.0 W/m*K at 

973K. And Allen[54] also gave a relationship between the thermal conductivity of FLiNaK and 

temperature, which is more widely accepted and listed in equation (2.4). 
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𝑘𝐹𝐿𝑖𝑁𝑎𝐾 = 0.43482 + 5 ∗ 10
−4𝑇    W/m*K                                    (2.4) 

The thermal conductivity of MgCl2-KCl was obtained by Janz with 80% accuracy, and it shows a 

linear relationship with temperature, which is listed in equation (2.5) [52]. 

𝑘𝑀𝑔𝐶𝑙2−𝐾𝐶𝑙 = 0.2469 + 5.025 ∗ 10
−4𝑇     W/m*K                                   (2.5) 

Another experimental result shows that the thermal conductivity of MgCl2-KCl is 0.4 

W/m*K at 894K [28], which is 0.1 W/m*K less than the result using equation 2.5. Table 5 gives 

the thermal conductivities of some other halide salts in experimental measurements to have a 

better comparison with MgCl2-KCl salt. 

Table 5. Thermal conductivities of halide salt mixtures. 

As shown in Table 5, the thermal conductivity of MgCl2-KCl is comparable with other 

halide salts. And the trace amount of difference is due to the experimental error, as illustrated 

Salt Thermal conductivity (W/m*K) Reference 

LiF-NaF-KF 0.60 [46] 

LiF-ZrF4 0.48 [46] 

NaF-ZrF4 0.49 [46] 

KF-ZrF4 0.45 [46] 

LiF-NaF-ZrF4 0.53 [46] 

LiCl-KCl 0.42 [28] 

NaCl-MgCl2 0.50 [28] 

MgCl2-KCl 0.40 [28] 
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before.  Although there is a considerable variation in the thermal conductivity of molten salt 

measurement, it is indicated that lighter salt tends to have higher thermal conductivity. Recent 

studies on the thermal conductivity found thermal conductivities of halide salt compounds are in 

a trend curve corresponded with mean ionic weight. And the relationship is shown in equation 

(2.6) [28]. 

𝑘ℎ𝑎𝑙𝑖𝑑𝑒𝑠 = 1.81 ∗ 𝑀𝑖
−0.4435      W/m*K                                  (2.6) 

Where Mi is the average atomic weight of salt. 

2.2.5 Viscosity of MgCl2-KCl and compared with other halide salts 

The viscosity of molten salt is like normal liquid, which is decreased exponentially as the 

temperature increased. The relationship between viscosity of MgCl2-KCl and 1/T is exponential 

in the temperature range of 873-1173K, which is shown in equation (2.7) [28]. 

𝜇𝑀𝑔𝐶𝑙2−𝐾𝐶𝑙 = 0.0146 ∗ 𝑒
(
2230

𝑇
)
    cP                                    (2.7) 

The viscosity of molten salt is required to be less. Thus, the time of the salt transferring 

heat will be longer. The family of chloride compound mixtures present lower viscosity than 

fluoride salts while there is no significant difference between chloride salts themselves [28]. 

Similar to the thermal conductivity, estimation of viscosity is also based on the mixing rule [28], 

which is shown in equation (2.8). 

𝜇ℎ𝑎𝑙𝑖𝑑𝑒 = {∑(𝑥𝑖 ∗ 𝜇𝑖
1/3}

3
       cP                                 (2.8) 

Where µi is the viscosity of component, and xi is the mole fraction of the component. Since the 

viscosity of chloride salts are lower, when they form as binary or ternary salts, the eutectic 

compounds also have lower viscosity based on the estimation in equation (2.8). 
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Viscosity is not the only thermal property to be considered in selecting the HTF. 

However, lower viscosity gives more opportunity to MgCl2-KCl salt to be the candidate as the 

HTF in the solar energy collection system.  

2.3. Corrosion of alloys in fluoride and chloride salts 

2.3.1. Corrosion mechanism of alloy in chloride salts 

There are four mechanisms of corrosion of alloys in molten salt: intrinsic corrosion, 

corrosion by oxidizing contaminations, different solubility, and galvanic corrosion [55].  The 

intrinsic corrosion is driven by the Gibbs energy of formation between salt and metal-chloride 

compounds at high temperatures. The Gibbs energy of formation at 800oC of several chloride 

salts is obtained from the thermodynamic model, which is shown in Figure 4. 

 

Figure 4. Gibbs energy of formation of metal chlorides at 800oC in the thermodynamic model. 
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In the MgCl2-KCl salt, the Gibbs energy of MgCl2 or KCl salt is more negative, which 

indicates these two compounds are more stable than the transition metal chloride salts. The 

reaction between the chloride salts and metal like Fe, Cr, and Ni in an intrinsic corrosion way 

seems not possible if only considering the standard Gibbs energy of formation. However, in real 

experiments or industry, activities of salts and metals, as well as the pressure of gases, cannot be 

ignored as they may change the driving force of the reaction between the metal and the chloride-

based molten salts. (give the equations showing thermodynamic fundamental) Besides, 

purification of the salt is also crucial to alleviate the corrosion of alloys in the salt.  Especially for 

H2O which is easily absorbed by the halide salts, it will react with FliNaK and form as HF, 

which is very corrosive to the alloys [56]. The reaction is listed in equation (2.9). 

nHCl + M = M𝐶𝑙𝑛 +
𝑛

2
𝐻2(𝑔)                                           (2.9) 

However, this HCl corrosion mechanism can be limited or prevented by purifying the 

salts in a proper way.  

In the solar energy collection system, the structural alloy contained the salt may have a 

temperature gradient. These different temperatures cause different solubility of the metal-

chloride salt in the molten MgCl2-KCl. Potentials are changed due to the different concentrations 

at the cold and hot part, and the corrosion mechanism becomes galvanic corrosion. Therefore, 

the element will be dissolved from the hot part and redeposit in the cold part. The galvanic 

corrosion existed not only because of different solubility of chloride salts, but different 

components of anode and cathode will also cause galvanic corrosion. As corrosion rate at hot 

part is much faster, concentration of the dissolved elements will be decreased in a large amount. 

Then, the activities of the dissolved elements, which are corresponding to the potentials of 

corrosion, at hot part will be different with which at cold area. Also, different materials of 
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containers may affect the corrosion rate of the alloy in molten salt during the experiments in a 

galvanic corrosion mechanism, which can be proved with the metal deposition on the containers 

[27].  

2.3.2. History of corrosion of structural alloys in molten halide salts. 

Corrosion experiments were started when the molten salt was determined to be the 

coolant in the nuclear system in the ARE project. Ni was first proved to be very stable in the 

coolant salt, which is formed by LiF, KF, and NaF. However, as pure Ni loses its strength at high 

temperature [33], Inconel alloy, one of the Ni-based alloys was proposed to be tested in the 

corrosion experiment, which presented not only high corrosion resistance in the salts but also 

excellent yield strength at high temperature [33]. However, such kinds of alloys are instable in 

the fuel salt, LiF-NaF-KF-UF4.  Thus, molybdenum was suggested to be added into the Ni-based 

alloy to increase the corrosion resistance in the fuel salt [57]. The new alloy, formed by 0.17 Mo, 

0.05 Fe, 0.07 Cr, and 0.71 Ni, is called as INOR-8 (now it is Hastelloy N) alloy. This kind of 

alloy satisfied the corrosion resistance in the coolant and fuel salts.  However, the corrosion of 

INOR-8 was stilled controlled by the Cr and Fe elements as Cr and Fe were proved to be more 

activated than other elements [57]. In the meanwhile, experiments of corrosion in chloride salt 

were examined in BNL. Similarly, Cr was also indicated to be dissolved the most substantial 

amount in the NaCl-KCl-MgCl2 salt and following by Mn, Fe and Ni [29]. The potentials of a 

series of metal-metal chloride systems in NaCl-KCl molten salts proved Mn has the most 

negative potential and followed by Cr, Fe and Ni [58]. Although Cr is more stable than Mn in the 

chloride salts (potential is less negative for Cr-CrCln), initially larger amount of Cr causes more 

depletion of Cr from the alloy during corrosion. Later in the MSRE project, several new 

combinations of molten salts were constructed, and corrosion experiments were performed in 
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different fuel salts [40]. In MSRE, to protect Cr in the INOR-8 alloy, UF3 was added into the salt 

by controlling the balance of the reaction shown in equation (2.10) [59]. 

Cr + 2U𝐹4
ℎ𝑖𝑔ℎ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
↔             𝐶𝑟𝐹2 + 2𝑈𝐹3                                              (2.10) 

Studies on corrosion of alloys in molten halide salts were suspended after these projects 

were terminated. However, before the molten salts were proposed to be used in the solar energy 

system, chloride and fluoride salts were used as an electrolyte to assist deposit the element, 

which was difficult to be reduced in aqueous solution. Electrodeposition helps protect structural 

materials from oxidation and corrosion [60].  During these investigations of electrodeposition in 

molten fluoride and chloride salt, potential of each metal-metal halide was examined, and these 

values were instrumental in the future electrochemical study of alloys in molten salts. In 

addition, potentials of the same metal-metal chloride in different chloride salts are different, 

which indicated that standard electrode potential varied in different molten chloride salts [61]. 

The details will be discussed in the electrochemical study of alloys in molten salts. Recently, 

molten halide (fluoride and chloride) salts were proposed as the candidates in the solar energy 

system. Therefore, corrosion studies of different alloys in these salts were continued.  

In the previous study, Cr controls the corrosion rate of alloys in the molten salt as they 

are very easy to be corroded. In addition, the recent study indicated the concentration of the 

initial Cr in alloys was likely linear to the corrosion rate of alloys [27]. Alloys with less Cr will 

be a better choice as the structural material. However, at least 6% (atomic) of Cr is needed in the 

alloy in order to prevent oxidation in the air at high temperatures [62]. Hastelloy N, initially 

proposed in the MSRE project, could be a proper structural alloy as it only contains 6 mol% Cr 

and 16 mol% Mo, but recent study found this alloy lacks strength at higher temperatures [63]. In 

a consideration of the structural properties, Haynes 230 (H230), formed as 0.26Cr-0.05W-
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0.01Fe-0.68Ni (trace amount of other elements like C, Al and Mn are ignored) shows more creep 

rupture times than Hastelloy in the same condition even this alloy contains more than 20% Cr 

[64]. Weight loss of H230 was higher than other alloys with lower Cr content at 1073K in 

FLiNaK salt [27]. Besides, weight loss of the alloys may be also contributed by the initial carbon 

content in the alloy, which may form as metal-carbide at high temperature [27]. That is also why 

using carbon crucible may increase the corrosion rate of the alloys in the fluoride salts [63]. 

Inconel-617(0.22Cr-0.12Co-0.1Mo-0.56Ni) and Incoloy 800H (800H: 0.2Cr-0.45Fe-0.35Ni) 

were also proposed as the structural materials in containing FLiNaK and MgCl2-KCl salts. The 

former one is due to its high tensile strength at high temperature, and the latter is due to its less 

cost [27]. In fact, these alloys with high concentration Cr resulted higher corrosion rate than 

Hastelloy N. However, the situation is different in MgCl2-KCl salt, and corrosion rate of H230 

was lower than other alloys at 1123K [27]. This might due to the initial oxygen in the MgCl2-

KCl salt, and the element O was detected on the Inconel alloys but disappeared on the H230 

[27]. Nevertheless, Cr was depleted from alloys in both fluoride and chloride salts, while there 

was an insignificant change in the concentration of other elements. Therefore, Cr contributed 

significantly to the corrosion rate of alloys in these molten salts. In a recent study, SRNL 

suggested a new alloy, Haynes NS-163 (H163) formed as 0.3Cr-0.4Co-0.21Fe-0.09Ni, to serve 

as the structural material in solar energy system [65]. This alloy has good structural properties at 

high temperature and Co is also very stable in the molten halide salts as the Gibbs energy of 

formation of Co-chloride is less negative (as listed in Figure 4). Unfortunately, corrosion rate of 

H163 is much higher than which of H230 in the molten halide salts, especially in the MgCl2-KCl 

salt [66].  
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Alloys with excellent structural properties were easily corroded in molten halide salts 

while alloys which were stable in the salts lost their strength at a higher temperature. Therefore, 

several kinds of research were focusing on the study of protecting the alloys from corrosion in 

molten salts.  

Noble element coating was one of the proper methods, like Ni-plating [67], tantalum-

plating [68], and SiC-plating [69] all increased the corrosion resistance of the alloys in the 

molten FLiNaK as the diffusion of Cr from alloy to salt was impeded. Incoloy 800H after grain 

boundary engineered process has less corrosion rate in KCl-MgCl2 salt [27], indicating the alloy 

with refined grain boundary will be more stable in the molten salt. The addition of the inhibitor 

of some active metal, like zirconium in the molten salts might also help improve the corrosion 

resistance of the alloys. The addition of zirconium in the FLiNaK serves as the sacrificial anode 

and reacts with the molten salt or the impurities to protect the alloys from further corrosion [70]. 

In addition, dissolved zirconium will re-deposit on the samples, which increased the weight of 

the sample and also impeded Cr from further diffusion to the salts [70, 71]. A similar method 

was adding yttrium to form a Y-rich layer on the surface of alloy which will also inhibit the 

diffusion of susceptible elements like Cr [72]. The mechanism of the deposition has remained 

unclear. However, Ozeryanaya [73] indicated the mechanism is disproportionation reaction 

taking place and the dissolved element will re-deposit on the noble alloy. A similar situation was 

also found in corrosion experiments using different containers. For the corrosion of Incoloy-

800H alloy in FLiNaK with graphite crucible, Olson [63] found that Cr-rich film was formed on 

the graphite crucible and that film was identified as a Cr7C3 compound. Meanwhile, Jie Qiu [74] 

found that Cr-rich film was not only obtained on the graphite crucible but also the nickel 

crucible. In fact, containers do accelerate the corrosion rate of alloys in the chloride salt [73]. 



22 

 

Compared with stainless steel 316 and Al2O3 crucibles, quartz crucibles resulted in the most 

massive weight loss of alloys in MgCl2-KCl molten salt for the same alloys at the same situation 

[27]. However, if alloy and metallic crucible are connected or inhibitor and alloy are linked, the 

deposition can also be explained with the mechanism of galvanic corrosion. The more active 

alloy is serving as anode, electrons are transferring through the two electrodes, and the dissolved 

ions are diffusing in the molten salt and finally deposit on the noble alloy (cathode).  

2.3.3. Alumina-forming alloys and coatings. 

As illustrated in previous sections, chromia-forming alloys have excellent corrosion 

resistance to the oxygen but are not stable in the molten chloride salts. Especially when there is a 

small amount of oxygen in the molten salt system, chromia-forming alloys will result in severely 

intergranular and pitting corrosion [75]. However, alumina-forming alloys have excellent 

corrosion resistance not only to the air but also to molten chlorides. The protective alumina 

scales have been illustrated to have an effective corrosion barrier to inhibit the penetration of 

chlorine and diffusion of inner element [76]. Usually, the protective alumina scale is a stable α-

Al2O3 phase, which is formed at over 1423 K in the oxidizing environments. For the metastable θ 

and γ-Al2O3 phases, they are formed below 1423 K but have no significant protection to the alloy 

from further corrosion. The reason is due to the defects in these two phases [77]. The amorphous 

phase Al2O3, which is formed through anodization in acid solution, is also proved to have 

adequate protection to the inner alloy [78]. Since alumina has a high corrosion resistance not 

only to air but also to the chloride molten salt, the alumina-forming austenitic stainless steels 

have been developed at ORNL [79]. To increase the structural properties of this kind of alloy, 

multiple elements were added to precipitate the second phase [79]. Similar alumina-forming 
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alloys are also developed, such as Inconel 702 and Haynes 224. They all present good high-

temperature corrosion resistance and excellent stability in molten salt [80].  

The other method to protect the alloy from corrosion in molten chloride salt is coating 

with alumina on the surface. However, directly coating alumina is difficult as it is not conducive. 

Therefore, coating with alumina-forming alloys, such as Fe-Al, Fe-Cr-Al, and Ni-Al alloys, is 

developed. And Ni-Al alloy has been proved to have the best corrosion resistance in the chloride 

system [81].  

2.3.4. Electrochemistry in halide molten salts. 

Electrochemical techniques have been used in aqueous corrosion of alloys for decades to 

understand the corrosion mechanisms [82]. The corrosion process in a molten salt is very similar 

to the one in aqueous medium [83]. These techniques were not used in concentrating solar power 

applications in the past but became popular recently as there is a better understanding of these 

methods [84]. It is practical to investigate the corrosion behavior in a molten salt using 

electrochemical techniques because the molten salt can be considered as an ionic conductor [85]. 

The long-term static corrosion experiment may result more accurate corrosion rate of the alloys, 

while the electrochemical technique will give faster data. For the electrochemical study, 

Potentiodynamic polarization scanning (PPS) and linear polarization scan (LRP) are two major 

methods to investigate the corrosion rate and potential. Furthermore, the polarization curves are 

used to determine the polarization resistance of the electrolyte. The open circuit potential (OCP) 

is measured before the potentiodynamic polarization sweep (PPS) to investigate the free 

corrosion potential when no external current is applied. And the three-electrode cell setup is the 

most common used in electrochemistry for the corrosion in molten salts. Working electrode 

(WE) is the tested alloy sample where the reaction of interest is taking place. Counter electrode 
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or auxiliary electrode (CE) is used to close the current circuit in the cell. And CEs are always 

made by the noble metals or graphite, which usually will not participate in the reaction. The area 

of CE is required to be larger than which of WE so that there no limit from CE on the corrosion 

rate of investigated alloy. The reference electrode (RE) is used for potential control during the 

electrochemistry study, and it always has a known potential in the electrolyte. Besides, the 

current flow applies to the RE is kept nearly zero (less than 10-8A [86]). Thus, no reaction is 

taken place at RE also. In the molten salt system, Pt and Ag/AgCl were used as RE by immersing 

a metal wire to the molten salt. Sometimes, the AgCl is separated from the salt but connected by 

Ag wire to the molten salt as it may contaminate the initial molten salt [87]. In ORNL during 

MSR program, Ni/NiF2 also was used as the reference electrode, and NiF2 was contained in the 

separate crucible but contacted with salt by a porous membrane [27].  

As illustrated in section 2.2.2, the potential of the same series of metal-metal chloride 

may vary in different salt; Table 6 lists the potentials of different metals in the different chloride 

salts at 723K. For simplification, Potentials are converted using Pt(II)/Pt as the reference 

electrode, and the data in the thermodynamic model (TM) is also listed in Table 6. 
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Table 6. comparison of potentials vs. Pt(+2)/Pt at 723K in different chloride salt. 

 

MgCl2-NaCl- 

KCl [75] 

LiCl- 

KCl [76] 

LiCl- 

KCl [58] 

Cr(II)/Cr -1.396 

 

-1.425 

Fe(II)/Fe -1.183 -1.172 -1.171 

Cr(III)/Cr -1.159 

 

-1.16 

Cu(I)/Cu -0.863 

 

-0.851 

Fe(III)/Fe -0.88 

 

-0.788 

Cr(III)/Cr(II) -0.685 

 

-0.631 

Cu(II)/Cu -0.519 

 

-0.448 

Fe(III)/Fe(II) -0.274 0.07 -0.02 

Cu(II)/Cu(I) -0.175 

 

-0.045 

Pt(II)/Pt 0 0 0 

As listed in Table 6, even in the same experimental results but different molten chloride 

salts, the potentials of the same series of metal-metal chloride are different. Moreover, the 

difference is significant in TM based on the Gibbs energy calculation. Therefore, it is difficult to 

compare the corrosion potentials of alloys with calculated potentials based on Gibbs energy 

theoretically. However, the theoretical calculation is based on the standard Gibbs energy. If the 

activities of elements or ions are considered in the TM, the results might be comparable to the 

experimental data. 

For the LRP technique, at low current densities during the electrochemistry, the 

relationship between current density and overpotential (𝜂) is linear according to equation (2.11) 

[88]. 
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i = 𝑖0 ∗ (
𝑛𝐹

𝑅𝑇
) ∗ 𝜂    A/cm2                                               (2.11) 

where i is current density, i0 is the exchange current density, n is the number of transferring 

electrons, F is Faraday constant, R is gas constant, T is temperature, and 𝜂 is over potential.  

Corrosion tests in FLiNaK using the potentiodynamic polarization method have been 

performed in the temperature range of 823-1023K [89]. The results are different from the static 

corrosion tests as the corrosion of Ni-220 was higher than which of Hastelloy N and Incoloy 

800HT. Also, the corrosion rates of the alloys are not comparable to the results obtained in the 

long-term dipping static corrosion. Corrosion tests of alloys in the chloride salt (NaCl-LiCl) were 

also performed at different temperatures by using polarization method [17, 84, 90]. Similar to the 

corrosion in FLiNaK, even the corrosion rates obtained for ranking the corrosion resistance of 

alloys were reasonable; they were more than two times larger compared with the corrosion rate 

of same alloys in MgCl2-KCl salt with static corrosion [27]. Different molten chloride salts 

might be the reason causing the different corrosion rates, but the significant difference may result 

from the different methods in testing the corrosion rates. The primary element depleted from 

alloy in static corrosion is Cr, while all the elements might be dissolved into the salt during 

potentio-dynamic polarization. It is difficult to control the polarization process that Cr is the only 

element dissolved into the salt while other elements are left in the alloy. Therefore, the corrosion 

rate obtained by polarization method was not very accurate but still could be used as ranking the 

corrosion resistance of alloys in the same situation.  However, corrosion potential and exchange 

current density obtained from the potentiodynamic polarization methods are still useful to 

construct the Tafel diagram, which aids in predicting the corrosion rate in the static corrosion 

experiment with Ni or other metallic material crucibles.



27 

 

CHAPTER 3: RESEARCH OBJECTIVE 

A limited systematic research is available on the corrosion mechanisms of alloys in the 

molten salt. Therefore, the primary objective of current research is to investigate the corrosion 

mechanism and identify the proper methods to protect the structural alloys in MgCl2-KCl molten 

salt. The H230, 800H, and SS316 are considered as potential structural materials in this study. 

Several different corrosion experiments will be performed as well as corrosion, and the diffusion 

model will be constructed to examine the corrosion rate of alloys in the MgCl2-KCl molten salt 

to accomplish the ultimate goal. Accordingly, the current research aims to study the corrosion 

mechanisms and protection methods from the following aspects: 

1. To study the electrochemistry of the alloys in MgCl2-KCl molten salts at high 

temperature. Then, calculate the corrosion potential and corrosion rate by constructing the 

potentiodynamic polarization (Tafel) curves. 

2. To investigate the corrosion rate of alloys in MgCl2-KCl molten salt in Al2O3 crucible by 

long-term static corrosion at different temperatures. Then, investigate the morphology as well 

as composition after corrosion using characterization techniques such as ICP-OES, SEM, 

EDS, and XRD. 

3. To determine the mechanism behind the galvanic corrosion by connecting Ni with alloys 

during the long-term static corrosion. Then, construct the corrosion model to predict the 

corrosion rate while the Ni and sample alloy are connected.
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4. To test the influence on the corrosion mechanism of alloys by adding Zr or Mg as an 

inhibitor in the molten salt. Also, compare with the corrosion rate obtained in the long-term 

static corrosion test without inhibitor in the molten salt.  

5. To investigate the effect of coatings on the corrosion of the alloys in molten salt by 

electrochemical test and long-term static corrosion experiment. Also, compare with the 

corrosion rate of alloys without coating in the MgCl2-KCl molten salt.  

6. To study the distribution of Cr in the alloy after long-term static corrosion by 

constructing the diffusion model. Also, investigate the factors, which influence the weight 

loss of the alloy in MgCl2-KCl molten salt.
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CHAPTER 4: EXPERIMENTAL 

4.1. Materials and salt preparation 

The chemicals such as MgCl2 and KCl single salts with high purity grade were purchased 

from VWR. The salts were weighed in an appropriate ratio and then mixed at the jar milling 

machine for 12 h in a glove box under dry ultra-high purity (UHP, 99.995%) argon (Ar) gas. The 

mixed salts were placed in a vacuum furnace at 423 K for at least 24 h before the experiments. In 

the present work, Haynes 230, Incoloy 800H, and Stainless Steel 316 alloys with different 

coatings were used as test samples, and the compositions are described in Table 7.  

Table 7. Initial composition of H230, 800H and SS316 alloys. 

Alloy 

(mol%) Cr Mo W Al Ti Fe C Co Ni Mn Si Cu 

H230 26.52 0.80 4.81 0.86 0.01 1.14 0.52 0.22 63.48 1.00 0.69 0.05 

800H 22.11 - - 1.10 0.6 45.77 0.32 0.04 28.87 0.49 0.65 - 

SS316 17.00 2.00 - - - 66.17 0.08 - 12.00 2.00 0.75  

The alloy was machined into several samples used for different temperatures with proper 

dimensions. For the electrochemical study, a hole of 2-mm diameter was drilled on each sample. 

The samples were progressively polished using 600, 800, 1200 grit SiC abrasive papers to get rid
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of the oxidized surface. Samples were successively cleaned with the help of ultrasonicator with 

deionized water and then acetone and dried in the air. 

4.2. Corrosion tests of alloys in MgCl2-KCl salts 

4.2.1 High-temperature corrosion cell  

Long-term static corrosion tests were performed in a high-temperature corrosion cell, 

which is shown in Figure 5. The setup of the electrochemical experiment is a little different, and 

the details will be illustrated in section 4.2.3. 

 

Figure 5. Schematic of high-temperature corrosion cell for corrosion test (1 – pressure gauge, 2 – 

vacuum valve, 3 – argon valve, 4 – needle valve, 5 – stainless steel cap, 6 – rubber O-rings, 7 – 

one-end-closed alumina tube, 8 – insulation cover, 9 – furnace with insulation material, 10 –

heating elements, 11 –test samples in alumina tube, and 12 – thermocouple). 

Figure 5 has shown the schematic diagram of the high-temperature corrosion cell in 

present work. In the previous studies, Tao et al. [66] had illustrated the detailed experimental 
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setup design for the corrosion test. The corrosion cell was in a long one-end-closed alumina tube. 

This alumina tube was placed in a vertical resistance furnace, which was monitor using the 

thermocouple inserted to the chamber. The entire furnace was well insulated to decrease the 

thermal gradient, especially at the bottom of the alumina tube. The alumina tube (part 7 in Figure 

5) was covered by a stainless-steel cap, and three rubber O-rings were placed inside the cap to 

seal the whole system. Swagelok tube fitting connectors were used for the gas purging system on 

the top of the corrosion cell. Two valves connected with Swagelok tubes were used for 

controlling vacuum and inserting argon gas. The needle valve was designed to eliminate the 

possible leak due to the damage of those two valves. Before the experiment, the high-

temperature corrosion cell is well-calibrated using the thermocouple inserted to the area where 

the sample will be. The temperature difference between the inserted thermocouple and the one 

connected to the PID controller (part 12 in Figure 5) is recorded. Thus, the real temperature of 

the test sample can be controlled. 

4.2.2. Long-term static corrosion experiments 

The long-term static corrosion experiments are more valuable to obtain the exact 

corrosion data of the alloys in the salts. In the present study, there are three types of long-term 

corrosion study: α) effect of Ni on the corrosion of alloy, β) effect of the inhibitor on the 

corrosion, and γ) only alloy corrosion in molten MgCl2-KCl molten salt. The actual experimental 

setup is shown in Figure 6. 
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Figure 6. Schematic of experimental setup ((a) and (b) is for the experiment α as well as (c) is for 

the experiments β and γ, 1(a) and 1 (c) – alumina single bore tube, 1 (b) – double bore tube, 2 – 

Ni cover, 3 – short alumina tube, 4 – Ni wire, 5 – Al2O3 crucible, 6 – Ni-201 sample, and 7 – test 

sample). 

As seen from Figure 6 (a), sample alloy and Ni-201 were combined with a Ni wire. While 

for Figure 6 (b), the Ni wires in alumina double bore tube were not contacted, thus sample alloy 

and Ni-201 were not connected. The alumina tube or the double bore tube were used to protect 

the Ni wire from touching the Ni cover. As seen in Figure 6 (c), the experimental setup is for the 

corrosion of the only alloy in the salt. It is also used for the investigation of the effect of coating 

or inhibitor on the corrosion of samples. For all these experiments, the salt powder was loaded in 

the Al2O3 crucibles inside a glove box under the argon atmosphere isolating the effect from air. 

Once the salt powder was loaded, crucibles were put into the Al2O3 tube (part 7 in Figure 5), 

which was sealed well at the end. The tube was closed using vacuum flange with several rubber 

O-rings to prevent the gas leaking. As the experiments are performed under Argon gas 

atmosphere, gas leaking test was performed before the corrosion experiment. As shown in Figure 

7, the gas inlet and outlet system were constructed with Tao’s help [66]. 
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Figure 7. Schematic of the gas inlet and outlet system.  

The hole on the flange was connected with the close system. The purity of the gas 

atmosphere is essential to the corrosion system otherwise the moisture in the chamber may result 

in the formation of HCl with molten salt, which will increase the corrosion rate of the test 

samples. Therefore, argon gas was purged to the chamber after pumping to vacuum two times to 

ensure ultra-pure argon atmosphere during the experiment. The pressure of the chamber during 

experiment was kept a little larger than 1 atm. to eliminate the effect of air. Then the furnace was 

heated to the specific temperature to start the long-term static corrosion experiments. 

4.2.3. Electrochemical study of alloys in MgCl2-KCl 

Potentiodynamic polarization experiments were performed at the temperature range of 

923-1073 K in the argon atmosphere, and the purpose is to rank the corrosion resistance of three 

alloys in MgCl2-KCl salts. Figure 8 shows the schematic of the actual experimental setup used 

for the corrosion experiment performed in a typical three-electrode configuration.  
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Figure 8. Schematic of experimental set up (1 – Pt wire (0.25 mm diameter), 2 – alumina tube, 3 

– silicon-dioxide-based ceramic cement, 4 – Ni cover, 5 – alumina crucible, 6 – test sample 

(working electrode), 7 – 0.25 mm-diameter Pt wire (reference electrode), and 8 – 1 1 cm Pt wire 

mesh (counter electrode). 

The working electrode (WE) consisted of a sample alloy combined with 0.25 mm-

diameter platinum wire. The platinum wired mesh (1 1 cm) and a platinum wire (0.25mm-

diameter) served as the counter electrode (CE) and the pseudo-reference electrode (RE), 

respectively.  Alumina tubes were used to isolate and protect the Pt wire from touching the Ni 

cover. The ceramic cement was used to stabilize the alumina tubes on the Ni cover. Samples with 

Ni cover were placed onto the Al2O3 crucible, and salt was loaded into the crucible. All the 

processes were performed inside the glove box under the UHP Ar atmosphere. The crucible was 

placed inside a one-end-closed alumina tube, and the alumina tube was well-sealed after that. 

There is a minimal amount of leakage from the outlet of the electrodes (details will be shown in 

Figure 9). However, Ar gas was continuously purged during the experiment, and the pressure 

inside was maintained larger than 1 atmosphere. Therefore, no leakage could be assumed, and all 
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the system was under Ar gas atmosphere. The electrochemical experiments were performed with 

EG&G potentiostat/galvanostat (Model 273A), detail figure is shown in Appendix. 

The experiments were also performed in the high-temperature corrosion cell, but the 

setup was a little changed. The schematic is shown in Figure 9. 

 

Figure 9. Schematic of high-temperature electrochemical cell for electrochemical test (1 – 

pressure gauge, 2 – vacuum valve, 3 – Ar valve, 4 – needle valve, 5 – plastic tube, 6 – rubber 

block, 7 – stainless steel cap, 8 – rubber O-rings, 9 – one-end-closed alumina tube, 10 – short 

alumina tube, 11 – insulation cover, 12 – alumina single-bore tube, 13 – furnace with insulation 

material, 14 –heating elements, 15 – thermocouple, and 16 –test samples in alumina crucible). 

As it is challenging to preheat the salt first and then put the sample into the molten salt, 

salt and samples were heated spontaneously to the specific temperature. The electrochemical 

techniques employed in the current study include the OCP, PPS, and LPR measurements. The 

OCP experiment was performed for at least one hour to ensure the potential was stabilized, and 

the system was in equilibrium. Once the OCP (denoted as Eocp) was identified, the PPS 
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measurement was performed in the potential polarization range of ±250 mV at the scan rate of 2 

mV s−1 with reference to Eocp. The scanning rate was set as 0.001 V/s, which is slow enough to 

obtain the accurate corrosion rate and potential. Three alloy coupons were tested at the same 

conditions to evaluate the reproducibility of the results. Three runs were performed on each alloy 

coupon to obtain the average corrosion data. The curve of potential vs. current density is also 

named as Tafel curve. Partial anodic and cathodic Tafel curves were plotted based on the PPS 

experiment, which was used to determine the corrosion potential (Ecorr) and the corrosion rate 

(icorr). And the relationship between potential and current density is called a Bulter-Volmer 

equation, which was shown in equation (4.1). 

𝑖 = 𝑖0 {𝑒𝑥𝑝 [
𝛼𝑛𝐹(𝐸−𝐸0)

𝑅𝑇
] − 𝑒𝑥𝑝 [−

(1−𝛼)𝑛𝐹(𝐸−𝐸0)

𝑅𝑇
]}                                      (4.1) 

i is the current density of alloys, i0 is the exchange current density, 𝛼 is cathodic change transfer 

coefficient, E is electrode potential, E0 is equilibrium potential, R is gas constant, T is 

temperature in K and F is Faraday constant. 

As the working potential goes to higher than E0, the cathodic reaction will be dominant. 

In addition, as the potential goes much higher than E0, the effect of anodic reaction can be 

ignored, and E vs. log (i) will be more like linear relationship. On the other side, when E is 

smaller than E0, anodic reaction will be the dominant reaction, and E vs. log (i) is more like 

linear when E is much smaller than E0. Therefore, it is more reasonable to perform the tangent 

lines at the potentials far away from equilibrium potential to obtain the corrosion rate and 

potential.  

The corrosion rate obtained in the potentiodynamic polarization experiment is fast and 

aided to rank the corrosion resistance of the test alloys at the same conditions. In addition, the 



37 

 

corrosion potential obtained from potentiodynamic polarization is helpful to perform the linear 

scan voltammetry experiment and investigate the corrosion resistance of alloys in MgCl2-KCl 

molten salt. 

For LRP measurement, the experiment set up was the same as the potentiodynamic 

polarization experiment with different potentials running. The potential polarization range was 

±20 mV with reference to Ecorr at the scan rate of 0.2 mV s−1. According to the equation (2.11), at 

low current densities, the relationship between current density and overpotential is linear. Since 

it is a linear relationship between current density and overpotential, the exchange current density 

can be obtained by knowing other constants. The exchange current density obtained in the LRP 

experiments will help in constructing the Tafel model during the galvanic corrosion, which will 

be illustrated in further sections. 

4.3. Ni-plating in aqueous solution 

As Ni is proved to be stable in MgCl2-KCl molten salt, the covered Ni on the structural 

alloy may protect the alloy from further corrosion. Therefore, Ni-plating was investigated in the 

present study to have a better understanding of the effect of Ni on the reducing of the diffusion of 

Cr and Fe. In a method of reducing the diffusion of Cr and Fe, the structural alloys will be 

protected from corrosion in MgCl2-KCl molten salt.  

4.3.1. Preparation of the solution 

The NiCl2 (hydrous, 99%) salt was purchased from Alfa Aesar. Hydrochloric acid (38%) 

was purchased from VWR. Deionized water was carefully measured with a graduated cylinder 

for 30mL and pulled into the 50mL beaker. A cleaned magnetic stirrer was put in the deionized 

water for further salt dissolving. 2.6mL hydrochloric acid was carefully measured and pulled into 

the water with a glass stick. Then, the mixed solution was transferred to a hot plate with a 
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temperature of 308 K and stirred for homogeneous mixing using magnetic stirrer at 60 rpm. The 

NiCl2 salt was measured in 2.11g and mixed with the prepared hydrochloric acid solution for at 

least 1 hour. Thus, 0.5 mol/L NiCl2 with 1mol/L HCl aqueous solution was obtained. The 

solution is covered with parafilm to eliminate the leaking of HCl gas. Since the solution is not 

sensitive to the oxygen from water in air, it is not necessary to flow with cover gas, such as Ar.  

4.3.2. Preparation of the electrodes 

Electrodeposition experiments were carried out using an EG&G PARC model 273 A 

potentiostat/galvanostat instrument controlled by Power Suite software.  The electrodeposition 

experiment of Ni from NiCl2 solution was performed in a three-electrode cell. Ni foil with 0.45 

mm thickness was used as counter electrodes, the reference electrode is a platinum wire with a 

diameter of 0.25 mm, and the working electrode is 800H sample spot-welded with Ni wire 

(0.45mm-diameter). The experiment was performed at 308 K on a hot plate. The detailed 

schematic of the experimental setup is shown in Figure 10. 
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Figure 10. Schematic of experimental set up of electrodeposition of Ni (1 – Ni wire (0.45 mm 

diameter), 2 – platinum wire (0.25 mm), 3 – rubber tube inserted into a Teflon plate 4 – Teflon 

plate, 5 – 50 mL beaker with NiCl2 (0.5 mol/L) in it, 6 – 800H sample (WE), and 7 – platinum 

wire with 0.25 mm diameter (RE) 8 – Ni foil (CE). 

The area of Ni foil used in the present experiment is larger than the 800H sample to 

eliminate the effect of CE on the current. CE and WE are parallel to ensure the maximum current 

passing through the electrodes. Before the electrodeposition experiment, all the electrodes were 

ground with 600 grit and followed by 800 grit SiC abrasive paper, washed 

with acetone and deionized water, and then dried by air.  

https://www.sciencedirect.com/topics/chemistry/acetone
https://www.sciencedirect.com/topics/chemical-engineering/deionized-water
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4.3.3. Parameters set in the electrodeposition experiment 

The electrodeposition experiment is based on the CA study using a constant potential for 

reducing the Ni in NiCl2 solution. Before the CA study, the CV experiment was performed with 

a scanning rate of 200 mV/s to investigate the potential to reduce the Ni. The potential of Ni 

starting to be reduced will be shown in the CV curve, and the constant potential set in the CA 

experiment is slightly more than that starting potential. As the depth of Ni deposition is not only 

related to the applied potential but also time for the electrodeposition, several experiments with 

different potentials and different times have been performed. Finally, the applied potential was 

determined as -1.5V vs. Pt and time as 1 hour to ensure the depth of Ni deposition is around 100 

µm. 

4.4. Alumina-plating in ionic liquid 

In section 2.3.3, alumina-forming alloys have been proved to have good high-temperature 

corrosion resistance to the chloride salt. The mechanism behind is the formed α-Al2O3 can inhibit 

the penetration of chlorine ion and diffusion of Cr and Fe. Therefore, coating the compacted 

Al2O3 on the surface of alloy will be helpful to protect the alloy from further corrosion in MgCl2-

KCl molten salt. Therefore, the experiments of electrodeposition of Al in IL and anodization of 

Al in acid solution are performed to obtain the compacted Al2O3. 

4.4.1. Materials preparation for electrodeposition of Al 

The AlCl3 (95%, HPLC) and BMIC (98%, HPLC), single salts were purchased from 

Sigma-Aldrich. The total weight of the IL used in the experiment was 40g, and the AlCl3 as well 

as BMIC salts were measured based on the molar ratio 1:2. The known amount of BMIC is taken 

in a 250mL beaker, to which, AlCl3 is added slowly at room temperature. A glass rod is used to 

stir while adding the AlCl3. During this exothermic reaction (which lasts for a minute), a lot of 
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“white smog” is formed and vaporized. Therefore, the mixing and the reaction must be 

performed slowly in a fume-hood. Although the salts are relatively thermally stable, the build-up 

of excess local heat can result in decomposition and discoloration of IL. Upon stirring for 30 s, 

the mixture turns into a clear liquid, although few large chunks of BMIC might float in the 

solution, which will eventually dissolve sooner or later. Then, the clear IL solution is transferred 

to another 50 mL beaker and placed on a hot plate and stirred for about 30 min for homogeneous 

mixing using magnetic stirrer at 60 rpm. The temperature of the hot plate is set to the 

experimental temperature (373 K) and monitored using the thermometer. The ILs need to be 

stored in a dry box until used for any applications. The Argon gas flow (1 mL/min) is maintained 

over the surface of IL to avoid contact with the oxygen or the ambient air during the 

electrochemical reaction. 

4.4.2. Preparation of the electrodes 

Electrochemical experiments were carried out using an EG&G PARC model 273 A 

potentiostat/galvanostat instrument controlled by Power Suite software. Before the 

electrodeposition experiment, CV and CA measurements of AlCl3-BMIC were performed in a 

three-electrode cell. The purpose is to investigate the potential applied during electrodeposition 

and study the diffusion coefficient of Al in this kind of IL. For the CV and CA measurements, 

tungsten wires (99.9%) with a diameter of 0.45 mm were used as working and counter 

electrodes, and the reference electrode was Al. The schematic of actual CV and CA experimental 

setup is shown in Figure 11. 

https://www.sciencedirect.com/topics/chemistry/cyclic-voltammetry
https://www.sciencedirect.com/topics/chemistry/tungsten
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Figure 11. Schematic of experimental set up (1 – W wire (0.45 mm diameter), 2 – thermometer, 3 

– reference electrode (Al or Pt wire) 4 – alumina single-bore tube, 5 – Teflon cap, 6 – 50 mL 

beaker, and 7 – stirrer. 

 For the electrodeposition experiment, Al plate with 1.0 mm thickness was used as 

counter electrodes, the reference electrode is Al wire with a diameter of 1.5 mm, and the working 

electrode is 800H sample spot-welded with Ni wire (0.45mm-diameter). The experiment was 

performed at 373 K on a hot plate. The schematic of the experiment is similar to Figure 10, only 

part 8 in Figure 10 is not Ni foil but Al plate in this experimental setup.  

The experiment of anodization of Al was performed in the 0.3M oxalic acid solution. The 

WE was 800H alloy with Al coating, RE was Pt wire with 0.25 mm diameter, and CE was 1.0 x 

1.0 cm Pt mesh. The experiment was performed at a constant current density, which was 10 

mA/cm2. 
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All the electrodes were ground with 800 grit SiC abrasive paper, washed 

with acetone and deionized water, and then dried by air before every experiment. The length 

dipped into the ionic liquid was measured after the experiment.  

4.5. Sample cleaning and salts remove 

The MgCl2-KCl salt readily dissolves in water, and it is no need to use any other solution 

like Al(NO3)3, which is used for dissolving the FLiNaK salt. Typically, the salt was removed 

from the crucible using DI water in the ultrasonic cleaner (CODY CD-2800). For the inductively 

coupled plasma - optical emission spectrometry (ICP-OES) purpose, salts are crumbled in pieces 

and collected. Because there are cracks formed in the MgCl2-KCl salt during the solidification 

process, the cracks in the solidified salt make the salt easy to be crumbled into pieces.  

Samples were able to be moved from the crucibles after the ultrasonic cleaning. Then the 

samples were cleaned with DI water several times to remove possible residual salt on it. Samples 

were dried with air and dimensions as well as weight was carefully measured to calculate the 

corrosion rate. Then the corroded specimens were analyzed by SEM and EDS. The salt collected 

from H230 corrosion experiment was analyzed with ICP-OES.

https://www.sciencedirect.com/topics/chemistry/acetone
https://www.sciencedirect.com/topics/chemical-engineering/deionized-water
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CHAPTER 5:  RESULTS AND DISCUSSION 

5.1. Long-term static corrosion experiments 

5.1.1. The corrosion rate of H230, 800H, and SS316 calculated using the weight-loss method 

The dimensions of H230, 800H, and SS316 samples are carefully measured before 

corrosion experiments, and the details are shown in Table 8. 

Table 8 Dimensions of H230, 800H, and SS316 samples before long-term static corrosion. 

 Temperature (K) Length (mm) Width (mm) Thickness (mm) weight (g) 

H230 973 10.80 8.88 1.30 1.068 

1023 10.08 8.29 1.50 1.142 

1073 11.34 8.66 1.34 1.092 

 

     
800H 973 12.18 9.56 1.46 1.304 

1023 11.79 9.86 1.46 1.311 

1073 11.66 9.70 1.45 1.265 

 

     
SS316 973 12.46 11.90 3.04 3.222 

1023 12.54 12.17 3.02 3.308 

1073 12.60 12.54 3.02 3.400 
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The mass loss from all the alloy samples dipped in the molten MgCl2-KCl salt is 

measured, and the results are listed in Table 9. In a meanwhile, the corrosion rate is calculated 

based on the weight loss and area of each sample. 

Table 9. Weight change and corrosion rate of H230, 800H and SS 316 alloys after corrosion in 

MgCl2-KCl molten salt at different temperature for 100 hours under argon gas protection. 

 
Temperature 

(K) 

Initial 

weight (g) 

after corrosion 

weight (g) 

area 

(cm2) 

weight 

loss (g) 

corrosion rate 

(mg/cm2/day) 

H230 973 1.068 1.062 2.43 0.006 0.543 

1023 1.142 1.135 2.22 0.007 0.756 

1073 1.092 1.082 2.50 0.011 1.008 

       

800H 973 1.304 1.293 2.96 0.011 0.891 

1023 1.311 1.294 2.96 0.017 1.380 

1073 1.265 1.240 2.88 0.025 2.082 

       

SS316 973 3.222 3.107 4.31 0.115 6.411 

1023 3.308 3.110 4.40 0.195 10.645 

1073 3.400 3.132 4.54 0.268 14.166 

As listed in Table 9, the corrosion rate of SS316 is the highest and follows by 800H and 

H230 alloy in the same experimental setup. In addition, the corrosion rate generally increased as 

temperature increased. As the corrosion rate of H230 in MgCl2-KCl at 1123 K was reported as 

1.20 mg/cm2/day, and corrosion rate of 800H was 4.84±0.133 mg/cm2/day [48], the results 
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obtained in present work seems to be reasonable. The corrosion rate of 800H at 1073 K varies 

much from literature data, which may due to the error tolerance in the experiments. Kumar has 

reported that the corrosion rate of 800H in MgCl2-KCl at 1123 K for 100 h varied from 1.68 to 

4.56 mg/cm2/day, and it varied from 1.20 to 2.16 mg/cm2/day for H230 at the same situation 

[27]. At higher temperatures, the corrosion rate of 800H increased, which is 6.68±0.01 

mg/cm2/day at 1273 K [66]. 

5.1.2. Morphology and EDS analysis of H230, 800H, and SS316 after long-term static corrosion 

For a better understanding of the effect of temperature on the corrosion, the surface 

morphology of corroded SS 316 samples was examined with SEM-EDS after the corrosion test, 

which was shown in Figure 12. 
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Figure 12. EDS results of SS316 after corrosion test in MgCl2-KCl for 100 hours under argon 

gas cover at (a) 973 K, (b) 1023 K and (c) 1073 K. 
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As seen from Figure 12, the pitting corrosion was more severe at higher temperatures as 

more porous microstructure on the surface is distinctive. In addition, large amount of Cr is 

depleted from SS 316 alloy after corrosion since the EDS result shows the concentration of Cr 

decreased comparing to the initial amount (18.5 mol%). Since the concentration of Cr shown in 

EDS is not quantitively accurate, the effect of temperature on the concentration of Cr on the 

surface of SS316 sample cannot be concluded. However, as weight loss of sample is larger at 

higher temperatures, which is significant due to the depletion of Cr, concentration of Cr in whole 

SS316 sample will be less at higher temperatures.  

The surface morphologies and EDS results of H230, 800H, and SS316 samples were 

compared in Figure 13. 
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Figure 13. EDS results of different alloys ((a) H230, (b) 800H, and (c) SS316) after the corrosion 

test in MgCl2-KCl for 100 hours under argon gas cover at 1073 K.  
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As shown in Figure 13, pitting corrosion is more severe in the SS316 sample as the 

porous microstructure is more distinctive from SEM figure. While for 800H alloy, grain 

boundaries are corroded and obvious shown in the SEM figure. It is reasonable as grain 

boundaries always contain higher energy; to minimize the Gibbs energy of the whole system, 

corrosion will be taken place at where includes higher energy. For the H230 alloy, less corrosion 

is taking place since there is less porous or crevice microstructure on the surface. H230 is Ni-

base alloy, while 800H and SS316 are Fe-base alloys. Since Ni is proved to be stable in MgCl2-

KCl salt, it is reasonable that H230 has less corrosion. In addition, the morphologies of the 

samples are comparable to the weight loss listed in Table 9.  

The concentration of Cr on the surface was decreased in every sample alloy after 

corrosion in MgCl2-KCl molten salt at 1073 K. Therefore, Cr is the principal element depleted 

from the chromia-forming alloys corrosion in MgCl2-KCl salt, which has been proved by many 

researchers [9, 27, 48, 66, 91-93]. The mechanism of Cr depletion has been studied by Porcayo-

Calderson et al. [94]. There are two types corrosion mechanisms of alloys corrosion in MgCl2-

KCl molten salt: one is localized corrosion (pitting or intergranular), and the other is uniform 

corrosion (surface gradually degrades). CrCl3 is easy to be formed at the bottom of the pits or 

degraded grain boundaries because Cr is thermodynamically unstable in MgCl2-KCl molten salt. 

Moreover, CrCl3 will diffuse to the surface of alloy, where is the interface of alloy and molten 

salt. As oxygen cannot be fully controlled in the corrosion system, a tiny amount of oxygen is 

dissolved in the molten salt. The dissolved oxygen at the interface of alloy/salt is higher than 

which at the pits; higher oxygen potential will be at the interface. Therefore, CrCl3 diffused to 

the surface will be oxidized as Cr2O3, which is not coherent to the alloy. In a meanwhile, 
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chlorine ion is released so that more CrCl3 will be formed around the pits. This situation will be 

more severe when there is 2 wt% H2O in the salt [80].  

Corrosion depths of three alloys after corrosion in MgCl2-KCl at 1023 K for 100 h were 

also studied with EDS analysis on the cross-section of each sample. The result is shown in 

Figure 14. 
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Figure 14. Morphologies of cross-section of alloys ((a) H230, (b) 800H and (c) SS316) after 

corrosion test in MgCl2-KCl at 1023 K for 100 hours. 
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As shown in Figure 14, the concentration of Cr is decreased near the surfaces of three 

alloys (blue line in Figure 14 (a), red lines in Figure 14 (b), and (c)). Thus, corrosion depth can 

be estimated from where the concentration of Cr decreased to the surface of sample. The 

estimated corrosion depths are shown in Figure 14, which are 17µm, 32 µm, and 70 µm for 

H230, 800H, and SS316, respectively. From this point of view, H230 has the best corrosion 

resistance in MgCl2-KCl molten salt follows by 800H and SS316. 

5.1.3. Summary of the long-term corrosion experiment 

1. The corrosion rate was calculated using weight loss of the alloy. And the corrosion rates 

of Haynes 230 (H230), Incoloy 800H (800H) and Stainless Steel 316 (SS316) are: (1) 

0.54, 0.89, and 6.41 mg/cm2/day at 973 K, respectively; (2) 0.76, 1.38, and 10.65 

mg/cm2/day at 1023 K, respectively; (3) 1.01, 2.08, and 14.16 mg/cm2/day at 1073 K, 

respectively.  

2. Weight loss of the sample is mainly due to the corrosion of Cr since the concentration of 

Cr is decreased as shown in the EDS results. The mechanism behind the depletion of Cr 

is due to the small amount of oxygen dissolved in the molten salt, which will accelerate 

the reaction between Cr and CrCl3. 

3. Because (1) weight loss of H230 is less than other alloys, (2) there is less pitting or 

crevice corrosion on the surface of H230, and (3) corrosion depth is the shortest one for 

H230, H230 has the best corrosion resistance in the MgCl2-KCl molten salt. 

5.2. Effect of Ni on the corrosion behavior of H230 and 800H in MgCl2-KCl salt 

As illustrated in section 2.3.1, galvanic corrosion is one of the major corrosion 

mechanisms in the structural alloy. Temperature gradience causes corrosion at the hot part faster, 

and Cr will be depleted more at hot part. Different concentrations of Cr in hot part and cold part 
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cause the different potential, which will result in galvanic corrosion. When the structural alloy 

used as Ni-Cr base alloy, it will turn to near pure Ni at hot area since Cr is depleted much. 

Similarly, Ni crucible used in experiment also accelerated the corrosion rates of the sample 

alloys in FLiNaK salt as Ni crucible, and test alloys were connected [74]. Therefore, the 

mechanism behind this type of corrosion is necessary to be investigated. 

5.2.1. Effect of Ni on the corrosion of H230 in MgCl2-KCl 

5.2.1.1. Weight loss of H230 and Ni-201 samples 

Before the long-term static corrosion experiment, dimensions of the H230 and Ni-201 

samples are carefully measured, and the result is listed in Table 10. 

Table 10. Dimensions and weight of H230and Ni-201 samples (C means H230 and Ni-201 were 

connected with Ni wire, N means they were not connected, and O is only H230 in the crucible). 

Experiments Sample Length (mm) Width (mm) Thickness(mm) Weight (g) 

Set 1 H230 (C) 11.20 8.60 1.49 1.290 

Ni-201 (C) 12.60 8.80 0.23 0.245 

Set 2 H230 (N) 11.30 9.20 1.40 1.287 

Ni-201 (N) 11.90 8.90 0.24 0.244 

Set 3 H230 (O) 10.85 8.85 1.35 1.172 

The results of weight change of the H230 and Ni-201 samples after corrosion in molten 

MgCl2-KCl at 973 K for 100 hours are shown in Table 11. Based on the weight loss of the 

samples, the corrosion rates are calculated as shown in Table 11. 
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Table 11. Weight loss of H230 and Ni-201 alloys after 100 h corrosion in MgCl2-KCl at 973 K. 

Sample Weight before 

corrosion (g) 

Weight after 

corrosion (g) 

Weight loss (g) Corrosion rate 

(mg/cm2/day) 

H230 (C) 1.290 1.273 0.017 1.621 

Ni-201 (C) 0.245 0.246 -0.001 N.A. 

H230 (N) 1.287 1.276 0.011 0.950 

Ni-201 (N) 0.244 0.241 0.003 0.325 

H230 (O) 1.172 1.162 0.010 0.940 

As shown in Table 11, as Cr is more susceptible to be corroded in the MgCl2-KCl salt, 

the H230 lost more weight than the Ni-201 alloy. In addition, the corrosion rate of H230 (C) was 

obtained which was 1.62 mg/cm2/day while for H230 (N), it was 0.95 mg/cm2/day. It was 

observed that Ni-201 slightly accelerated the corrosion rate of H230 alloy while connecting in 

the molten MgCl2-KCl salt. After the corrosion, the weight of Ni-201 (C) was increased due to 

the deposition, which was confirmed by elemental analysis (EDS). However, for Ni-201 (N) 

sample, the weight was decreased after corrosion. As H230 (O) has a comparable weight loss 

with H230 (N), it seems that Ni-201 has insignificant influence on the corrosion rate of H230 

when they are not connected. 

5.2.1.2. EDS analysis of H230 and Ni-201 samples after corrosion 

After the corrosion test, the surface morphology of corroded H230 samples was 

examined with SEM-EDS, which were shown in Figure 15 and Figure 16. 
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Figure 15. EDS results of the surface of H230 (N) after the corrosion test in MgCl2-KCl at 973 K. 

 

Figure 16. EDS results of the surface of H230 (C) after the corrosion test in MgCl2-KCl at 973 K. 
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As seen from Figure 15, grain boundaries were more distinct in H230 (N). While for 

H230 (C), pitting corrosion was severe on the surface (Figure 16), thus grain boundaries were 

not shown in the SEM image. For the EDS analysis, the detected Y, Mo, and Al elements are 

ignored as the amount of them is extremely small. The H230 (N) sample presents a large amount 

of Cr depletion which results in a significant increase in the Ni and Fe element (mole %) 

comparing to the pre-corrosion sample. However, the H230 (C) presents the amount of Cr and Fe 

are depleted on the surface as ratio of Fe to Ni was decreased after corrosion. The EDS analysis 

of Ni-201 (N) and Ni-201 (C) were also performed to investigate the deposition on the Ni-201 

plate, and results are shown in Figure 17 and Figure 18. 

 

Figure 17. EDS results of the surface of Ni-201 (N) after the corrosion test in MgCl2-KCl at 973 

K. 
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Figure 18. EDS results of the surface of Ni-201 (C) after the corrosion test in MgCl2-KCl at 973 

K. 

As illustrated in Figure 18, the deposition of W was detected on the surface of Ni-201 

(C), and that is the reason why Ni-201 (C) increased the weight after the corrosion test. W on 

H230 (C) lost the electrons forming as W ion and dissolved into the chloride salt. The W ion 

transferred to the Ni-201 (C) alloy and obtained the electrons forming as W deposition on the 

surface. However, when H230 (N) and Ni-201 (N) were not connected, there was no electron 

transferred between these two alloys, and no deposition was detected on Ni-201 (N) alloy. In 

addition, the driving force of the W element depositing on Ni-201 (C) is the Gibbs energy of W 

alloying with Ni. The Gibbs energy of Ni-W alloy is calculated with the equations listed in the 

literature [95, 96] and the Gibbs energy of single Ni and W elements [97]. Therefore, the Gibbs 

energy of formation of Ni0.94W0.06 alloy was calculated, which is shown in the equation (5.1). 
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0.94𝑁𝑖 + 0.06𝑊
973 𝐾
→   𝑁𝑖0.94𝑊0.06                   ∆𝐺 = −3681 𝐽𝑜𝑢𝑙𝑒𝑠/𝑚𝑜𝑙       (5.1) 

Therefore, the negative Gibbs energy of the reaction indicates W and Ni were 

spontaneously formed as Ni0.94W0.06 alloy at 973 K if the electrons were transferred to the Ni-201 

(C) alloy. 

However, Cr element was not detected on the Ni-201 (C) sample, because it was not 

saturated in the MgCl2-KCl salt. The salt is not purified totally, and a trace amount of hydrated 

H2O remained in the salt. Moreover, because of the hydrating water, the trace amount of 

Mg(OH)Cl was formed in the salt even the temperature increased to 973 K. Therefore, large 

amount of Cr was dissolved into the salt, taking the reaction shown in equation (5.2). 

Cr + 3Mg(OH)Cl = Cr𝐶𝑙3 + 3𝑀𝑔𝑂 + 1.5𝐻2(𝑔)                   ∆𝐺 = −94560 𝐽𝑜𝑢𝑙𝑒𝑠/𝑚𝑜𝑙       (5.2) 

Because the small amount of Mg(OH)Cl compound remained in the salt, Cr in the salt did 

not reach the equilibrium. Therefore, there is no deposition of Cr detected on the Ni-201 (C) 

sample. 

5.2.1.3. ICP-OES result of the MgCl2-KCl salt after corrosion 

The ICP-OES was performed on the collected salt after the corrosion test. Only four 

elements were investigated in ICP-OES, and the result is shown in Table 12. 
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Table 12. ICP-OES chemical analysis of the dissolved elements from alloys to MgCl2-KCl salt. 

Experiment setups Elements in salt (ppm) 

Cr Al Fe Ni 

H230 (N) and Ni-201 (N) 202 8 92 165 

H230 (C) and Ni-201 (C) 386 10 129 22 

H230 (O) 265 8 53 12 

As listed in Table 12, the amount of Cr is higher than other elements in the salt, which is 

comparable to the EDS result as Cr is depleted most on the surface of H230 samples. Ni was also 

dissolved a little into the salt because of a trace amount of Mg(OH)Cl remained in the salt. When 

H230 (N) and Ni-201 (N) were not connected, Ni was dissolved more into the salt. The Ni 

element was mainly depleted from Ni-201 (N) as it was not protected by the H230 (N) (they are 

not connected). When they were connected, Ni-201 (C) was protected by H230 (C) alloy, and Ni 

was depleted less into the MgCl2-KCl salt. When only H230 (O) alloy was in the crucible, the 

amount of total depleted Cr and Fe elements were comparable to the experiment set 2 (H230 and 

Ni were not connected). 

5.2.1.4. Weight balance between weight loss of sample and weight gain in salt 

As the salt used in each experiment was 30 g, the total weight of Cr, Al, Fe, and Ni 

dissolved into the salt were calculated, and the results were compared with the weight loss of 

H230 samples, which were listed in Table 13. 
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Table 13. Weight of dissolved elements in salt and weight loss of H230 alloy. 

Experiment setups Elements in salt (mg) Total 

weight in 

salt (mg) 

Weight loss 

of H230 

(mg) 

Cr Al Fe Ni 

H230 (N) and Ni-201 (N) 6.06 0.24 2.76 4.95 14.01 11.00 

H230 (C) and Ni-201 (C) 11.58 0.3 3.87 0.66 16.41 17.00 

H230 (O) 7.95 0.24 1.59 0.36 10.14 10.00 

As listed in Table 13, the weight of dissolved elements in salt is comparable to the weight 

loss of H230 alloy in experiments set 1 (H230 and Ni-201 are connected) and set 3 (only H230 in 

the salt). In experiment set 1, because some W was deposited on the Ni-201(C) alloy, the weight 

of dissolved element in salt is less than the weight loss of H230 (C) alloy. In experiment set 2 

(H230 and Ni-201 are not connected), some dissolved Ni element was contributed to the Ni-201 

(N) alloy. Therefore, weight of dissolved elements is larger than the weight loss of H230 (N) 

alloy. 

5.2.1.5. Summary of the corrosion test of H230 and Ni-201 in MgCl2-KCl salt. 

The H230 alloys connected with and without Ni-201 alloys were evaluated for corrosion 

in molten MgCl2-KCl salt at 973 K for 100 hours. After the corrosion test, the weight loss of the 

H230 alloy connected with the Ni-201 alloy was more than what was not connected. Therefore, 

Ni-201 accelerated the corrosion rate of H230 alloy in MgCl2-KCl salt while connecting. During 

the analysis of SEM-EDS, the depletion of Cr and Fe was observed on the surface of H230 alloy. 

In addition, deposition of W was detected on the surface of the Ni-201 sample which was 

connected with H230 alloy. And the driving force of the deposition of W is the Gibbs energy of 
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formation of Ni-W alloy when the H230 alloy was connected with Ni-201 alloy. However, 

because Cr element is not saturated in the MgCl2-KCl during the corrosion test, Cr deposition 

was not detected on the Ni-201 alloy even it was connected with H230 alloy. ICP-OES was 

performed on the salt after corrosion test. And the total weight of dissolved elements is 

comparable to the weight loss of the tested H230 alloys in all three experiment setups.  

5.2.2. Effect of Ni on the corrosion of 800H in MgCl2-KCl 

5.2.2.1. Weight loss of 800H and Ni-201 samples 

The dimensions and weights of 800H and Ni-201 samples before corrosion were 

carefully measured, and the results are listed in Table 14. 
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Table 14. Dimensions and weight of 800H and Ni-201 samples (C means during corrosion, 800H, 

and Ni-201 were connected with Ni wire, and N means they were not connected). 

Experiments Sample Length (mm) Width (mm) Thickness(mm) Weight (g) 

Set 1 800H (C1) 11.25 9.40 1.40 1.213 

Ni-201 (C1) 11.70 7.80 0.25 0.200 

800H (C2) 11.66 9.60 1.44 1.247 

Ni-201 (C2) 12.36 10.06 0.25 0.235 

 800H (C3) 11.25 10.56 1.42 1.406 

 Ni-201 (C3) 11.90 11.10 0.25 0.278 

Set 2 800H (N1) 11.35 9.60 1.45 1.264 

Ni-201 (N1) 11.90 8.10 0.25 0.211 

800H (N2) 11.68 9.86 1.46 1.283 

Ni-201 (N2) 11.08 9.60 0.25 0.225 

 800H (N3) 11.30 9.40 1.44 1.262 

 Ni-201 (N3) 11.54 9.86 0.25 0.244 

The results of the weight change of the 800H and Ni-201 samples after corrosion in 

molten MgCl2-KCl at 1073 K for 100 hours are shown in Table 15. Based on the weight loss of 

the samples, the corrosion rate can be calculated as shown in Table 15. 
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Table 15. weight change of 800H and Ni-201 after corrosion in MgCl2-KCl at 1073 K (negative 

value is weight gain of the sample, and a positive value is weight loss). 

Sample Weight before 

corrosion (g) 

Weight after 

corrosion (g) 

Weight loss (g) Corrosion rate 

(mg/cm2/day) 

800H (C1) 1.213 1.16 0.053 4.723 

Ni-201 (C1) 0.200 0.205 -0.005 N.A. 

800H (C2) 1.247 1.197 0.050 4.209 

Ni-201 (C2) 0.235 0.245 -0.010 N.A. 

800H (C3) 1.406 1.344 0.056 4.487 

Ni-201 (C3) 0.278 0.292 -0.014 N.A. 

800H (N1) 1.264 1.226 0.038 3.273 

Ni-201 (N1) 0.211 0.204 0.007 0.828 

800H (N2) 1.283 1.243 0.040 3.274 

Ni-201 (N2) 0.225 0.218 0.007 0.753 

800H (N3) 1.262 1.231 0.031 2.735 

Ni-201 (N3) 0.244 0.236 0.008 0.806 

As seen from Table 15, the 800H alloy, containing Fe and Cr elements, lost more weight 

than the Ni-201 alloy. In fact, Cr and Fe have been proved more susceptible to be corroded than 

Ni in the molten salt [28].  Besides, the average corrosion rate of 800H (C) was obtained, which 

was 4.47±0.26 mg/cm2/day while for 800H (N), it was 3.00±0.27 mg/cm2/day. The result is 
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reasonable, and it is lower than the corrosion rates at 1123 K (4.84±0.133 mg/cm2/day) and 1273 

K (6.68 mg/cm2/day) [48, 66]. As shown in Table 15, there is no significant difference between 

the corrosion rates of 800H (C) and 800H (N). However, the corrosion mechanism was varied, 

while 800H (C) and Ni-201 (C) were connected. When 800H (N) and Ni-201 (N) were not 

connected, it was only intrinsic corrosion during the corrosion process, and Cr as well as Fe were 

dissolved into the salt, which cannot be recovered. When 800H (C) and Ni-201 (C) were 

connected, the galvanic corrosion took place between salt and 800H (C) alloy. The dissolved Cr 

and Fe ions were recovered and formed as deposition on the Ni-201 (C). In addition, the 

corrosion rate can be controlled by varying the surface area of 800H (C) or Ni-201 (C) alloys. 

Therefore, the weight of Ni-201 (C) was increased due to the deposition of Cr and Fe from 800H 

(C) alloy, which was confirmed by elemental analysis (EDS). However, for Ni-201 (N) sample, 

the weight was decreased after corrosion.  

5.2.2.2. EDS result of 800H and Ni-201 samples after corrosion in MgCl2-KCl molten salt 

After the corrosion test, the surface morphology of corroded samples was examined with 

SEM, and the SEM images of 800H (C) and 800H (N) were shown in Figure 19. 
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Figure 19. Scanning electron microscopy images of 800H after corrosion testing in MgCl2-KCl at 

1073 K for 100 h. (a) 800H (C) connected with Ni-201 and (b) 800H (N) not connected with Ni-

201. 
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As seen from the Figure 19, the pitting corrosion was more severe for 800H (C) alloy, 

resulting in a more porous microstructure on the surface (Figure 3a) than 800H (N) alloy (Figure 

3b). In Figure 3b, grain boundaries were more distinct in 800H (N), which is in agreement with 

the previous literature [66]. While for 800H (C), pitting corrosion was severe on the surface 

(Figure 3a), the grain boundaries were not shown in the SEM image. The elements on the surface 

of 800H (C) and 800H (N) were confirmed using EDS analysis as shown in Figure 20 and Figure 

21.  

 

Figure 20. EDS results of the surface of 800H (C) after the corrosion test in MgCl2-KCl at 1023 

K. 
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Figure 21. EDS results of the surface of 800H (N) after the corrosion test in MgCl2-KCl at 1023 

K. 

After the corrosion, the corroded 800H sample presents a large amount of Cr depletion, 

which results in a significant increase in the Ni element (atom%) comparing to the pre-corrosion 

sample (Table 1). That phenomenon was observed in both sets of experiments. A small amount 

of Fe was also dissolved in the MgCl2-KCl salt as the molar ratio of Fe to Ni was decreased after 

corrosion test. Similar to our previous result [66], Al and Ti were detected on the surface of 

800H (C), and they were also shown in the EDS analysis of 800H (N). The EDS analysis of Ni-

201 (C) and Ni-201 (N) were also performed to investigate the deposition of Fe and Cr on the 

Ni-201 plate, and results are shown in Figure 22 and Figure 23. 
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Figure 22. EDS results of the surface of Ni-201 (C) after the corrosion test in MgCl2-KCl at 1073K. 

 

Figure 23. EDS results of the surface of Ni-201 (N) after the corrosion test in MgCl2-KCl at 1073K. 
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As listed in Table 15, Ni-201 (C) gained weight while Ni-201 (N) lost weight after the 

corrosion test. As illustrated in Figure 22, some depositions were detected on the surface of Ni-

201 (C). In Figure 23, grain boundaries of Ni-201 (N) were attacked due to intergranular 

corrosion, which is comparable with the observation found by Luke et al. [63]. From the EDS 

analysis, the weight gain of Ni-201 (C) is due to the deposition of Fe and Cr. For Ni-201 (N), a 

little amount of Fe and Cr was detected on the surface. According to Ozeryanaya [73], Fe and Cr 

from 800H (N) took the non-electrochemical transfer process and deposited on the Ni-201 (N) 

even 800H (N) and Ni-201 (N) were not contacted. The detail transferring process are listed in 

equation (5.3-5.5) 

 800𝐻 (𝑁): 𝐹𝑒 − 2𝑒−
1073 𝐾
→    𝐹𝑒2+                                                (5.3) 

800𝐻 (𝑁): 𝐶𝑟 − 2𝑒−
1073 𝐾
→    𝐶𝑟2+                                                (5.4) 

𝑁𝑖 − 201 (𝑁): 3𝐶𝑟2+ + 3𝐹𝑒2+ + 𝑁𝑖 = 2𝐶𝑟3+ + 2𝐹𝑒3+ + 𝐹𝑒𝐶𝑟(𝑁𝑖)𝑎𝑙𝑙𝑜𝑦                 (5.5) 

As a result of Cr3+ and Fe3+ entering in the molten salt, Fe and Cr in 800H (N) were 

further corroded. However, this small amount of Cr and Fe deposition did not contribute to the 

weight gain of the Ni-201 (N) alloy. The surface composition of 800H and Ni-201 alloys after 

the corrosion test are summarized in Table 16.  
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Table 16. The EDS results of the surface of 800H and Ni-201 alloys after the corrosion test in 

MgCl2-KCl at 1023 K. 

Sample (at.%) Ni Fe Cr Al Ti 

800H (C) 39.2 50.0 3.0 5.8 2.0 

800H (N) 42.8 54.0 3.2 -- -- 

Ni-201 (C) 51.1 25.0 23.9   

Ni-201 (N) 94.4 5.1 0.5   

5.2.2.3. Thermodynamic calculation of Ni-Fe-Cr alloy 

As seen from Table 15, Ni-201 (C) accelerated the corrosion rate of 800H (C) alloy while 

connecting. In addition, Fe and Cr were deposited on the Ni-201 (C) plate and formed as Ni-Fe-

Cr alloy. It is a safe assumption that the driving force of the elements depositing on Ni-201 (C) is 

the Gibbs energy of Cr and Fe alloying with Ni. According to the phase diagram of  Ni-Fe-Cr, 

Ni0.511Fe0.250Cr0.239 is fcc structure at 1073 K [98]. Therefore, the calculation of the Gibbs energy 

of Ni-Fe-Cr (fcc structure) solution is shown in equations (5.6)-(5.16) [99, 100]. 

𝐺𝑚
𝑠 = x𝐹𝑒𝐺𝐹𝑒

𝑠 + x𝑁𝑖𝐺𝑁𝑖
𝑠 + 𝑥𝐶𝑟𝐺𝐶𝑟

𝑠 + 𝑅𝑇(𝑥𝐹𝑒𝑙𝑛𝑥𝐹𝑒 + 𝑥𝑁𝑖𝑙𝑛𝑥𝑁𝑖 + 𝑥𝐶𝑟𝑙𝑛𝑥𝐶𝑟) + ∆
𝑒𝑥𝐺𝑚

𝑠            (5.6) 

∆𝑒𝑥𝐺𝑚
𝑠 = 𝑥𝐶𝑟𝑥𝑁𝑖𝐿𝐶𝑟,𝑁𝑖

𝑓𝑐𝑐
+ 𝑥𝐶𝑟𝑥𝐹𝑒𝑖𝐿𝐶𝑟,𝐹𝑒

𝑓𝑐𝑐
+ 𝑥𝐹𝑒𝑥𝑁𝑖𝐿𝐹𝑒,𝑁𝑖

𝑓𝑐𝑐
+ 𝑥𝐹𝑒𝑥𝐶𝑟𝑥𝑁𝑖𝐿𝐶𝑟,𝐹𝑒,𝑁𝑖

𝑓𝑐𝑐
                      (5.7) 

𝐿𝑎,𝑏
𝑓𝑐𝑐
= ∑ (𝑥𝑎 − 𝑥𝑏)

𝑖 ∗ 𝐿𝑎,𝑏
𝑓𝑐𝑐𝑖

𝑖=0                                                 (5.8) 

𝐿𝐶𝑟,𝑁𝑖
𝑓𝑐𝑐0 = 8030 − 12.8801𝑇         J                                       (5.9) 

𝐿𝐶𝑟,𝑁𝑖
𝑓𝑐𝑐1 = 33080 − 16.0362𝑇            J                                     (5.10) 
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𝐿𝐶𝑟,𝐹𝑒
𝑓𝑐𝑐0 = 10833 − 7.477𝑇              J                                     (5.11) 

𝐿𝐶𝑟,𝐹𝑒
𝑓𝑐𝑐1 = 1410                             J                                     (5.12) 

𝐿𝐹𝑒,𝑁𝑖
𝑓𝑐𝑐0 = −12054.355 + 3.27413𝑇           J                                     (5.13) 

𝐿𝐹𝑒,𝑁𝑖
𝑓𝑐𝑐1 = 11082.13 − 4.45077𝑇           J                                     (5.14) 

𝐿𝐹𝑒,𝑁𝑖
𝑓𝑐𝑐2 = −725.8051               J                                       (5.15) 

𝐿𝐶𝑟,𝑁𝑖,𝐹𝑒
𝑓𝑐𝑐0 = 16580 − 9.783𝑇       J                                       (5.16) 

where 𝑥  is the mole fraction of the element (Cr, Fe, or Ni), R is the universal gas constant, and T 

is the absolute temperature in K. The quantity∆𝐺𝑖
𝑠is the molar Gibbs energies of solution or 

element “i” with the 𝑠 (𝑓𝑐𝑐)structure in the nonmagnetic state. ∆𝑒𝑥𝐺𝑚
𝑠  is the excess Gibbs energy 

and 𝐿𝑖,𝑗,𝑘
𝑓𝑐𝑐𝑛  is the binary or ternary interaction parameter for the fcc structure. The calculation of 

interaction parameter is shown in equation (5.17) [96]. 

𝐿𝑖,𝑗
𝑓𝑐𝑐
= ∑ (𝑥𝑖 − 𝑥𝑗)

𝑛 ∗ 𝐿𝑖,𝑗
𝑓𝑐𝑐𝑛

𝑛=0                              (5.17) 

𝑥𝑖 and 𝑥𝑗is the composition in the sub-lattice, and they can be used directly as the mole 

fraction of element in the Ni-Cr-Fe alloy [100]. As the polynomial of 𝐿𝑖,𝑗
𝑓𝑐𝑐
,0 𝐿𝑖,𝑗

𝑓𝑐𝑐
 𝑎𝑛𝑑 1 𝐿𝑖,𝑗

𝑓𝑐𝑐2  

are defined, L𝑖,𝑗
𝑓𝑐𝑐

can be written as the equations (5.18)-(5.20): 

L𝑁𝑖,𝐶𝑟
𝑓𝑐𝑐

= 8030 − 12.8801𝑇 + (𝑥𝑁𝑖 𝑖𝑛 𝑓𝑐𝑐 − 𝑥𝐶𝑟 𝑖𝑛 𝑓𝑐𝑐) ∗ (33080 − 16.0362𝑇)                (5.18) 

L𝑁𝑖,𝐹𝑒
𝑓𝑐𝑐

= −12054.355 + 3.27413𝑇 + (𝑥𝑁𝑖 𝑖𝑛 𝑓𝑐𝑐 − 𝑥𝐹𝑒 𝑖𝑛 𝑓𝑐𝑐) ∗ (11082.13 − 4.45077𝑇) +

(𝑥𝑁𝑖 𝑖𝑛 𝑓𝑐𝑐 − 𝑥𝐹𝑒 𝑖𝑛 𝑓𝑐𝑐)
2
∗ (−725.8051)                                                                             (5.19) 
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L𝐹𝑒,𝐶𝑟
𝑓𝑐𝑐

= 10833 − 7.477𝑇 + (𝑥𝐹𝑒 𝑖𝑛 𝑓𝑐𝑐 − 𝑥𝐶𝑟 𝑖𝑛 𝑓𝑐𝑐) ∗ (1410 )                      (5.20) 

The Gibbs energies of Ni, Fe, and Cr at 1073 K were obtained in HSC 5.1 software [97], 

and the values were -50074 J, -47321 J, and -40862 J, respectively. Therefore, the Gibbs energy 

of formation of Ni0.511Fe0.25Cr0.239 alloy was calculated, which is shown in the equation (5.21). 

0.511𝑁𝑖 + 0.25𝐹𝑒 + 0.239𝐶𝑟
1073 𝐾
→    𝑁𝑖0.511𝐹𝑒0.25𝐶𝑟0.239                  ∆𝐺 = −9916.49  J   (5.21) 

The negative Gibbs energy of the reaction indicates Cr, Fe, and Ni were spontaneously 

formed as Ni0.511Fe0.25Cr0.239 alloys at 1073 K. 

5.2.2.4. Galvanic corrosion with Cr(III) and Fe(III) ion diffusion 

As the 800H (C) alloy and Ni-201 (C) alloy were connected with Ni wire in the molten 

MgCl2-KCl electrolyte in the corrosion test, the galvanic corrosion model was constructed. It 

was assumed that Cr3+ and Fe3+ ions diffused from 800H (C) alloy to Ni-201 (C) alloy in the 

electrolyte. The theoretical potential of the selective dissolution of the element (Cr and Fe) from 

the 800H (C) alloy was calculated from the Nernst equation given by equation (5.22) [101] as:  

E = 𝐸𝑜 − (
𝑅𝑇

𝑛𝐹
) 𝑙𝑛𝐽                                                     (5.22) 

where Eo is the standard potential calculated from the standard Gibbs energy data (∆Go= -nFEo), 

n is the number of transferred electrons, F is Faraday constant, R is the universal gas constant, T 

is the temperature in K, J is the ratio of activity of oxidized state to the activity of reduced state. 

J is calculated considering a(Cl-) = 1 and a(M alloy, s) is the activity of Cr or Fe in the initial 800H 

(C) alloy before the corrosion test. The initial 800H (C) alloy was assumed as ternary alloys to 

calculate the activity of Cr and Fe ignoring the minor elements. And the assumed alloys with 

maximum and minimum activity value of Cr and Fe are listed in Table 17. 
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Table 17. Assumed ternary alloys based on the initial composition and the activities of Cr and Fe 

at 1073 K. 

Alloys  Assumed ternary alloy Activity of Cr  Activity of Fe 

800H (C) 0.253Cr-0.289Ni-0.458Fe 0.32 0.47 

 0.221Cr-0.321Ni-0.458Fe 0.28 0.47 

 0.221Cr-0.289Ni-0.490Fe 0.28 0.51 

Therefore, the galvanic reactions are listed in equations (5.23) -(5.25), and an equilibrium 

quotient, J value of anode is shown in equation (5.26). 

Anode: 0.25Fe + 0.239Cr + 1.467C𝑙− = 0.25FeC𝑙3 + 0.239CrC𝑙3 + 1.467𝑒
−                  (5.23) 

Cathode: 0.25FeC𝑙3 + 0.239Cr𝐶𝑙3 + 0.511𝑁𝑖 + 1.467𝑒
− = 𝑁𝑖0.511𝐹𝑒0.25𝐶𝑟0.239 + 1.467C𝑙

−       (5.24) 

Total: 0.25Fe(in 800H) + 0.239Cr(in 800H) + 0.511Ni (Ni − 201) =
1

0.057
𝑁𝑖0.943𝐶𝑟0.057         (5.25) 

J =
[𝐶𝑟𝐶𝑙3]

0.239[𝐹𝑒𝐶𝑙3]
0.25

[𝐶𝑟]0.239[𝐹𝑒]0.25
=

1

𝑎𝐶𝑟
0.239𝑎𝐹𝑒

0.25                                          (5.26) 

Activities of CrCl3 and FeCl3 were assumed to be 1 for simplification. Therefore, the 

potential of the anode and cathode were calculated based on the known standard potentials [97] 

and activities [102] of Fe and Cr in 800H (C). The upper limit and lower limit of the potentials 

are listed in Table 18. 
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Table 18. Anode and cathode potentials of 800H alloy in MgCl2-KCl at 1073 K (L means lower 

limit and U means the upper limit of the variation of total potential). 

Samples Activity of 

Fe 

Activity of 

Cr 

Anode 

potential (V) 

Cathode 

potential (V) 

Total 

potential (V) 

800H (L) 0.47 0.28 4.348 -4.285 0.063 

800H (U) 0.51 0.32 4.349 -4.285 0.064 

The different assumed activities of Cr and Fe lead to the different anode potentials. 

However, the difference in potential between the 800H (L) and 800H (U) is insignificant (Table 

18). Therefore, the upper limit of the variation was ignored in the following calculation. To 

better compare with experimental data, potentials vs. SHE were converted to potentials vs. 

Li/LiCl, and the results are listed in Table 19. 

Table 19. Anode and cathode potentials vs. Pt of 800H alloy in MgCl2-KCl at 1073 K. 

Samples Activity of 

Fe 

Activity of 

Cr 

Anode 

potential vs. 

Li/LiCl (V) 

Cathode 

potential vs. 

Li/LiCl(V) 

Total 

potential 

(V) 

800H  0.47 0.28 -2.437 2.500 0.063 

5.2.1.5. Calculation of corrosion potential and corrosion rate 

The corrosion potential and corrosion rates were investigated using the Tafel curve 

model. Tafel slope is calculated by the equation (5.27), 

β𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = −2.303
𝑅𝑇

𝑎𝑛𝐹
      𝑎𝑛𝑑         β𝑎𝑛𝑜𝑑𝑒 = 2.303

𝑅𝑇

(1−𝑎)𝑛𝐹
                               (5.27) 
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where R is the universal gas constant, T is the temperature in K, n is the transferred 

electron number, F is the Faraday constant, and the parameter alpha is assumed to be 0.5. Thus, 

the calculated Tafel slope is ±0.142 at 1073 K. Exchange current density (i0) of 800H in MgCl2-

KCl was investigated using the linear polarization method, which is 10-3.97 A/cm2 at 1073 K. The 

detailed experimental results will be discussed in the electrochemical study of alloys in MgCl2-

KCl molten salt. Therefore, the Tafel curves were constructed based on the known i0 and 

potentials as well as Tafel slopes, and the results were shown in Figure 24. 

 

Figure 24. Predicted Tafel curve of 800H (C) connected with Ni-201 (C) corrosion in KCl-MgCl2 

at 1073 K. 
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As seen in Figure 24, the corrosion potential (Ecorr) was 2.47V vs. Li/LiCl, and the 

corrosion rate (icorr) was 10-3.74 A/cm2. The corrosion potential seems to be reasonable compared 

with the potential at 1123 K in MgCl2-KCl, which is 2.32V vs. Li/LiCl [48]. Weight loss of 

800H (C) was attributed to the depletion of Cr and Fe and finally deposited on the Ni-201 (C). 

Therefore, weight loss can be converted to the corrosion rate in current density by using the 

equation (5.28), 

1(𝑔)(𝑐𝑚)−2(𝑑𝑎𝑦)−1 = 1.12 𝑛 𝑀⁄ (𝐴)(𝑐𝑚−2)                                   (5.28) 

where n is transferred electrons, and M is the average atomic weight of Cr and Fe (54g/mol). 

Therefore, the corrosion rates calculated from experiment and simulation model are shown in 

Table 20. 

Table 20. Experimental and Calculated Corrosion rates of 800H (C) in MgCl2-KCl at 1023 K. 

Sample Corrosion rate 

(mg/cm2/day) 

Corrosion rate (A/cm2) Calculated Corrosion 

rate (A/cm2) 

800H (C) 4.47±0.26 10-3.55±0.02 10-3.74 

The intrinsic corrosion (elements dissolved without galvanic influence) is ignored in the 

Tafel model to calculate the corrosion rate, which results in a lower corrosion rate than the 

experimental corrosion rate. However, Corrosion of alloys in molten salt was contributed by 

galvanic and intrinsic corrosion. All the elements depleted from 800H alloy should be considered 

in the corrosion rate calculations, but the dissolving rate was hard to be estimated technically. 

However, this Tafel model still explains the driving force of the deposition and predicts the 

corrosion rate, and excellent agreement between them is observed. This new model might 

contribute to predicting the corrosion rate and ranking the corrosion resistance of different alloys. 
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5.2.2.5. Summary of effect of Ni on 800H sample corrosion in MgCl2-KCl salt 

The 800H alloys connected with and without Ni-201 alloys were evaluated for corrosion 

in molten MgCl2-KCl salt at 1073 K for 100 hours. After the corrosion test, there was no 

significant difference between the weight loss of the 800H alloy connected with the Ni-201 alloy 

and which was not connected. However, the corrosion mechanism was changed when Ni-201 or 

Ni crucible was connected with 800H alloy in MgCl2-KCl salt. During the analysis of SEM-

EDS, the depletion of Cr and Fe was observed on the surface of 800H alloy. In addition, the 

deposition of Cr and Fe was detected on the surface of the Ni-201 sample, which was connected 

with 800H alloy. However, only a trace amount of Fe and Cr were observed on the surface of the 

other Ni-201 sample, which was not connected with 800H alloy. The driving force of the 

deposition of Cr and Fe was the Gibbs energy of formation of Ni-Fe-Cr alloy when the 800H 

alloy was connected with Ni-201 alloy. Moreover, the negative value of the Gibbs energy of 

reaction confirms that Fe and Cr were spontaneously transferring to the Ni and depositing on it. 

Thus, deposition of Cr and Fe on Ni can be explained as galvanic corrosion according to the 

negative Gibbs energy of formation. Potentials of anode and cathode were calculated based on 

the known standard potentials and activities of Fe and Cr in 800H alloy. Therefore, a new Tafel 

model of 800H alloy corrosion in MgCl2-KCl with Ni-201 was developed. The new model 

predicted corrosion rate and corrosion potential were compared with the experimental data. The 

small variation of the corrosion rate is due to the intrinsic corrosion, which was ignored during 

the model calculation. 
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5.3. Electrodeposition of protected coatings 

5.3.1. Electrodeposition of Ni on 800H samples from aqueous solution 

Pure Ni coating on an 800H sample was obtained in 0.5 mol/L NiCl2 and 1mol/L HCl 

aqueous solution through electrodeposition for 1 hour at -1.5V vs. Pt. The 800H samples before 

and after electrodeposition experiment are shown in Figure 25. 

 

Figure 25. 800H sample before electrodeposition (left) and 800H sample with Ni coating (right). 

As shown in Figure 25, the pre-coated sample has a mirror-finished surface as it is 

ground with 800 grit sandpaper. Compared with the pre-coated sample, surface of 800H with Ni 

coating presents silver color. In addition, Ni coating is homogeneously distributed on the surface 

of 800H sample as it is smooth, and no obvious dendrite is detected. SEM/EDS was performed to 

investigate the homogeneous coating of Ni on the surface, and the result is shown in Figure 26. 
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Figure 26. EDS result of the surface of 800H sample with Ni coating. 

As seen in Figure 26, the coating on the 800H sample is pure Ni, and no oxidized layer is 

detected. To investigate the thickness of the Ni coating, the SEM/EDS was also performed on the 

cross-section of 800H sample with Ni coating, And the result is shown in Figure 27 and Figure 

28. 

 

Figure 27. Cross-section of 800H with Ni coating. 
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Figure 28. EDS analysis of the cross-section of 800H sample with Ni coating. 

As seen from Figure 27, the Ni coating is compactedly and homogeneously deposited on 

the surface of the 800H sample. In addition, no obvious gap or crevice is found at the interface of 

Ni/800H, which indicates Ni coating is adherent to the 800H sample. As shown in Figure 28, the 

thickness of Ni coating is around 160 to 170 µm. In the previous study, the corrosion depth of 

800H in MgCl2-KCl salt is about 32 µm, 160 µm-thickness coating of Ni is able to protect the 

800H sample from further corrosion in the molten salt. 

5.3.2. Coating of Al2O3 on 800H sample 

The Al was first electrodeposited on the 800H sample in the IL of BMIC-AlCl3 (molar 

ratio is 1:2). After the electrodeposition, sample was anodized at a constant current density 
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(10mA/cm2) to obtain the Al2O3 on the surface. Before the anodization experiment, 

electrochemistry of Al in BMIC-AlCl3 was studied.  

5.3.2.1. The concentration of Al2Cl7
- ion in BMIC-AlCl3 ionic liquid 

As the molar ration of AlCl3 and BMIC (EMIC, HMIC) is 2:1, the major ion in the ionic 

liquid is Al2Cl7
- ion. The distribution of Al species was calculated based on thermodynamic 

calculation, which is shown in Figure 29 [103]. 

 

Figure 29. Distribution of Al species in ionic liquid for different molar ratios of AlCl3 to BMIC 

[103]. 

As the fraction of Al2Cl7
- ion is 0.86, the concentration of Al2Cl7

- can be calculated based 

on the known concentration of total Al species, which is listed in equation (5.29) 

𝐶𝐴𝑙2𝐶𝑙7− = 𝐶𝐴𝑙 ∗ 0.86/2                                                         (5.29) 

where 𝐶𝐴𝑙2𝐶𝑙7−  is the concentration of Al2Cl7
- and 𝐶𝐴𝑙 is the concentration of the total Al species. 

The reactions at working and counter electrodes are listed in equations (5.30 and 5.31). 
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Anode: Al + 7AlC𝑙4
− = 4𝐴𝑙2𝐶𝑙7

− + 3𝑒−                                        (5.30) 

Cathode: 4𝐴𝑙2𝐶𝑙7
− + 3𝑒− = Al + 7AlC𝑙4

−                                     (5.31) 

The AlCl4
- ions present in the ionic liquid react with anode metal to dissolve aluminum 

and produce Al2Cl7
- ions. The dissolved aluminum in the form of Al2Cl7

- ion diffuses to the 

cathode and gets discharged. Therefore, the number of transferred electrons is a 0.75 mole for 1 

mole Al2Cl7
- ion diffusion. 

5.3.2.2. Diffusion coefficient of Al2Cl7
- calculated based on cyclic voltammetry 

The CV experiments were performed for the IL at three different temperatures (353, 363, 

and 373 K) with different scanning rates, and the CV curves are shown in Figure 30. 
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Figure 30. Cyclic voltammograms of BMIC-AlCl3 (1:2) ionic liquid at different temperatures 

((a)-353 K, (b)-363 K, and (c)-373 K). 

As shown in Figure 30, only one reduction peak around -1.4V (points B) and its 

corresponding oxidation peak at around 1V (points B’) were also found. The corresponding 

reaction at point B is listed in equation (5.31), and the reaction at point B’ is listed in equation 

(5.30). In the CV curves, there is a little shift at point A’, which indicates another oxidation 

reaction is taking place around 0.5V (vs. Al(III)/Al). And the corresponding reduction reaction is 

taking place around point A. As shown in Figure 29, some minor ions like AlCl4
- is also existed 

in the BMIC-AlCl3 ionic liquid. The reactions around A and A’ might be the reaction of AlCl4
- to 

Al and Al to AlCl4
-. However, the reactions need to be further proved, and the reactions of minor 

ions can be ignored during the analysis. 
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As seen in Figure 30, the cathodic and anodic current densities (peak B and B’) increased 

with the increasing scanning rate. In addition, the peak potentials shift to more negative and 

positive values when the scanning rate increased. To investigate the effect of temperature on the 

reduction and oxidation peaks, Figure 31 shows the CV curves at different temperatures at 

200mV/s scanning rate. 

 

Figure 31. Cyclic voltammograms of BMIC-AlCl3 (1:2 molar ratio) at different temperatures 

(scanning rate is 200mV/s). 

As shown in Figure 31, the onset potential of the reduction wave shifts to more positive 

value as temperature increased. In addition, the current densities of reduction and oxidation 

peaks move to larger value as increasing in temperature. 
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To further investigate the diffusion coefficient of Al2Cl7
- in the BMIC-AlCl3 ionic liquid, 

the parameters obtained from Figure 30 are listed in Table 21, 22, and 3 for 23 different 

temperatures.  

Table 21. Value of cathodic peak potential (Epc), anodic peak potential (Epa), separation between 

the cathodic peak potential and cathodic half-peak potential (|Epc-Epc/2|), and cathodic peak 

current density (jpc) in Figure 30 (a) under different scan rates at 353 K. The area of working 

electrode immersed in the liquid is 0.35 cm2. 

Scan rate (mV*s-1) Epc (mV) Epa (mV) |Epc-Epa| (mV) |Epc-Epc/2| (mV) |jpc| (mA/cm2) 

100 -1144 1050 2194 496 82.2 

150 -1186 1053 2239 550 94.5 

200 -1230 1045 2275 590 103.1 

250 -1292 1057 2349 620 113.1 

300 -1359 1072 2431 652 120.9 

Table 22. Value of cathodic peak potential (Epc), anodic peak potential (Epa), separation between 

the cathodic peak potential and cathodic half-peak potential (|Epc-Epc/2|), and cathodic peak 

current density (jpc) in Figure 30 (b) under different scan rates at 363 K. The area of working 

electrode immersed in the liquid is 0.35 cm2. 

Scan rate (mV*s-1) Epc (mV) Epa (mV) |Epc-Epa| (mV) |Epc-Epc/2| (mV) |jpc| (mA/cm2) 

100 -1122 975 2097 507 89.4 

150 -1182 1029 2211 553 101.1 

200 -1234 1037 2271 590 110.8 

250 -1257 1061 2318 631 120.9 

300 -1288 1084 2372 652 129.2 
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Table 23. Value of cathodic peak potential (Epc), anodic peak potential (Epa), separation between 

the cathodic peak potential and cathodic half-peak potential (|Epc-Epc/2|), and cathodic peak current 

density (jpc) in Figure 30 (c) under different scan rates at 373 K. The area of working electrode 

immersed in the liquid is 0.35 cm2. 

Scan rate (mV*s-1) Epc (mV) Epa (mV) |Epc-Epa| (mV) |Epc-Epc/2| (mV) |jpc| (mA/cm2 ) 

100 -1093 1126 2219 518 97.9 

150 -1167 1049 2216 566 111.4 

200 -1186 1073 2259 609 120.3 

250 -1241 1088 2329 638 132.0 

300 -1253 1104 2357 664 138.6 

For the quasi-reversible electron transfer process, the value of the charge transfer 

coefficient can be determined by the Nicholson and Shain equation (5.32) [104].  

|𝐸𝑝𝑐 − 𝐸𝑝𝑐/2| = 1.857𝑅𝑇/𝛼𝑛𝐹                                             (5.32) 

where Epc is the cathodic peak potential (V), Epc/2 is the cathodic half-peak potential (V), 

which is determined by the potential corresponding to the half-peak current. 

According to the equation (5.32) and the values of |Epc-Epa| obtained in Tables 21, 22, and 

23, the transfer coefficients are calculated at different scanning rates and different temperatures. 

The average values are shown in Table 24. 
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Table 24. Transfer coefficient value of Al2Cl7
- in BMIC-AlCl3 (1:2) at different scanning rates 

and different temperatures. 

Transfer coefficient α 353 K 363 K 373 K 

Average 0.125 0.128 0.129 

Equation (5.33) is only for an irreversible electron-transfer process. However, the 

calculated transfer coefficient is not the true transfer coefficient β, unless it is equal to the other 

apparent transfer coefficient αv, which is determined by equation (5.33) [105]. 

𝛼𝑣 = [2.3𝑅𝑇/(2𝑛𝐹)][𝑑𝐸𝑝𝑐/𝑑𝑙𝑜𝑔𝑣]
−1

                                               (5.33) 

where v is the scanning rate. 

The calculated transfer coefficient α and αv are not equal in this electrochemical process 

as the electrochemical reversibility increases. It might not be very accurate for the transfer 

coefficient calculation, but as a first approximation, this is the ideal parameter to predict the 

diffusion coefficient further. 

For the diffusion-controlled quasi-reversible process, the diffusion coefficient of Al2Cl7
- 

ions in BMIC-AlCl3 can be calculated by the Randles-Sevcik equation (5.34) [104]. 

𝐼𝑝𝑐 = 0.4958𝑛𝐹𝐴𝐶𝑖(
𝛼𝑛𝐹

𝑅𝑇
)1/2𝐷1/2𝑣1/2                                         (5.34) 

where Ipc is the cathodic peak current (A), A is the area of working electrode (cm2), R is the gas 

constant (8.314 J*K−1*eq−1), T is the experimental temperature (K), n is the number of exchanged 

electrons (3/4), and F is the Faraday constant (96485C mol−1).  D is the diffusion coefficient 

(cm2/s), v is the potential scan rate (V/s), and α is the charge transfer coefficient, which can be 

determined by equation (5.32). Ci is the bulk concentration of Al2Cl7
- ions (2.63 mol/cm3), which 
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is calculated based on the density of IL (1.35g/cm3), weight measured in the experiment (40g) and 

the ratio of Al2Cl7
- in the IL (0.86) 

As different scan rates were applied in the experiments, the slope of Ipc/A vs. 1/2 can be 

obtained as Ipc/A, and v1/2 is a linear relationship. Thus equation (5.34) can be written as equation 

(5.35). 

slope of (𝑗𝑝𝑐 𝑣𝑠. 𝑣
1

2)  = 0.4958𝑛𝐹𝐶𝑖(
𝛼𝑛𝐹

𝑅𝑇
)1/2𝐷1/2                               (5.35) 

where jpc is current density (A/cm2) 

The slopes of jpc vs. v1/2 at different temperatures are shown in Figure 32. 
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Figure 32. The cathodic peak current density (jpc) as a function of the square root of scanning 

rate (v1/2) at different temperatures in EMIC-AlCl3 ionic liquid ((a)-353 K, (b)-363 K, and (c)-

373 K). 

Substituting the slopes obtained in figure 32 (a), (b), and (c) into the equation (5.35), the 

calculated diffusion coefficients of Al2Cl7
- ion in the BMIC-AlCl3 at different temperatures are 

shown in Table 25. 

Table 25. Diffusion coefficient of Al2Cl7
- ion in BMIC-AlCl3 (1:2) at different temperatures. 

Temperature (K) 353  363  373  

Diffusion coefficient 

*10-11 (cm2/s) 

8.1 9.3 9.4 



93 

 

5.3.2.3. Diffusion coefficient of Al2Cl7
- calculated based on chronoamperometry 

Chronoamperometry was performed to study the nucleation and growth mechanism of 

aluminum deposits in BMIC-AlCl3 (1:2) containing 2.27 mol/L Al2Cl7
-
 ion at 353, 363, 373 and 

383 K. Because the growth mechanisms are similar at these temperatures, only the result of 383 

K is shown in Figure 33. 

 

Figure 33. Relationship between current and time transients in chronoamperometric experiments 

for the BMIC-AlCl3 (1:2) at 383 K (RE is Al wire and area of WE is 0.28 cm2). 

As shown in Figure 33, the potentials of the CA experiments were stepped from -0.65V 

to -0.90V vs. Al(III)/Al. And those potentials were sufficient to initiate the nucleation and 

growth of Al. The current was firstly increased as the nucleation and growth of the Al nuclei. 

And following current decay slowly after the tm (time where the current peak is) because of the 

layer thickness is increased [106]. In addition, as the potential increased (from -0.65V to -



94 

 

0.90V), the value of Im (current peak) increased while tm tends to decrease. This might be due to 

the increase of nucleation rate and nucleation density [107]. To further investigate the nucleation 

mechanism and diffusion coefficient of Al2Cl7
- in the BMIC-AlCl3 ionic liquid, the parameters 

obtained from Figure 33 are listed in Table 26. 

Table 26. Maximum current and corresponding time obtained at different temperatures. 

Potetnial 

vs. Al (V) 

353 K 363 K 373 K 383 K 

Im (mA) tm (s) Im (mA) tm (s) Im (mA) tm (s) Im (mA) tm (s) 

-0.65 6.51 1.58 7.11 2.16 9.95 1.55 11.08 1.59 

-0.7 7.28 1.08 8.54 1.48 11.84 0.99 13.31 1.20 

-0.75 8.00 1.04 10.46 1.13 13.46 0.76 15.71 0.92 

-0.8 9.45 0.70 12.49 0.74 15.29 0.60 18.46 0.67 

-0.85 11.73 0.30 14.34 0.63 17.28 0.47 20.70 0.36 

-0.9 14.30 0.29 15.84 0.53 19.40 0.41 23.50 0.40 

It is known the electrodeposition of metal onto a substrate at the initial stages is related to 

the three-dimensional nucleation process. Furthermore, there are two different nucleation growth 

model name as instantaneous and progressive [108]. To determine the nucleation mechanism of 

Al in BMIC-AlCl3 ionic liquid, the data obtained from Figure 33 are compared with the 

theoretical instantaneous and progressive nucleation, which are shown in equation (5.36) and 

(5.37). 

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠: (𝑗𝑖𝑛𝑠𝑡/𝑗𝑚)
2 = 1.9542(𝑡𝑖𝑛𝑠𝑡/𝑡𝑚)

−1{1 − 𝑒𝑥𝑝[−1.2564(𝑡𝑖𝑛𝑠𝑡/𝑡𝑚)]}
2         (5.36) 

𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑒: (𝑗𝑝𝑟𝑜𝑔/𝑗𝑚)
2 = 1.2254(𝑡𝑝𝑟𝑜𝑔/𝑡𝑚)

−1{1 − 𝑒𝑥𝑝[−2.3367(𝑡𝑝𝑟𝑜𝑔/𝑡𝑚)
2]}

2
       (5.37) 

where, j is the current density (A/m2) at any time t, jm is the maximum current density at tm time 

(s) where it occurs. The dimensionless current-time transients for different potentials at 383 K 

along with theoretical nucleation processes are compared in Figure 34. 
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Figure 34. Comparison between experimental current-time transients at various potentials, at 383 

K and theoretical instantaneous and progressive nucleation in BMIC-AlCl3 (1:2) ionic liquid. 

As shown in Figure 34, the process of nucleation at 383 K is comparable to the 

instantaneous nucleation. At other temperatures, the processes are similar to which at 383 K. The 

little difference may be due to partial kinetic control of the growth process or caused by 

generation of gas [109]. Therefore, the electrodeposition of Al in BMIC-AlCl3 (1:2) can be 

considered as 3D instantaneous nucleation process. 

Therefore, the diffusion coefficient of Al2Cl7
- can be calculated by considering the 

instantaneous model illustrated by Scharifker and Hills (S&H) [108], which is shown in equation 

(5.38). 

𝑗𝑚
2 𝑡𝑚 = 0.1629(𝑛𝐹𝐶0

∗)2𝐷                                                   (5.38) 
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where the values of jm and tm are obtained in Table 26 (area of WE is 0.28 cm2), n is transferred 

electrons (3/4 mole for 1 mole Al2Cl7
- diffusion), F is Faraday constant, C0 is the concentration of 

Al2Cl7
- and D is diffusion coefficient. 

Therefore, the calculated diffusion coefficient at various potentials and different 

temperatures are listed in Table 27. 

Table 27. Calculated diffusion coefficient of Al2Cl7
- in BMIC-AlCl3 (1:2) at different temperatures 

using Scharifker and Hills equation. 

D*10-11 

(m2/s) 

-0.65V -0.70V -0.75V -0.80V -0.85V -0.90V Average 

353 K 1.45 1.24 1.43 1.36 0.89 1.26 1.27 

363 K 2.36 2.32 2.68 2.48 2.81 2.88 2.59 

373 K 3.31 2.98 2.98 3.02 3.06 3.36 3.12 

383 K 4.21 4.59 4.92 4.92 3.31 4.81 4.89 

The diffusion coefficient of Al2Cl7
- also can be calculated by using the Cottrell equation 

even the electrodeposited area continuously changes with time [110]. And the Cottrell equation 

is listed in equation (5.39). 

I = nFA𝐷
1

2𝐶0(𝜋𝑡)
−
1

2                                                        (5.39) 

where j is current density (A), A is area of working electrode (2.8*10-5m2) n is the number of 

exchanged electrons (2), F is the Faraday constant (96485C mol−1), C is the bulk concentration 

of Al2Cl7
- ions, D is the diffusion coefficient (m2/s), and t is the time (s).  

This equation was applied for the diffusion-limited steady-state process (decreasing 

portion of current-time in Figure 33). Thus, I vs. t-1/2 was plotted for several applied potentials at 

one temperature. As the relationship between I vs. t-1/2 is more like linear at higher applied 
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potentials, only the plots at -0.8V, -0.85V, and -0.90V are used to calculate the value of I/t-1/2. 

The slopes obtained at different temperatures and applied potentials are listed in Table 28.  

Table 28. Diffusion coefficients of Al2Cl7
- in BMIC-AlCl3 (1:2) for different applied potentials 

(vs. Al(III)/Al) at different temperatures (calculated by using Cottrell equation, only values at -

0.8V, -0.85V and -0.9V are calculated in average value). 

D*10-11 

(m2/s) 

-0.65V -0.7V -0.75V -0.8V -0.85V -0.9V Average  

353 K 0.16 0.12 0.20 0.33 1.00 1.64 0.99 

363 K 0.13 0.33 0.76 1.16 1.77 2.18 1.70 

373 K 0.66 1.16 1.27 1.52 1.78 2.30 1.87 

383 K 0.70 1.50 1.64 2.08 2.51 2.36 2.32 

Therefore, diffusion coefficients of Al2Cl7
- are calculated using three methods at different 

temperatures; the results are compared in Figure 35. 
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Figure 35. Diffusion coefficient of Al2Cl7
- in BMIC-AlCl3 IL calculated using different methods. 

As shown in Figure 35, the diffusion coefficient calculated using the CV method is larger 

than others using CA methods. As discussed before, the transfer coefficient α calculated from the 

CV method is not the real transfer coefficient. The transfer coefficient α used in the calculation 

might be a little different from the real transfer coefficient. Another reason might be that the CV 

experiment is kinetically driven process while CA experiment is a static measurement. The 

diffusion coefficients of Al2Cl7
- calculated using Cottrell and S&H methods are comparable in 

the IL. Moreover, the diffusion coefficient calculated by using the CA method is comparable 

with literature data, which is listed in Table 29. 
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Table 29. Diffusion coefficient of Al2Cl7
− in the ionic liquids in the literature data (S&H is 

Scharifker and Hills equation, Cot. is Cottrell equation). 

Ionic liquid [Al2Cl7
−] (mol/m3) T (°C) Method D (m2/s) Reference 

AlCl3–BMIC 1.8185 × 103 90 CA (S&H. 

Eqn.) 

2.2 × 10−11 [111] 

AlCl3–BMIC 1.8185 × 103 90 CA (Cot. Eqn.) 1.5 × 10−11 [111] 

AlCl3–BMIC 2.63 × 103 90 CA (S&H. 

Eqn.) 

2.6 × 10−11 Present 

AlCl3–BMIC 2.63 × 103 90 CA (Cot. Eqn.) 1.7 × 10−11 Present 

As shown in Table 29, the diffusion coefficient of Al2Cl7
-
 obtained in the present study is 

in good agreement with literature data. The little difference might be due to the different 

concentrations of Al2Cl7
- ions, which are due to the different ratios of AlCl3 to BMIC. 

5.3.2.4. Electrodeposition of Al and anodization of the Al coating 

As discussed in section 5.3.2.2, the Al starts to be reduced around the potential of -0.2V 

vs. Al/Al(III) and reach to the peak current at -1.4V at 373 K.  To obtain a compacted and fine-

grain Al deposition, the potential applied in the electrodeposition experiment was -0.85V and 

time is 1 hour. Therefore, the homogeneous Al was obtained through the electrodeposition in the 

IL, and the SEM/EDS of the surface is shown in Figure 36. 
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Figure 36. EDS result of 800H after Al-electrodeposition experiment for 1 hour at -0.85 V vs. 

Al/Al(III). 

As shown in Figure 36, Al was well-deposited on the surface of the 800H sample. The 

trace amount of O is due to the intrinsic chemical property of Al, which is easy to form a 4 nm 

alumina layer exposing in the air [112]. The SEM/EDS was also performed on the 800H sample 

with Al coating after anodization, and the details are shown in Figure 37. 
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Figure 37. EDS result of 800H with Al coating after anodization for 1 hour. 

As shown in Figure 37, the coating became smooth and more compacted. The small 

number of dendrites disappeared. After anodization, some porosities are detected on the surface 

of the sample, which may not result in perfect corrosion protection for the inner 800H alloy. As 

shown in the EDS result, the elements in 800H are detected on the surface since the coating 

became thinner. A large amount of oxygen was detected as a large amount of alumina is formed 

on the surface. The quantity of element detected in EDS is not accurate, especially for the light 

element like O. Thus, it is hard to define whether the Al coating is totally transformed as alumina 

through anodization. However, even there is Al remained, it is still under the alumina cover as 

surface is first anodized. 
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5.4. Long-term static corrosion of 800H alloy with and without inhibitors at 1073 K 

The inhibitors used in the present study are Zn, Mn, and Zr as they are more reactive than 

Cr element. The molar ratio of inhibitor to the MgCl2-KCl salt is 0.05: 1 in this experiment. 

Corrosion of 800H alloy was investigated in MgCl2-KCl with and without different inhibitors at 

1073 K for 100 h. The dimensions of the pre-corroded sample were listed in Table 30. 

Table 30. Dimensions of 800H sample before long-term corrosion experiment (W means sample 

corrosion without inhibitor, Mn means sample corrosion with Mn inhibitor, Zn means sample 

corrosion with Zn inhibitor, and Zr means sample corrosion with Zr inhibitor). 

 
L(mm) W(mm) T(mm) weight (g) 

W-1 11.76 9.47 1.47 1.2495 

W-2 11.74 9.71 1.49 1.2899 

W-3 11.59 9.60 1.48 1.2541 

Mn-1 11.75 9.70 1.47 1.2756 

Mn-2 12.00 9.86 1.46 1.3182 

Mn-3 11.72 9.80 1.46 1.2937 

Zn-1 11.67 9.73 1.48 1.2340 

Zn-2 11.71 9.85 1.49 1.2883 

Zn-3 11.65 9.57 1.48 1.2364 

Zr-1 11.74 9.60 1.46 1.2679 

Zr-2 11.76 9.68 1.46 1.2715 

Zr-3 11.70 9.94 1.45 1.2944 
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5.4.1. Corrosion rate calculated based on the weight loss of 800H samples 

The results of the weight change of the 800H samples with and without inhibitors after 

corrosion in molten MgCl2-KCl at 1073 K for 100 hours are shown in Table 31. Based on the 

weight loss of the samples, the corrosion rates are calculated as shown in Table 31. 

Table 31. Weight loss of 800H alloys with and without inhibitors after 100-h corrosion at 1073 K. 

Sample Weight before 

corrosion (g) 

Weight after 

corrosion (g) 

Weight loss (g) Corrosion rate 

(mg/cm2/day) 

W-1 1.2495 1.2011 0.0484 4.074 

W-2 1.2899 1.2349 0.0550 4.522 

W-3 1.2541 1.2068 0.0473 3.980 

Mn-1 1.2756 1.2759 -0.0003 N.A. 

Mn-2 1.3182 1.3183 -0.0001 N.A. 

Mn-3 1.2937 1.2932 0.0005 0.041 

Zn-1 1.2340 1.2319 0.0021 0.174 

Zn-2 1.2883 1.2866 0.0017 0.138 

Zn-3 1.2364 1.2347 0.0017 0.143 

Zr-1 1.2679 1.2736 -0.0057 N.A. 

Zr-2 1.2715 1.2771 -0.0056 N.A. 

Zr-3 1.2944 1.3014 -0.007 N.A. 



104 

 

As listed in Table 31, weight losses of 800H without inhibitor are much higher than the 

alloys with inhibitors. The average corrosion rate of 800H without inhibitor was 4.19±0.33 

mg/cm2/day, while for the sample with Mn and Zn, they were 0.003±0.038mg/cm2/day (the 

negative corrosion rates were considered in the calculation) and 0.152±0.022 mg/cm2/day, 

respectively. For the inhibitor of Zr, the corrosion rate is not available to be calculated as the 

weight of 800H sample is increased. The result of 800H without inhibitor is reasonable, and it is 

lower than the corrosion rates at 1123 K (4.84±0.133 mg/cm2/day) and 1273 K (6.68 

mg/cm2/day) [48, 66]. The 800H samples after corrosion test are shown in Figure 38.  
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Figure 38. 800H alloys after the corrosion test in MgCl2-KCl at 1073 K for 100 h with and 

without different inhibitors. 

Compared to the pre-corroded 800H sample, which has a mirror-finished surface, the 

color of the corroded samples became dark, especially for the sample corroded with Zr inhibitor. 
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Compared with the 800H sample corrosion without inhibitor, there are depositions on the 

samples corroded with different types of inhibitors. Especially for the sample corroded with Zr 

inhibitor, whole surface was covered by the depositions. Therefore, the weight gain observed 

after corrosion might be due to the depositions. SEM/EDS was performed on the samples to 

identify the deposition on the surface.  

5.4.2. SEM and EDS analysis on the 800H samples after corrosion with and without inhibitor 

After the corrosion test, the surface morphology of corroded 800H samples without 

inhibitor was examined with SEM/EDS, which were shown in Figure 39. 

 

Figure 39. EDS results of the surface of 800H after the corrosion test in MgCl2-KCl without 

inhibitor at 1073 K. 

The trace amounts of Al and Ti are ignored even there are small peaks shown in the EDS 

result. As shown in Figure 39, grain boundaries of 800H after corrosion without inhibitor were 
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distinctive, which is in agreement with the previous literature [66]. In addition, the concentration 

of Cr on surface decreased significantly after corrosion, which results in a significant increase in 

the Ni element (atom%) comparing to the pre-corrosion sample. The EDS analysis of 800H 

alloys after corrosion with Mn or Zn inhibitor were also performed, the area detected for EDS 

analysis is without depositions. The results are shown in Figure 40. 
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Figure 40. EDS results of the surface of 800H alloys after the corrosion test in MgCl2-KCl with (a) 

Mn and (b) Zn at 1073 K. 

The trace amount of element, such as Al in Figure 3 (a), is ignored in the EDS results. In 

the comparison with 800H corrosion without inhibitor (Figure 2), both the morphology of the 
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surface of 800H samples corrosion with Mn (Figure 3 (a)) and Zn (Figure 3 (b)) have less pitting 

or crevice corrosion. In addition, there is no significant decrease in the amount of Cr on the 

surface for both alloys corroded with Mn and Zn inhibitors as compared with the initial 

composition.  

The areas of 800H covered with depositions were also examined with EDS analysis. The 

results are shown in Figure 41, 42, and 43. 
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Figure 41. EDS results of the surface of 800H after the corrosion test in MgCl2-KCl with Mn at 

1073 K. 
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Figure 42. EDS results of the surface of 800H after the corrosion test in MgCl2-KCl with Zn at 

1073 K. 
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Figure 43. EDS results of the surface of 800H after the corrosion test in MgCl2-KCl with Zr at 

1073 K. 

As seen from Figure 41 (a), the deposition on the surface is riched with Mn and Cr 

elements, which causes the weight increased of 800H samples after corrosion with Mn. 

Similarly, a trace amount of deposition riched with Zn and Cr was also detected on the surface of 

800H sample after corrosion with Zn inhibitor (Figure 42 (a)). For the 800H sample after 

corrosion with Zr (Figure 43), the whole area was covered with Zr-Ni alloy (a trace amount of Fe 

is ignored). A similar Ni-Zr deposition was also detected in the sample corroded in the FLiNaK 

salt [70]. 

The line-scan experiments with EDS analysis on the cross-section of the 800H sample 

after corrosion with inhibitors were performed, and the results are shown in Figure 44, 45, and 

46. 
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Figure 44. EDS result of the cross-section of 800H sample after corrosion with Zn inhibitor. 
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Figure 45. EDS result of the cross-section of 800H sample after corrosion with Mn inhibitor. 
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Figure 46. EDS result of the cross-section of 800H sample after corrosion with Zr inhibitor 

As shown in Figure 44, the corrosion depth of 800H sample corrosion with Zn inhibitor is 

about 5 µm, and no apparently thick deposition was found on the surface. As seen from Figure 

45, The thickness of the deposition is about 40 µm. The initial deposition was Cr-Mn alloy, but it 

was oxidized when the sample was exposed in the air after corrosion. In Figure 46 (a), there are 4 

layers shown in the cross-section: 1) Ni-Zr alloy layer, 2) Zr-Fe-Ni dark layer (dark area), 3) Ni-

depleted 800H alloy layer, 4) initial 800H alloy. As shown in Figure 46 (b), there is a 

concentration gradient of Ni (red circle), Ni and Fe are diffusing from the inner 800H alloy 
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instead of alloying with Zr from the salt and then depositing on the surface. As Ni reacted with 

Zr, there is a Ni-depleted area in the 800H alloy. 

According to Ozeryanaya [73], Mn, Zn or Zr took the non-electrochemical transfer 

process and deposited on 800H samples. The detailed transferring processes are listed in 

equations (5.40-5.45) based on a simple assumption: alloy ratio of the inhibitor to Cr (Ni) is 1: 1. 

𝑀𝑛 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟:𝑀𝑛 − 2𝑒−
1073 𝐾
→    𝑀𝑛2+                                     (5.40) 

800𝐻 ∶ 3𝑀𝑛2+ + 𝐶𝑟 = 2𝑀𝑛3+ + 𝐶𝑟(𝑀𝑛)𝑎𝑙𝑙𝑜𝑦                             (5.41) 

𝑍𝑛 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 ∶ 𝑍𝑛 − 𝑒−
1073 𝐾
→    𝑍𝑛+                                          (5.42) 

800𝐻 ∶ 2𝑍𝑛+ + 𝐶𝑟 = 𝑍𝑛2+ + 𝐶𝑟(𝑍𝑛)𝑎𝑙𝑙𝑜𝑦                                  (5.43) 

𝑍𝑟 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 ∶ 𝑍𝑟 − 2𝑒−
1073 𝐾
→    𝑍𝑟2+                                          (5.44) 

800𝐻 ∶ 2𝑍𝑟2+ + 𝑁𝑖 = 𝑍𝑟4+ + 𝑁𝑖(𝑍𝑟)𝑎𝑙𝑙𝑜𝑦                                  (5.45) 

The actual reactions and valency of Zr remain unknown. However, it is Mn or Zn 

alloying with Cr causing Cr element enriched in the deposition. And Zr alloying with Ni element 

covered on the surface of whole sample. The driving force of the reaction is the Gibbs energy of 

formation of Cr-Mn, Cr-Zn or Ni-Zr alloy. Because of these depositions, the weight of some of 

the 800H samples is increased, especially for the 800H sample corroded with Zr inhibitor. 

Therefore, addition of Mn, Zn or Zr inhibitor in the MgCl2-KCl molten salt can protect 800H 

alloy from further corrosion.  
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5.4.3. Summary of the long-term corrosion of 800H with and without inhibitor 

Corrosion study of 800H alloy with and without Mn, Zn, or Zr inhibitor in molten 

MgCl2-KCl salt at 1073 K for 100 hours was evaluated in present work. After the corrosion test, 

there was no significant weight change of the alloy with Mn or Zn inhibitor. While for the 

sample with Zr inhibitor, the weight is increased after corrosion. For the alloy corrosion without 

inhibitor, the weight was decreased significantly. During the analysis of SEM-EDS, the depletion 

of Cr was observed on the surface of 800H alloy which is corroded in molten salt without 

inhibitor. For the alloys corroded with Mn (Zn) inhibitor, there was no significant decrease in the 

amount of Cr at the area where is not covered with the deposition. In addition, a trace amount of 

deposition mainly composed of Cr and Mn (Zn) was detected on the surface. For the alloy 

corrosion with Zr inhibitor, the whole surface was covered with Ni-Zr deposition. Also, the Ni 

diffused from inner 800H alloy and alloyed with Zr on the surface. Therefore, the addition of 

Mn, Zn, or Zr inhibitor in the MgCl2-KCl molten salt, acting as sacrificial anode, can protect 

800H alloys from severe corrosion.  

5.5. Long-term static corrosion of alloys with and without coatings in MgCl2-KCl molten salt 

5.5.1. Long-term static corrosion of 800H with and without Ni and Al/Al2O3 coatings in MgCl2-

KCl molten salt 

The dimensions of 800H with Ni coating and with Al coating samples are carefully 

measured. In addition, the weights before and after corrosion are measured, and the corrosion 

rates are shown in Figure 47.  
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Figure 47. The corrosion rate of 800H with Ni and Al coating after corrosion in MgCl2-KCl 

molten salt for 100 hours at 1073 K. 

As shown in Figure 47, the average corrosion rate of 800H with Ni coating is 

0.035±0.035 mg/cm2/day, while for 800H with Al (Al2O3) coating is 0.768±0.072 mg/cm2/day. 

Comparing with the corrosion rates of 800H without coating (4.192±0.33 mg/cm2/day), the 

corrosion rates of 800H with Ni or Al/Al2O3 coating are decreased. Therefore, the coating of Ni 

or Al/Al2O3 can protect the alloy from further corrosion in MgCl2-KCl molten salt. 

After long-term corrosion, 800H sample with Ni coating was performed with EDS 

analysis, and the result is shown in Figure 48. 
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Figure 48. EDS result of the surface of 800H sample with Ni coating after corrosion in MgCl2-

KCl for 100 hours at 1073 K. 

As shown in Figure 48, no significant corrosion is detected on the surface (no pitting and 

no crevice corrosion). In addition, compared to the pre-corroded sample, Ni, and the trace 

amounts of Fe are detected on the surface. The Fe element is from the inner 800H alloy, which is 

proved by the SEM figure of the cross-section (Figure 49). 
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Figure 49. EDS of the cross-section of 800H with Ni coating after corrosion in MgCl2-KCl 

molten salt for 100 hours at 1073 K. 

As shown in Figure 49, Cr and Fe diffused to the Ni-coating layer after keeping at 1073 

K for 100 hours. That is the reason why Fe was detected on the surface of the sample (Figure 

48). In addition, the diffusion model can be simplified simulated based on the initial and 
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boundary conditions using a partial differential equation. The diffusion model will be illustrated 

in detail in section 5.7.  

After long-term corrosion, 800H sample with Al/Al2O3 coating was also performed with 

EDS analysis, and the result is shown in Figure 50. 

 

Figure 50. EDS result of the surface of 800H sample with Al/Al2O3 coating after corrosion in 

MgCl2-KCl for 100 hours at 1073 K. 

As shown in Figure 50 (a), there is no noticeable pitting or crevice corrosion compared 

with the morphology of 800H without coating (Figure 19). There is still significant amount of Al 
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and O remained on the surface, but this layer does not protect the 800H sample perfectly since 

the concentration of Cr is decreased significantly. For the Figure 50 (b), there is some area not 

covered by the Al/Al2O3 layer, and that part is corroded severely as not only concentration of Cr 

decreased but also grain boundaries are detected. Al/Al2O3 layer might not be very compacted 

and MgCl2-KCl passed through it and contacted with the inner 800H alloy, or the layer is too 

thin to inhibit Cr diffusing to the surface. Thus, concentration of Cr is decreased even there is 

Al/Al2O3 covered in the sample. In addition, this layer is not coherent to the 800H sample, and 

some of the layers will be stripped or dissolved (Al was dissolved) at high temperatures in 

molten salt. However, the corrosion rate of 800H is decreased, and corrosion depth is also shorter 

as compared with the alloy without coating (Figure 14 (b)). The SEM of cross-section is shown 

in Figure 51. 
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Figure 51. EDS of the cross-section of 800H with Al/Al2O3 coating after corrosion in MgCl2-

KCl molten salt for 100 hours at 1073 K. 

As shown in Figure 51, Al/Al2O3 layer is stripped or dissolved, or it is too thin to be 

detected. Nevertheless, the corrosion depth of 800H with Al/Al2O3 coating is under 10 µm, 

which is shorter than the sample corroded without coating. The protection mechanism is still 
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unclear, the Al element might act as sacrificial anode protecting the alloy or Al2O3 layer can 

inhibit the Cr diffusion. However, the corrosion rate is decreased, and corrosion depth is shorter 

for the 800H sample with Al/Al2O3 layer corrosion in the MgCl2-KCl molten salt. 

5.5.2. Long-term static corrosion of SS316 with and without different coatings in MgCl2-KCl 

molten salt 

Long-term static corrosion experiments of SS316 with and without coating were 

performed at 923 K for 250 h, 973 K for 500 h, and 1023 K for 1000 h. The dimensions of the 

samples are listed in Table 32. 
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Table 32. Dimensions and weight of samples in the long-term static experiment (Coupon 1 is 

SS316 with Ni-Al (outer layer) and Ni-P (inner layer) coatings, Coupon 2 is SS316 with Fe-Cr-

Al coating, and Coupon 3 is SS316 without coating). 

Samples Length 

(cm) 

Width (cm) Thickness 

(cm) 

Diameter of 

hole (cm) 

Weight (g) 

923 K (250 h)      

Coupon 1 (C1-1) 1.35 1.32 0.34 0.30 4.191 

Coupon 2 (C2-1) 1.29 1.34 0.36 0.30 4.189 

Coupon 3 (C3-1) 1.37 1.26 0.30 0.30 4.133 

973 K (500 h)      

Coupon 1 (C1-2) 1.35 1.32 0.34 0.30 4.208 

Coupon 2 (C2-2) 1.28 1.31 0.35 0.30 3.598 

Coupon 3 (C3-2) 1.36 1.27 0.30 0.30 4.140 

1023 K (1000 h)      

Coupon 1 (C1-3)  1.35 1.30 0.34 0.30 4.180 

Coupon 2 (C2-3)  1.42 1.33 0.35 0.30 4.240 

Coupon 3 (C3-3)  1.37 1.28 0.30 0.30 4.283 

Before the SEM and EDS experiment of the samples after corrosion, SEM and EDS have 

been performed on the cross-section of the pre-corroded Coupon 1. And the result is shown in 
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Figure 52. As shown in Figure 52, there are two different coatings on Coupon 1, the outer layer 

is Ni-Al alloy, and the inner layer is Ni-P alloy. 

 

Figure 52. SEM and EDS of the cross-section of coupon 1 before corrosion. 

Corrosion rates of different samples are calculated based on the weight loss after 

corrosion in MgCl2-KCl molten salt, and the results are shown in Figure 53.  
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Figure 53. The corrosion rate of different alloys at different temperatures (Coupon 1 is SS316 

with Ni-Al coating, Coupon 2 is SS316 with Cr-Fe-Al coating, and Coupon 3 is SS316 without 

coating) 

As shown in Figure 53, Coupon 1 presents the lowest corrosion rate among these three 

alloys. That indicates Coupon 1 has the better corrosion resistance in the MgCl2-KCl molten salt. 

Also, the effect of time on the corrosion rate is more significant than temperature does, because 

the corrosion rate at higher temperatures but for longer time is lower. Because there is saturation 

for the elements dissolved into the salt, the driving force is lower when large number of elements 

depleted from the alloy. Therefore, the corrosion rate is lower for longer time experiments. The 

reason for higher corrosion rate of Coupon 2 at 923 K is due to the coating of Coupon 2 (at 923 

K) was not coherent to the matrix alloy, and cracked during the cleaning process after corrosion. 

The Coupon 2 sample corroded at 923 K for 250 hours is shown in Figure 54. 
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Figure 54. Coating cracked at the edge of Coupon 2 sample corroded at 923 K for 250 hours. 

The SEM and EDS experiments were also performed on the samples after corrosion. As 

the corrosion mechanisms are similar at different temperatures, the results only show the SEM 

and EDS result of the samples at 973 K, which is shown in Figure 55. 
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Figure 55. SEM and EDS for the coupons after corrosion at 973 K for 500h ((a)-Coupon 1, (b)-

Coupon 2, and (c)-Coupon 3) 
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As shown in Figure 55 (a), the coating on the surface is Ni-P after corrosion. Compared 

with Figure 52, the outer layer, Ni-Al alloy is dissolved into the salt, and the concentration of Ni 

is decreased inside the second coating (Ni-P alloy).  

5.6. Electrochemical studies of alloys in MgCl2-KCl molten salt 

5.6.1. Electrochemical studies of Incoloy 800H in MgCl2-KCl molten salt 

Figure 56 shows the progress of OCP with time for 800H alloy in the MgCl2-KCl molten 

salt at different temperatures. OCP is recorded only when the equilibrium is reached. 

 

Figure 56. OCP vs. testing time for Incoloy 800H in MgCl2-KCl at different temperatures. 

As shown in Figure 56, the OCP values decrease with increasing the temperature. The 

OCP values decrease dramatically for higher temperatures (1023 and 1073 K). It is known that 
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the higher temperature causes an increment in the aggressiveness of the molten salts. As a result, 

the alloy is prone to corrosion at a higher temperature. Following the OCP measurements, the 

cathodic and anodic overpotentials were applied, and the Tafel curves were recorded at different 

temperatures.  

Figure 57 shows the polarization curves of 800H alloy in MgCl2-KCl obtained at 

different temperatures.  

 

Figure 57. PPS plots for 800H in MgCl2-KCl at different temperatures in an Ar atmosphere 

As shown in Figure 57, the cathodic line is the bottom one, and anodic is the top one. The 

800H alloy shows active corrosion at different temperatures where the test temperature affects 

both the corrosion potential and the corrosion rate. The anodic dissolution current density 

increases exponentially with increasing potential, which is an indication of active dissolution 
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[113]. At higher anodic overpotential, the current density increases very slowly because the 

diffusion of ionic species limits the corrosion behavior. No passive zones are seen for anodic 

branches for all the studied temperatures, suggesting that the 800H alloy cannot form a 

condensed oxidized layer on the surface in MgCl2-KCl at those temperatures. Table 33 lists the 

OCP, Ecorr, icorr, and Tafel constants determined from cathodic and anodic Tafel lines at different 

temperatures. 

Table 33. Corrosion data of 800H in MgCl2-KCl at different temperatures (ba is the slope of the 

partial anodic polarization curve and bc is the slope of the partial cathodic polarization curve). 

Temperature 

(K) 

OCP vs. Pt (V) Ecorr vs. Pt (V) icorr (A cm−2) ba (mV 

dec−1) 

bc (mV 

dec−1) 

1073 −0.365±0.004 −0.367±0.003 10−3.72±0.02 168 199 

1023 −0.355±0.003 −0.355±0.003 10−3.90±0.02 160 173 

973 −0.310±0.001 −0.348±0.002 10−4.12±0.01 211 203 

923 −0.304±0.001 −0.327±0.002 10−4.35±0.02 233 160 

Similar to the OCP, corrosion potential of 800H decreased with increasing the 

temperature. However, increasing temperature leads to a higher corrosion rate. The corrosion 

potential of 800H in MgCl2-KCl at 973 K is comparable to the Fe-based alloy, like SS310 

(20Ni–25Cr–50Fe–other), which is −0.415 V vs. Pt [114]. However, the corrosion potential is 

more significant than the Ni-based alloy, such as In702 alloy (73Ni–19Cr–2Fe–other), which is 

−0.210 V vs. Pt [82]. Therefore, the Fe-based alloys are more susceptible to be corroded in 

MgCl2-KCl than the Ni-based alloys. Moreover, the corrosion rate of 800H obtained in the 

present study is lower than that of stainless steel, which has been widely used as the primary 
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structural alloy in the solar thermal energy system. The corrosion rates of stainless steel 347 and 

stainless steel 310 have been reported as 10-3.15 and 10-3.20 A cm−2, even at 923 K in molten 

chloride salt (NaCl-LiCl), respectively [115]. Additionally, the long-term dipping corrosion rate 

of TP347H stainless steel is higher than 0.15 g cm−2 day−1 in 98.6 wt.% KCl-NaCl molten salt at 

1023 K [116]. The corrosion rate (current density) of 10-2.01 A cm−2 is determined based on the 

weight loss relation using equation (5.46),  

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑔)(𝑐𝑚)−2(𝑑𝑎𝑦)−1 = 1.12(𝑛 𝑀⁄ )(𝐴)(𝑐𝑚−2)                               (5.46) 

Since Cr is the major corroded element, M represents the atomic weight of Cr, and n is 

the transferred electrons (n=3 for Cr). 

Table 34 lists the corrosion rates of 800H obtained from long-term dipping corrosion 

experiments in molten chloride salt at different temperatures using equation (5.46). 

Table 34. Corrosion rates of 800H during long-term dipping corrosion tests at different 

temperatures. 

Temperature (K) Crucible Salt Corrosion rate 

(A cm−2) 

Reference 

1123 Quartz KCl-MgCl2 10−3.71 [9] 

1123 Graphite KCl-MgCl2 10−4.47 [9] 

1123 Nickle KCl-MgCl2 10−3.49 [48] 

1123 Quartz KCl-MgCl2 10−3.85 [93] 

1273 Nickle KCl-MgCl2 10−3.36 [91] 

973 Glassy carbon KCl-NaCl-MgCl2 10−4.29 [117] 

973 Alumina KCl-MgCl2 10−4.12 This study 
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According to Table 34, the corrosion rate obtained in present work is slightly larger than 

the corrosion rates of 800H obtained from long-term dipping corrosion tests especially for the 

corrosion tests in a graphite crucible at 1123 K. Such behavior could due to the different 

corrosion mechanisms during PPS and the long-term dipping corrosion experiments. In the PPS 

experiment, the applied overpotential activated most of the elements (Cr, Fe, and Ni) that are 

depleting from the 800H alloy into the molten salt. However, only Cr is the primary element 

corroded severely in the molten chloride salt during the long-term dipping corrosion test [9]. 

Moreover, the crucibles made of different materials also influenced the corrosion rate of 800H 

during the long-term dipping corrosion experiments (Table 34).   

The effect of temperature on the corrosion rates of 800H alloy in MgCl2-KCl was also 

evaluated, as shown in Figure 58. 

 

Figure 58. Temperature dependence of 800H corrosion in MgCl2-KCl molten salt 
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Figure 58 suggests that the temperature has a significant influence on the electrochemical 

corrosion rate of 800H. Higher temperature exhibits a favorable effect on the diffusion rate and 

solubility of metal ions in MgCl2-KCl molten salt. The corrosion rate may increase exponentially 

with temperature increase. The experimental dependence of Arrhenius type is observed between 

the corrosion rate and temperature according to equation (5.47), 

log (𝑖𝑐𝑜𝑟𝑟) (𝐴 𝑐𝑚
−2) = 0.189 − 4191(

1

𝑇
)                                                      (5.47) 

Based on this experimental Arrhenius equation, the activation energy is calculated to be 

80.25 kJ mol−1. The activation energies of some other similar alloys are also determined based 

on the corrosion rates at different temperatures. Table 35 shows a detailed comparison of 

different alloys. 

Table 35. Activation energies of different alloys’ corrosion in chloride salts. 

Samples Salts Temperature 

range (K) 

Activation energy 

(kJ mol−1) 

Reference 

800H (Fe-Cr) KCl-MgCl2 923 – 1073  80.25 present  

800H  (Fe-Cr) NaCl-LiCl 923 – 973  131.83 [115] 

SS-310  (Fe-Cr) NaCl-LiCl 923 – 973  79.42 [115] 

Hastelloy C-22 (Ni-Cr) NaCl-KCl-ZnCl2 773 – 1073 23.84 [118] 

Hastelloy N (Ni-Cr) NaCl-KCl-ZnCl2 523 – 773 23.01 [118] 

Hastelloy C-276  (Ni-Cr) NaCl-KCl-ZnCl2 773 – 1073 35.00 [119] 

Ni-20Cr (Ni-Cr) NaCl-KCl 1048 – 1223 34.73 [120] 
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Figure 59 depicts the relationship between the activation energy and concentration of 

Cr+Fe. 

 

Figure 59. The relationship between the activation energy of corrosion in MgCl2-KCl molten salt 

and the mole fraction of Fe+Cr. 

As seen in Table 35, the calculated activation energy of 800H in chloride salt in the 

present work is comparable to the Fe-Cr-based alloy. It is larger than the activation energy of Ni-

Cr-based alloys corrosion in the chloride salt. Additionally, from Figure 59, a higher percentage 

of Cr and Fe in the alloy results in higher activation energy of corrosion in molten chloride salt. 

Corrosion in a molten salt is related to the grain boundary diffusion of elements in alloy and 

diffusion of ions in the molten salt [120]. The major depleted element from the alloy is Cr, and 

the minor one is Fe. Therefore, the initial concentration of Cr and Fe in the alloy dictates the 

activation energy of corrosion. 
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The icorr is obtained from the intersection of cathodic and anodic Tafel lines, and the 

polarization resistance (Rp) is calculated using the Stern-Geary relation according to equation 

(5.48) [121], 

 𝑖𝑐𝑜𝑟𝑟 =
𝑏𝑎𝑏𝑐

2.303𝑅𝑝(𝑏𝑎+𝑏𝑐)
=

𝐵

𝑅𝑝
                                                              (5.48) 

where, B is the Stern-Geary coefficient, which depends on the temperature and nature of the metal 

as well as the salt [113]. Hence, the Rp values of 800H corrosion in MgCl2-KCl at different 

temperatures are determined. Another method to calculate the polarization resistance Rp is from a 

linear polarization test, which can be determined using the slope of the linear portion of the 

polarization curve in the corrosion potential regime, Ecorr [113]. Rp can be defined by equation 

(5.49). 

𝑅𝑝 = (
𝜕∆𝐸

𝜕𝑖
)
𝑖=0,𝑑𝐸/𝑑𝑡→0

                                                      (5.49) 

The polarization resistance is equal to the slope obtained at a zero current point, i=0, and 

it requires that the scan rate be almost zero [122]. However, in the linear polarization experiment, 

a low scan rate of 0.2 Vs−1 was used. Thus, for a meager polarization rate, the slope of potential 

vs. current density plot can be defined by the equation (5.50) [123], 

𝑑𝑖

𝑑𝐸
=

1

𝑅𝑒+𝑅𝑝
=

1

𝑅𝑠
                                                                  (5.50) 

where Re is the electrolyte resistance, Rs is the sum of Re and Rp, i is the current density, and E is 

the potential. Therefore, Rs can be obtained from the linear part in the potential vs. current density 

plots in the proximity of a zero-current point. Figure 60 shows the polarization curves obtained 

from linear polarization measurement. 
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Figure 60. Polarization curves obtained from the linear polarization of 800H in MgCl2-KCl 

molten salt at different temperatures 

The slopes determined from Figure 60 give the values of Rs. Moreover, for a swift scan 

rate (𝑑𝐸/𝑑𝑡 →∞), which is always at the beginning of each potential excursion, the slope is 

defined as the electrolyte resistance [123] using a relationship as shown in equation (5.51), 

𝑅𝑒 = (
𝜕∆𝐸

𝜕𝑖
)
𝑡=0,𝑑𝐸/𝑑𝑡→∞

                                                      (5.51) 

According to equation (5.51), the electrolyte resistance is obtained from the slope at the 

starting point of the polarization curve, as shown in Figure 61. 
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Figure 61. Polarization curves of 800H alloy in MgCl2-KCl at different temperatures with the 

linear fits at starting range (polarization curves at (a) 923 K, (b) 973 K, (c) 1023 K and (d) 1073 

K). 
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The Rp values are calculated based on the Tafel slopes, Rs values are obtained from linear 

polarization curves, and the Re values are obtained from the slopes of the curve at the beginning 

of polarization, as shown in Table 36. 

Table 36. Re, Rp, and Rs values of 800H corrosion in MgCl2-KCl molten salt at different 

temperatures. 

Temperature (K) Rp ( ·cm2) Re (·cm2) Rs (·cm2) 

1073 208±10 11.6 271.5 

1023 287±14 14.4 308 

973 592±14 17.0 605 

923 923±42 18.0 990 

According to Table 36, the Rp value is decreased with increasing temperature, which 

suggests that higher temperature enables more effortless electron transfer between the electrode 

and electrolyte. Similar trends are also noticed for Re and Rs. Usually, electrolyte resistance is 

smaller than the polarization resistance [123]. Moreover, the polarization resistance and 

electrolyte resistance values obtained using different methods seem to be consistent as Rs values 

are comparable to the sum of Rp and Re. The difference is due to the fast charge transfer rate in 

the molten salt. Therefore, it is difficult to measure the Tafel slopes from the polarization curves 

[124].  

Nishikata et al. [113] measured the polarization resistances of different alloys in NaCl-

KCl salt at 973 K, and Table 37 and Figure 62 lists the comparison of Rp values.  
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Table 37. Polarization resistance values of different alloys at 973 K in chloride molten salt. 

Alloy Rp (·cm2) Electrolyte  Reference 

Ni 77±6 NaCl-KCl [113] 

Hastelloy B (Ni-Mo-1.5Cr alloy) 108±17 NaCl-KCl [113] 

Hastelloy N (Ni-Mo-7Cr alloy) 146±20 NaCl-KCl [113] 

Fe 91±20 NaCl-KCl [113] 

Fe-5Cr 171±29 NaCl-KCl [113] 

Fe-9.5Cr 267±67 NaCl-KCl [113] 

Fe-15Cr 417±84 NaCl-KCl [113] 

800H (22Cr-46Fe-29Ni) 592±14 MgCl2-KCl Present 
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Figure 62. Relationship between polarization resistance of alloy in chloride molten salt and mole 

fraction of Cr in (a) Ni-Mo-Cr alloy and (b) Fe-Cr alloy 
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As shown in Table 37 and Figure 62 (a-b), the polarization resistances of Ni-Mo-Cr 

(Figure 62 (a)) and Fe-Cr (Figure 62 (b)) alloys increased with an increase of Cr content. 

Moreover, for the Fe-Cr alloy, the plot of polarization resistance versus mole fraction of Cr 

exhibits a linear relationship. The polarization resistance obtained for 800H in the present work 

is comparable with the literature data. 

At low current densities, the relationship between current density and overpotential (𝜂) is 

linear, according to equation (5.52) [125]. 

𝑖 = −𝑖0(
𝑛𝐹

𝑅𝑇
)𝜂                                                   (5.52) 

where i0 is the exchange current density, F is Faraday constant, R is gas constant, T is 

temperature, and n is the moles of transferred electrons of 1-mole corroded element.  

The major corroded element is assumed to be Cr as it is always depleted from alloys in 

most long-term dipping corrosion [27, 28, 30, 83, 91]. Therefore, the value of n is 3 as Cr3+ is 

more stable in halide molten salt [48, 126]. Therefore, the exchange current densities can be 

calculated using the known slope values in Figure 60 according to equation (5.53), 

𝑖0 =
𝑅𝑇

𝑘𝑛𝐹
                                                   (5.53) 

where R is a gas constant, T is temperature, k is the slope of the linear portion of a polarization 

curve, and n is 3.  

Potentials at zero current densities are also obtained from Figure 60, and the results are 

shown in Table 38.  
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Table 38. Exchange current densities and potentials at zero current densities of 800H corrosion 

in MgCl2-KCl molten salt at different temperatures. 

Temperature (K) i0 (A cm−2) Ei=0 vs. Pt (V) 

1073 10−3.97 −0.360 

1023 10−4.02 −0.350 

973 10−4.34 −0.310 

923 10−4.57 −0.303 

Ideally, the steady-state potential (Eoc) of WE is equal to the potential at the zero current 

densities (Ei=0) estimated from Figure 60. However, as shown in Table 38 and Table 33, there is 

a little shift of Ei=0 from Eoc. The polarization causes Ei=0 to shift from Eoc because Eoc 

corresponds to stationary condition only [122].  

Similar to the corrosion rate, the experimental Arrhenius type dependence between 

exchange current density and the temperature is also observed, and the relationship is shown in 

Figure 63 according to equation (5.54), 

log(𝑖0) = −
4144.79

𝑇
− 0.064                                                              (5.54) 
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Figure 63. Temperature dependence of exchange current density of 800H corrosion in MgCl2-KCl 

salt 

Using this Arrhenius equation, the exchange current densities of 800H in MgCl2-KCl salt 

at different temperatures can be calculated. This will be useful in constructing the galvanic 

corrosion model of 800H in the MgCl2-KCl molten salt.  

The electrochemical study of the 800H alloy has been investigated in the present work. 

The temperature plays a significant role in the corrosion rate of this alloy. The lower corrosion 

rate of 800H than that of stainless steel in molten chloride salt makes it a potential candidate to 

serve as a structural alloy in the solar thermal energy system. However, a further electrochemical 

study of other alloys is necessary to be performed to have a better understanding of the effect of 

the components on the corrosion behavior. Also, the exchange current densities of 800H 

obtained in the present study will help construct the galvanic corrosion model in future work.  
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5.6.2. Electrochemical studies of different alloys with and without coatings  

5.6.2.1.  Electrochemical studies of alloys without coatings 

The OCP was recorded when the equilibrium is reached, and the result is shown in the 

Appendix.  

Figure 64 shows the polarization curves of H230 alloy in MgCl2-KCl obtained at 

different temperatures. The tafel curves at different temperatures are recorded for at least 3 times. 

Even only one curve at each temperature is shown in Figure 64, Ecorr and icorr are calculated 

based on all the recorded curves. 

 

Figure 64. PPS plots for H230 in MgCl2-KCl at different temperatures in an Ar atmosphere. 
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As shown in Figure 64, the cathodic line is the bottom one, and anodic is the top one. 

Table 39 lists the OCP, Ecorr, and icorr, determined from cathodic and anodic Tafel lines at 

different temperatures. 

Table 39. Corrosion data of H230 in MgCl2-KCl at different temperatures. 

Temperature (K) OCP vs. Pt (V) Ecorr vs. Pt (V) icorr (A cm−2) 

1123 -0.59±0.01 −0.64±0.01 10−3.70±0.03 

1073 -0.58±0.01 −0.62±0.01 10−4.00±0.02 

1023 -0.55±0.01 −0.57±0.02 10−4.25±0.05 

973 -0.51±0.01 −0.51±0.01 10−4.62±0.02 

As listed in Table 39, corrosion potential of H230 decreased with increasing the 

temperature. However, increasing temperature leads to a higher corrosion rate. To rank the 

corrosion resistance of H230, 800H and SS316 alloys in MgCl2-KCl, the corrosion rates of three 

alloys obtained from Tafel experiment are shown in Figure 65. 
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Figure 65. Corrosion rate of H230, 800H and SS316 in MgCl2-KCl obtained from PPS 

experiment at different temperatures. 

As shown in Figure 65, H230 has the lowest corrosion rate in MgCl2-KCl and followed 

with 800H and SS316 alloys. As illustrated in section 5.1, H230 also has the lowest corrosion 

rate in the long-term corrosion experiments. Therefore, two methods both prove that H230, a Ni-

based alloy has higher corrosion resistance in MgCl2-KCl molten salt and followed by 800H as 

well as SS316 alloys. 

5.6.2.2.  Electrochemical studies of 800H with and without Ni coating 

The PPS experiments were performed at least three times to obtain the plots. Before the 

PPS experiment, OCP was performed until the system reached to equilibrium. The repeated 
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experiments as OCP data are shown in the Appendix. The PPS plots for 800H sample with and 

without Ni coating are shown in Figure 66. 

 

 

 

Figure 66. PPS plots for 800H sample without Ni-coating (a) and with Ni-coating (b) in MgCl2-

KCl at different temperatures in an Ar atmosphere. 
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As shown in both Figure (a) and (b), the curves are moving up and left when the 

tempertura is decreased. Straight Tafel lines are plotted in the figure to obtain the corrosion 

potential and current density according to Bulter-Volmer equation. The details are listed in Table 

40. 

Table 40. Ecorr and icorr of tested 800H samples with and without Ni coating in MgCl2-KCl at 

different temperatures. 

 800H without Ni coating 800H with Ni coating 

Temperature (K) Ecorr vs. Pt (V) icorr (A cm−2) Ecorr vs. Pt (V) icorr (A cm−2) 

1123 - - -0.455±0.005 10−4.50±0.03 

1073 −0.367±0.003 10−3.72±0.02 −0.450±0.003 10−4.65±0.05 

1023 −0.355±0.003 10−3.90±0.02 −0.430±0.002 10−4.95±0.03 

973 −0.348±0.002 10−4.12±0.01 −0.420±0.002 10−5.35±0.05 

923 −0.327±0.002 10−4.35±0.02 - - 

As listed in Table 40, Corrosion potential is more negative at higher temperature and 

corrosion rate is increased as temperature increased. In addition, 800H without Ni coating has 

higher corrosion rate than which with Ni coating. That indicates Ni coating can increase the 

corrosion resistance of 800H alloy and protect it from further corrosion. This result is 

comparable to the long-term corrosion study and also prove that Ni is more stable in MgCl2-KCl 

molten salt. 
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5.6.2.3.  Electrochemical studies of SS316 with and without Cr-Fe-Al, Ni-Al coatings 

The PPS plots for polished SS316 with Ni-Al coating outside (C1), SS316 with Cr-Fe-Al 

coating (C2), and SS316 without coating (C3) at different temperatures are shown in Figure 67, 

68 and 69.  

 

Figure 67. Tafel lines of C1 from PPS corrosion test in MgCl2-KCl at different temperatures 



154 

 

 

Figure 68. Tafel lines of C2 from PPS corrosion test in MgCl2-KCl at different temperatures 

 

Figure 69. Tafel lines of C3 from PPS corrosion test in MgCl2-KCl at different temperatures 



155 

 

As shown in Figures 67, 68, and 69, the Tafel curves obtained in the experiments are 

smooth except for the C2 sample at 973 K. However, electron-transferring process at high 

temperatures might not be very stable. Even there is variation on the Tafel curves, the trend of 

the current increase is following Bulter-Volmer equation. A similar variation on the Tafel curves 

was also found in the literature for the high-temperature corrosion in molten salt [127, 128]. The 

OCP is recorded when the equilibrium is reached, and the results are compared with the 

corrosion potential in Table 41. 

Table 41. OCP and Ecorr of tested samples in MgCl2-KCl at different temperatures. 

Samples OCP (mV vs. Pt) Ecorr (mV vs. Pt) 

Temperature 923 K 973 K 1023 K 1073 K 923 K 973 K 1023 K 1073 K 

C1 -136±1 -108±1 -96±1 -90±1 -120 -100 -100 -90 

C2 -868±50 -890±50 -927±70 -950±16 -840±20 -900±5 -930±5 -950±10 

C3 -520±8 -505±30 -470±30 -420±3 -525 -510 -480 -440 

As listed in Table 41, both the OCP and Ecorr became more negative at higher 

temperatures. The curves trends show an active corrosion behavior where the increased 

temperature leads the decreased corrosion potential and OCP. The experimental error of C2 

shown in Table 41 is due to the variation of the OCP and Tafel curves. The corrosion rates 

obtained from Figure 67, 68, and 69 are listed in Table 42. 
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Table 42. The corrosion rate of tested samples in MgCl2-KCl at different temperatures. 

 Corrosion rate (A/cm2) 

Temperature 923 K 973 K 1023 K 1073 K 

C1 10-4.50 10-4.20 10-4.00 10-3.80 

C2 10-5.20±0.10 10-4.95±0.05 10-4.65±0.05 10-4.45±0.05 

C3 10-3.20 10-3.00 10-2.75 10-2.60 

As listed in Table 42, Corrosion rates are increased as temperature increased. In addition, 

C2 presents the lowest corrosion rate among these three samples. C1 also has a higher corrosion 

resistance than the C3 sample. Therefore, coating of Cr-Fe-Al or Ni-Al can protect SS316 from 

further corrosion since the corrosion rate is inhibited. However, it is different in the long-term 

static corrosion as C2 loses more weight than C1 in the same condition. Cr-Fe-Al may have 

excellent corrosion resistance in the Tafel test, but Cr and Fe are not stable in MgCl2-KCl molten 

salt. For a longer-time corrosion test, Cr and Fe will be dissolved in the molten salt.   

The relationship between corrosion rate and the temperature is known as Arrhenius equation, 

which is shown in Figure 70 and the activation energy was calculated in Table 43. 
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Figure 70. Relationship between corrosion rate and temperature of SS316 with Ni-Al coating, 

SS316 with Cr-Fe-Al coating and SS316 without coating in MgCl2-KCl 

Table 43. The activation energy of C1, C2, and C3 corrosion in MgCl2-KCl molten salt at the 

temperature from 923 K to 1073 K. 

Samples Activation energy (kJ) 

C1 87.47 

C2 97.04 

C3 78.01 
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The experimental results are compared with the literature data, and the results are listed in Table 

44. 

Table 44. Comparison of corrosion rates of different alloys in molten chloride salts. 

Sample icorr (A/cm2) Reference 

SS316 in MgCl2-KCl at 923 K 10-3.10 Present work  

SS347 in NaCl-LiCl at 923 K  10-3.15 [17] 

SS310 in NaCl-LiCl at 923 K  10-3.43 [84] 

SS316 in MgCl2-KCl at 973 K  10-2.9 present work 

HR224 in MgCl2-KCl at 973 K  10-4.0 [80] 

In702 in MgCl2-KCl at 973 K  10-4.1 [80] 

SS316 with Ni-Al coating in MgCl2-KCl at 973 K  10-4.2 present work 

SS310 with Ni-Al coating in NaCl-KCl at 973 K  10-4.15 [129] 

As shown in Table 44, the corrosion rate of SS316 in MgCl2-KCl at 923 K is comparable 

with SS347 in NaCl-LiCl salt. The trace difference may be due to the different chloride salt. In 

the MgCl2-KCl salt, corrosion rate of SS316 is larger than HR224 (46.4Ni-20.5Cr-27.6Fe based), 

APMT (21Cr-70Fe) and In702 (75Ni-17Cr) alloys. The reason might be less Ni includes in the 

SS316 alloy, and Ni has been proved to be stable in the molten chloride salt. SS316 and SS310 

with the same coating of Ni-Al presented a similar corrosion rate in the molten chloride salt. 

Therefore, the corrosion rates obtained in the present work are comparable to the literature data. 



159 

 

5.7. Diffusion model of alloys during corrosion in MgCl2-KCl salt 

5.7.1. Diffusion model of Cr in the Haynes 230 and 800H alloys during corrosion in MgCl2-KCl  

5.7.1.1. The corroded volume of alloys and concentration of Cr in the corroded area 

As we know, weight loss of alloy is mainly due to the depletion of Cr, and it is reasonable 

to assume the weight loss is contributed to Cr only.  Weight loss of the sample is contributed to 

the Cr diffusion process if only the surface of alloy contacts with the molten salt. However, 

pitting corrosion is severe in the chloride salt, the molten salt can pass through the pitting holes 

and contact with the bulk of the alloy causing the concentration of Cr in the pitting area 

decreased significantly. Therefore, the weight loss of the sample is contributed by the diffusion 

of Cr and pitting corrosion. However, to investigate which one is the dominated mechanism, all 

weight loss is assumed to be contributed to pitting corrosion before the calculation. If the 

calculated result match with the experimental data, it is reasonable to confer pitting corrosion is 

the dominated mechanism causing the weight loss of the sample. Thus, the average concentration 

loss of Cr (Cavg) in the pitting area is calculated using equation (5.55), and corroded volume is 

calculated based on equation (5.56). 

𝐶𝑎𝑣𝑔 =
𝑊𝑙𝑜𝑠𝑠

52𝑉𝑐𝑜𝑟𝑟
                                                            (5.55) 

𝑉𝑐𝑜𝑟𝑟 = 2 ∗ 𝑙 ∗ 𝑤 ∗ 𝑑𝑐𝑜𝑟𝑟                                                 (5.56) 

where Wloss is a weight loss of sample, Vcorr is corroded volume, l and w is length and width of the 

sample. As the sample is very thin, four sides are ignored (factor 2 in the equation means corrosion 

on 2 sides). The corrosion depth (dcorr) can be estimated from SEM figure. 

Once the EDS was identified, the concentration of Cr in H230 was calculated based on 

the fraction of the major elements in H230. Alloy is assumed as a ternary alloy for simplification, 
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and the trace amount of elements is counted to Ni element. The concentration of Cr was 

calculated using the equation (5.57). 

𝐶𝐶𝑟 =
𝑥𝐶𝑟

𝑥𝐶𝑟𝑉𝑚,𝐶𝑟+𝑥𝑁𝑖𝑉𝑚,𝑁𝑖+𝑥𝑊𝑉𝑚,𝑊
                                                  (5.57) 

where xi is mole percent of element I, Vm,I is molar volume of the element of I (cm3/mol), Ccr is 

concentration of Cr (mol/cm3). 

5.7.1.2. Simulation of the diffusion model 

The diffusion process is assumed to be one-dimension diffusion for simplification since 

two corroded sides are symmetric. In addition, as the area near the surface is corroded more, the 

concentration loss of Cr in the pitting area is assumed to be a linear relationship with the 

corrosion depth. Thus, in the middle of corrosion depth, the concentration of Cr is equal to the 

differential value between the initial concentration of Cr (Cinitial) and Cavg, which is shown in 

equation (5.58). 

𝐶𝑚𝑖𝑑 = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑎𝑣𝑔                                                 (5.58) 

As Cr firstly diffuses to pitting areas from bulk and then diffuses to the surface, there are 

two diffusion processes in this model calculation. Therefore, the schematic of the diffusion 

model of process-1 is shown in Figure 71. 
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Figure 71. Schematic of diffusion model of process 1 of alloy corrosion in MgCl2-KCl. 

The diffusion model is assumed to be the infinite diffusion problem as shown in Figure 

71. The concentration of Cr in the pitting area is assumed to be linear with the corrosion depth. 

Mathematically, no matter what the slope k is, that linear line (CCr vs. x) always passes through 

the point(
𝑑𝑐𝑜𝑟𝑟

2
, 𝐶𝑚𝑖𝑑). Thus, the concentration loss of Cr in the pitting area can match the total 

weight loss in the experiment. Slope k is the factor that will be adjusted in the comparison with 

experimental data later. Therefore, the partial differential equation (PDE) and initial condition 

(IC) are listed in equation (5.59) and (5.60). 

PDE: 
𝑑𝐶

𝑑𝑡
= 𝐷

𝑑2𝐶

𝑑𝑥2
                                                           (5.59) 

IC: C(𝑥, 0) = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙—𝑘 (𝑥 −
𝑑𝑐𝑜𝑟𝑟

2
) − 𝐶𝑚𝑖𝑑 + 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝐻(𝑋) {

𝑥 ≥ 0,𝐻(𝑥) = 1
𝑥 < 0,𝐻(𝑥) = 0

}      (5.60) 

where D is diffusion coefficient of Cr in Ni-Cr alloy, C is the concentration of Cr with unit of 

mol/cm3, t is time with unit of s, x is distance from x=0 with unit of cm, k is the slope of CCr vs. x. 

For the diffusion process 2, it is Cr diffusing to the surface from the pitting area, and the 

schematic is shown in Figure 72. 
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Figure 72. Schematic of diffusion model of process 2 of alloy corrosion in MgCl2-KCl. 

The diffusion model of diffusion process-2 is assumed to be the semi-infinite diffusion 

problem. And the PDE, IC and boundary conditions (BC) are listed in equations (5.61), (5.62), 

and (5.63). 

PDE: 
𝑑𝐶

𝑑𝑡
= 𝐷

𝑑2𝐶

𝑑𝑋2
                                                           (5.61) 

BC: C(0, t) = 𝐶𝑠                                                             (5.62) 

IC: C(X, 0) = 𝐶0 = −𝑘 ∗ (𝑋 −
𝑑𝑐𝑜𝑟𝑟

2
) + 𝐶𝑚𝑖𝑑                                              (5.63) 

where Cs is the concentration of Cr on the surface, C0 is concentration after corrosion in the pitting 

corrosion area. In the model of diffusion process 2, the direction of the distance is reversed, and 

slope k is considered as the negative value as listed in the equation (5.60). To differentiate the 

reversed direction, capital X is used in this model, which is the distance from X=0 with unit of cm. 

The SEM figure of the cross-section of H230 at 973 K and 800H at 1073 K corrosion in 

MgCl2-KCl for 100 hours is shown in Figure 73. 
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Figure 73. Corrosion-section of (a) H230 at 973 K and (b) 800H at 1073 K after 500-h test in 

MgCl2-KCl molten salt. 
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As the pre-heated MgCl2-KCl was not purified, there was a trace amount of hydrated 

H2O in it, which caused deeper corrosion depth of H230 and 800H sample. The EDS was 

performed on the cross-section and the results are recorded. Based on the EDS result, 

concentrations of Cr at different areas are calculated with the equations (5.64) and (5.65). 

For H230: 𝐶𝐶𝑟 =
𝑥𝐶𝑟

𝑥𝐶𝑟𝑉𝑚,𝐶𝑟+𝑥𝑁𝑖𝑉𝑚,𝑁𝑖+𝑥𝑊𝑉𝑚,𝑊
                                  (5.64) 

For 800H: 𝐶𝐶𝑟 =
𝑥𝐶𝑟

𝑥𝐶𝑟𝑉𝑚,𝐶𝑟+𝑥𝑁𝑖𝑉𝑚,𝑁𝑖+𝑥𝐹𝑒𝑉𝑚,𝐹𝑒
                                  (5.65) 

where xi is mole percent of element i, Vm,i is molar volume of the element of i (cm3/mol), Ccr is 

concentration of Cr (mol/cm3). Therefore, the parameters using in the diffusion model are 

calculated, which are listed in Table 45. 

Table 45. Parameters using in the diffusion model (dcorr is corrosion depth, D is the diffusion 

coefficient of Cr in Ni alloy). 

Samples D  

(cm2/s) [63]  

Cmid  

(mol/cm3) 

Cinitial  

(mol/cm3) 

Cs  

(mol/cm3) 

dcorr  

(µm) 

H230 at 973 K 2*10-12 0.0150 0.0405 0.0013 110 

800H at 1073 K 4*10-12 0.0050 0.0308 0.0044 79 

All the parameters using in the calculation model are calculated based on weight loss of 

sample, EDS data, and corrosion depth estimated from SEM. Therefore, the final diffusion 

equation of the corrosion of the H230 in MgCl2-KCl at 973 K are calculated, which are listed in 

equation (5.66) and (5.67). 
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Process 1: C(x, t) =

{

0.04

2
[1 + 𝑒𝑟𝑓 (

−𝑥

2√𝐷𝑡
)] +

𝑘(𝑥−0.0055)+0.015

2
𝑒𝑟𝑓𝑐 (

−𝑥

2√𝐷𝑡
) +

1

√𝜋𝐷𝑡
𝑘𝑒−

𝑥2

4𝐷𝑡, 𝑥 < 0 

0.04

2
𝑒𝑟𝑓𝑐(

𝑥

2√𝐷𝑡
) +

𝑘(𝑥−0.0055)+0.015

2
[1 + 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑡
)] +

1

√𝜋𝐷𝑡
𝑘𝑒−

𝑥2

4𝐷𝑡, 𝑥 ≥ 0

}                         (5.66) 

Process 2: C(X, t) = (−0.0055k − 0.014)erfc(
𝑋

2√𝐷𝑡
) − 𝑘𝑋 + 0.0055𝑘 + 0.015                       (5.67) 

The final diffusion equation of the corrosion of the 800H in MgCl2-KCl at 1073 K are 

calculated, which are listed in equation (5.68) and (5.69). 

Process 1: C(x, t) =

{

0.031

2
[1 + 𝑒𝑟𝑓 (

−𝑥

2√𝐷𝑡
)] +

𝑘(𝑥−0.004)+0.005

2
𝑒𝑟𝑓𝑐 (

−𝑥

2√𝐷𝑡
) +

1

√𝜋𝐷𝑡
𝑘𝑒−

𝑥2

4𝐷𝑡, 𝑥 < 0 

0.031

2
𝑒𝑟𝑓𝑐(

𝑥

2√𝐷𝑡
) +

𝑘(𝑥−0.004)+0.005

2
[1 + 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑡
)] +

1

√𝜋𝐷𝑡
𝑘𝑒−

𝑥2

4𝐷𝑡, 𝑥 ≥ 0

}                       (5.68) 

Process 2: C(X, t) = (−0.004k − 0.00006)erfc(
𝑋

2√𝐷𝑡
) − 𝑘𝑋 + 0.004𝑘 + 0.005                       (5.69) 

Based on the equations (5.66-5.69), the diffusion models are simulated and plotted to 

compare with the experimental results. The comparison is shown in Figure 74. 
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Figure 74. Diffusion model compared with the experimental result of alloys corrosion in MgCl2-KCl ((a) is 

H230 at 973 K with connection with Ni and (b) is 800H at 1073 K). 
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As shown in Figure 74, diffusion models are comparable to the experimental results for 

both alloys. In the diffusion model, it was assumed that weight loss is due to the pitting 

corrosion, which seems reasonable. The diffusion of Cr does not influence weight loss 

significantly. Besides, it supports the assumption of a linear relationship between concentration 

and distance from the surface. The assumed slope k value is -1 for H230 and 0 for 800H in the 

calculation, which might be related to the pitting corrosion of different alloys.  

5.7.2. Diffusion model of 800H sample with Ni coating during corrosion in MgCl2-KCl  

As discussed in section 5.5.1, Ni coating can protect the 800H alloy from further 

corrosion in MgCl2-KCl molten salt. After 100 hours, Cr and Fe were detected in the Ni-coating 

layer which is due to the interdiffusion of the elements. Similar to the diffusion simulation in 

section 5.7.1, the diffusion process is assumed to be one-dimension diffusion for simplification. 

And the trace amount of elements are counted to Fe elements in the simulation. As the initial 

conditions (concentration of elements) are known based on the mole fraction, the schematic 

figure is shown in Figure 75. 

 

Figure 75. Schematic of initial conditions of elements diffusion model of 800H sample with Ni 

coating. 
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The diffusion model is assumed to be the infinite diffusion problem as shown in Figure 

75. As the diffusion directions of Ni and Cr (Fe) are different, the positive directions shown in 

the schematic are also different. Therefore, the partial differential equation (PDE) and initial 

condition (IC) are listed in equation (5.70) and (5.72). 

PDE: 
𝑑𝐶

𝑑𝑡
= 𝐷

𝑑2𝐶

𝑑𝑥2
                                                           (5.70) 

For Fe and Cr: IC: C(𝑥, 0) = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ×𝐻(𝑋) {
𝑋 ≥ 0,𝐻(𝑥) = 1
𝑋 < 0,𝐻(𝑥) = 0

}      (5.71) 

For Ni: IC: C(𝑥, 0) = 𝐶𝑐𝑜𝑎𝑡𝑖𝑛𝑔 − (𝐶𝑐𝑜𝑎𝑡𝑖𝑛𝑔 − 𝐶800𝐻) × 𝐻(𝑋) {
𝑋 ≥ 0,𝐻(𝑥) = 1
𝑋 < 0,𝐻(𝑥) = 0

}      (5.72) 

where Cinitial is the concentration (mol/cm3) of Cr or Fe in 800H alloy, Ccoating is concentration of 

Ni in coating, and C800H is concentration of Ni in 800H alloy, D is diffusion coefficient of element 

(Cr, Fe or Ni) in the 800H alloy or Ni coating, C is concentration of element with unit of mol/cm3, 

t is time with unit of s, X is distance from X=0 with unit of cm. 

The SEM figure of cross-section of 800H with Ni coating at 1073 K corrosion in MgCl2-

KCl for 100 hours is shown in Figure 76. 
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Figure 76. Corrosion-section of 800H with Ni coating at 1073 K after 100-hour test in MgCl2-

KCl molten salt. 

The initial concentrations of Ni, Fe and Cr in 800H alloy are calculated based on the 

equation (5.65), diffusion coefficients of the elements are the value to be investigated. When the 

simulated diffusion trend line is matched with the real diffusion process, the diffusion coefficient 

will be confirmed. Therefore, the final diffusion equation of the 800H with Ni-coating in MgCl2-

KCl at 1073 K are calculated, which are listed in equation (5.73) and (5.74). 

 For Cr and Fe diffusion: C(x, t) = {

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
[1 + 𝑒𝑟𝑓 (

−𝑋

2√𝐷1𝑡
)] , 𝑥 < 0 

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
𝑒𝑟𝑓𝑐(

𝑋

2√𝐷2𝑡
), 𝑥 ≥ 0

}                             (5.73) 

For Ni diffusion: C(x, t) = {

𝐶𝑐𝑜𝑎𝑡𝑖𝑛𝑔

2
[1 + 𝑒𝑟𝑓 (

−𝑋

2√𝐷2𝑡
)] +

𝐶800𝐻

2
𝑒𝑟𝑓𝑐(

−𝑋

2√𝐷2𝑡
), 𝑥 < 0 

𝐶𝑐𝑜𝑎𝑡𝑖𝑛𝑔

2
𝑒𝑟𝑓𝑐(

𝑋

2√𝐷1𝑡
) +

𝐶800𝐻

2
𝑒𝑟𝑓(

𝑋

2√𝐷1𝑡
), 𝑥 ≥ 0

}        (5.74) 

where D1 is the diffusion coefficient of element in 800H alloy and D2 is diffusion coefficient of 

element in Ni coating. 
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Based on the equations (5.73 and 5.74), the diffusion models are simulated and plotted to 

compare with the experimental results. The concentration of each element is converted to mole 

fraction and the comparison is shown in Figure 77. 

 

Figure 77. Diffusion model of 800H with Ni coating compared with the experimental result of 

800H alloy with Ni coating corrosion in MgCl2-KCl at 1073 K. 

As shown in Figure 77, diffusion models are comparable to the experimental results. In 

the diffusion model, the diffusion coefficient of each element in Ni coating and in 800H alloy is 

varied to be comparable with the experimental data. And the reasonable diffusion coefficient of 

each element in different alloys are listed in Table 46. 
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Table 46. Diffusion coefficient of Cr, Fe and Ni in 800H alloy and Ni coating at 1073 K. 

 Diffusion coefficient (cm2/s x10-11) 

Sample Cr Fe Ni 

800H ≈ 0.01 ≈ 0.01 ≈ 0.01 

Ni coating 2 to 4 4 to 6 5 to 8 

As listed in Table 46, the diffusion coefficient of each element is calculated. Diffusion 

coefficient of Cr in Ni-model alloy is calculated, and the result is 2 to 3 x 10-12 cm2/s at 1073 K 

[63]. The result obtained in Ni coating (Table 46) is larger, while in 800H is lower. The reason 

might be the porosities in Ni coating increase the diffusion coefficient of Cr and Fe. For the 

800H alloy, the minor element like Mn, C, or Si might inhibit the diffusion of Cr, Fe and Ni. 

Thus, the diffusion coefficient is lower.  
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CHAPTER 6:  CONCLUSIONS 

6.1. Corrosion results of H230, 800H, and SS316 

Long-term corrosion experiments of H230, 800H, and SS316 are performed at 973 K, 

1023 K, and 1073 K in MgCl2-KCl molten salt for 100 hours. The corrosion rate was calculated 

in terms of weight loss. And the corrosion rates of Haynes 230 (H230), Incoloy 800H (800H) 

and Stainless Steel 316 (SS316) are: (1) 0.54, 0.89, and 6.41 mg/cm2/day at 973 K, respectively; 

(2) 0.76, 1.38, and 10.65 mg/cm2/day at 1023 K, respectively; (3) 1.01, 2.08, and 14.16 

mg/cm2/day at 1073 K, respectively. Weight loss of the sample is mainly due to corrosion of Cr. 

And the mechanism behind the depletion of Cr is due to the tiny amount of oxygen dissolved in 

the molten salt, which will accelerate the reaction between Cr and CrCl3. Among these three 

alloys, H230 has the best corrosion resistance in the MgCl2-KCl molten salt. 

6.2. Effect of Ni on the corrosion of alloys in MgCl2-KCl molten salt. 

The H230 and 800H alloys connected with and without Ni-201 alloys were evaluated for 

corrosion in molten MgCl2-KCl salt at 973 K and 1073 K for 100 hours. The corrosion 

mechanism was changed when Ni-201 or Ni crucible was connected with the alloys in MgCl2-

KCl salt. For the corrosion of H230 alloy, the deposition of W was found on the surface of the 

Ni-201 sample when it was connected to H230 sample. For 800H alloy, the deposition of Cr and 

Fe was detected on the surface of the Ni-201. The driving force of the deposition is the Gibbs 

energy of formation of alloy when the sample (H230 or 800H) was connected with Ni-201 alloy. 

In addition, the negative value
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of the Gibbs energy of reaction confirms that Fe and Cr (W for the corrosion of H230) were 

spontaneously transferring to the Ni and depositing on it. 

For the corrosion of 800H alloy, deposition of Cr and Fe on Ni can be explained as 

galvanic corrosion according to the negative Gibbs energy of formation. Therefore, a new Tafel 

model of 800H alloy corrosion in MgCl2-KCl with Ni-201 was developed. And this new 

galvanic model is helpful in predicting the corrosion rate of alloys in MgCl2-KCl molten salt. 

6.3. Electrodeposition of Ni and Al coating on 800H sample 

The electrodeposition of Ni coating is performed in the aqueous solution with 0.5 mol/L 

NiCl2 and 1mol/L HCl. The deposition on 800H surface is compacted and homogeneous. In the 

EDS analysis, the surface of 800H is covered by pure Ni coating. In addition, the depth of the 

coating is around 160 µm, which is able to protect the 800H alloy from further corrosion. 

The electrodeposition of Al coating is performed in the BMIC-AlCl3 (molar ratio is 1:2) 

ionic liquid. Before the electrodeposition experiment, cyclic voltammetry and 

chronoamperometry experiments are performed to investigate the diffusion coefficient of Al2Cl7
- 

in the BMIC-AlCl3 ionic liquid. Three methods are used in the calculation of diffusion 

coefficient, and the calculated diffusion coefficients (2.6 x 10-11 m2/s using Scharifker and Hills 

equation and 1.7 x 10-11 m2/s using Cottrell equation) are comparable to the literature data.  

As the applied potential was obtained in the cyclic voltammetry, the electrodeposition of 

Al was performed in the ionic liquid. Pure Al is detected after the electrodeposition experiment. 

And some of the Al deposition is transferred to Al2O3 through the anodization in the oxalic acid 

solution. EDS result shows surface of the coating is transferred to compacted Al2O3 layer. 

However, the layer is so thin that elements beneath, which are belonged to 800H alloy, are 

detected in the EDS analysis. 
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6.4. Corrosion results of alloys with coatings 

Long-term corrosion experiments of 800H with Ni or Al/Al2O3 were performed at 1073 

K for 100 hours. Ni coating decreased the corrosion rate of 800H. However, Cr and Fe are still 

able to diffuse to the Ni-coating layer. For a long time serving, once Cr reaches to the surface of 

Ni layer and contacts to the molten salt, corrosion will still happen. For the Al/Al2O3 coating, 

corrosion rate of 800H was also decreased. However, even the place is covered by Al/Al2O3 

layer, concentration of Cr is still decreased due to the diffusion of Cr to the salt or penetration of 

molten salt through Al2O3 layer. In addition, some of this Al/Al2O3 layer is dissolved or 

stripped into the molten salt. However, the dissolved Al acted as a sacrificial anode to protect 

800H alloy from further corrosion. 

Long-term corrosion experiments of SS316 with Ni-P(inner layer)/Ni-Al (outer layer) 

coating, SS316 with Fe-Cr-Al coating and SS316 were performed at 923 K for 250 hours, 973 K 

for 500 hours and 1023 K for 1000 hours. The result shows the coating of Ni-P/Ni-Al or Fe-Cr-

Al can inhibit the corrosion rate. However, Ni-Al coating is easy to be cracked and stripped in 

the molten salt. And the similar crack happened on the SS316 sample with Fe-Cr-Al coating at 

923 K, too. Because the trace amount of the tiny pieces is washed during the cleaning process, 

weight loss of this sample is higher than other samples. 

6.5. Effect of inhibitors on the corrosion of 800H in MgCl2-KCl molten salt 

Corrosion study of 800H alloy with and without Mn, Zn, or Zr inhibitor in molten 

MgCl2-KCl salt at 1073 K for 100 hours was evaluated in present work. After the corrosion test, 

there was no significant weight change of the alloy with Mn or Zn inhibitor. While for the 

sample with Zr inhibitor, the weight is increased after corrosion. For the alloy corrosion without 

inhibitor, the weight was decreased significantly. During the analysis of SEM-EDS, the depletion 
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of Cr was observed on the surface of 800H alloy which is corroded in molten salt without 

inhibitor. For the alloys corroded with Mn (Zn) inhibitor, there was no significant decrease in the 

amount of Cr at the area where is not covered with the deposition. Besides, a trace amount of 

deposition mainly composed of Cr and Mn (Zn) was detected on the surface. For the alloy 

corrosion with Zr inhibitor, the whole surface was covered with Ni-Zr deposition. And the Ni 

diffused from inner 800H alloy and alloyed with Zr on the surface. Therefore, the addition of 

Mn, Zn, or Zr inhibitor in the MgCl2-KCl molten salt, acting as sacrificial anode, can protect 

800H alloys from severe corrosion. 

6.6. Electrochemical studies of alloys with and without coating in MgCl2-KCl molten salt 

For the Tafel experiments of three alloys without coatings, the temperature was directly 

and inversely proportional to corrosion rate and corrosion potential, respectively. And the effect 

of temperature was significant on the corrosion behavior of alloys in MgCl2-KCl. In addition, 

H230 presented the lowest corrosion rate and followed by 800H and SS316 alloys in the MgCl2-

KCl molten salt. That was comparable to the long-term corrosion results. 

Exchange current densities and polarization resistance of 800H in MgCl2-KCl at different 

temperatures were calculated. The relationship between exchange current density and 

temperature was predicted in terms of the Arrhenius equation, which gives useful insights in 

constructing the Tafel corrosion model of 800H in MgCl2-KCl molten salt. 

For the Tafel experiments of alloys with coatings, Ni-coating presented high corrosion 

resistance in the MgCl2-KCl molten salt, as the corrosion rates are lower for 800H with Ni 

coating. For the SS316 alloys with coatings, Cr-Fe-Al coating presented higher corrosion 

resistance and followed by Ni-Al coating. The result is different with the long-term corrosion 
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experiments, but both the coatings lower the corrosion rates of SS316 alloy and protect SS316 

from further corrosion. 

6.7. Simulation of the diffusion model of alloys during corrosion in MgCl2-KCl molten salt 

For the diffusion of Cr in the pitting area of H230 and 800H, the simulation is 

comparable with experimental result. The simulation is based on the partial differential equations 

and the assumed initial conditions. The slope k of concentration vs. distance, which is due to the 

pitting corrosion, assumed in the modelling seems to be reasonable. As known from the 

simulation, weight loss of the sample is mainly due to the pitting corrosion but the low diffusion 

rate of Cr in the alloy may inhibit the corrosion rate.  

For the diffusion of Cr in the 800H with Ni coating, the method using in the simulation is 

also based on the partial differential equations and known initial conditions. As the diffusion 

coefficient of element is unknown in the simulation, the simulated result is compared with 

experimental data by varying the diffusion coefficient. Therefore, the reasonable diffusion 

coefficients of Cr, Fe and Ni in 800H alloy as well as in Ni coating are calculated. Comparing 

with literature data, the calculated diffusion coefficients are reasonable.
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APPENDIX A: ELECTROCHEMICAL STUDY DATA 

Figure 78 and Figure 79 show the progress of OCP with time for H230 alloy and 800H 

with Ni coating in the MgCl2-KCl molten salt at different temperatures. OCP is recorded only 

when the equilibrium is reached. 

 

Figure 78. OCP vs. testing time for H230 in MgCl2-KCl at different temperatures.
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Figure 79. OCP vs. testing time for 800H with Ni coating in MgCl2-KCl. 

The value obtained from Figure 78 and 79 is listed in Table 47. For both alloys, the OCP 

is increased as temperature decreased. 

Table 47. OCP of H230 and 800H with Ni coating in MgCl2-KCl at different temperatures. 

 H230 800H with Ni coating 

Temperature (K) OCP vs. Pt (V) OCP vs. Pt (V) 

1123 -0.590±0.010 -0.376±0.005 

1073 -0.580±0.010 -0.355±0.002 

1023 -0.550±0.010 -0.335±0.002 

973 -0.510±0.010 -0.319±0.002 

PPS experiments for these two alloys are repeated for several times, and the repeated 

experiments are shown in Figure 80 and 81. 
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Figure 80. PPS plots of H230 in MgCl2-KCl at different temperatures ((a)-1123 K, (b)-1073 K, 

(c)-1023 K, (d)-973 K; 1, 2, and 3 indicate 3 experiments). 
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Figure 81. PPS plots of 800H with Ni coating in MgCl2-KCl at different temperatures ((a)-1123 

K, (b)-1073 K, (c)-1023 K, (d)-973 K; 1, 2, and 3 indicate 3 experiments). 

The linear polarization resistance experiments were also performed on these two alloys, 

the details are shown in Figure 82 and 83. 
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Figure 82. Linear polarization curves of H230 in MgCl2-KCl at different temperatures with the 

linear fit ((a)-1123 K, (b)-1073 K, (c)-1023 K, (d)-973 K; 1, 2, and 3 indicate 3 experiments). 
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Figure 83. Linear polarization curves of 800H with Ni coating in MgCl2-KCl at different 

temperatures with the linear fit ((a)-1123 K, (b)-1073 K, (c)-1023 K, (d)-973 K; 1, 2, and 3 

indicate 3 experiments). 
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Based on the equation (5.52) listed before, the exchange current density of these two 

alloys are calculated and compared with 800H alloy without coating. And the potentials when 

current is 0 as well as the exchange current densities are listed in Table 48. 

Table 48. Exchange current densities and potentials when current is 0 of 800H, H230 as well as 

800H with Ni coating alloys in MgCl2-KCl at different temperatures. 

 800H H230 800H with Ni coating 

Temperature 

(K) 

i0         

(A cm−2) 

Ei=0 vs. 

Pt (V) 

i0             

(A cm−2) 

Ei=0 vs. Pt  

(V) 

i0               

(A cm−2) 

Ei=0 vs. Pt  

(V) 

1123 - - 10−3.77±0.05 −0.568±0.003 10−4.00±0.01 −0.383±0.001 

1073 10−3.97 −0.360 10−3.82 -0.565 10−4.20±0.04 −0.354±0.002 

1023 10−4.02 −0.350 10−3.95±0.11 −0.532±0.003 10−4.62±0.01 −0.336±0.001 

973 10−4.34 −0.310 10−4.25±0.07 −0.488±0.003 10−4.93±0.02 −0.342±0.003 

923 10−4.57 −0.303 - - - - 

As listed in Table 48, the exchange current densities of 800H and H230 are similar, since 

the major depleted element in both alloys is Cr. For the 800H with Ni coating, the exchange 

current densities are lower than 800H alloy as Ni is more stable than Cr. These exchange current 

densities obtained in present work are helpful in constructing the Tafel model during the galvanic 

corrosion of these alloys in future research. 
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APPENDIX B: CALCULATION OF DIFFUSION MODEL 

The diffusion model constructed based on four reasonable assumptions:  

1. One-dimention infinite diffusion 

2. Concentration of Cr is decreased due to pitting corrosion before diffusion (when we 

construct the diffusion model, concentration of Cr in pitting area is decreased already). 

3. Two diffusion processes: 1) from bulk to pitting area, 2) from pitting area to surface. 

4. In the pitting area, concentration of Cr is linear relationship with the corrosion depth. And 

at the half of corrosion depth, concentration is Cmid=Cinitial-Closs. 

Then for the process 1, PDEs are listed in equations (5.59) and (5.60) in the previous 

section. 

 

PDE: 
𝑑𝐶

𝑑𝑡
= 𝐷

𝑑2𝐶

𝑑𝑥2
                                                           (B-1) 

IC: C(𝑥, 0) = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − [−𝑘 (𝑥 −
𝑑𝑐𝑜𝑟𝑟

2
) − 𝐶𝑚𝑖𝑑 + 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙] 𝐻(𝑋) {

𝑥 ≥ 0,𝐻(𝑥) = 1
𝑥 < 0,𝐻(𝑥) = 0

}      (B-2)
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To solve the infinite diffusion problem, we need to convert the equation to ODE problem 

in Fourier transformation. 

F( 
𝑑𝐶

𝑑𝑡
) = 𝐷 ∙ 𝐹(

𝑑2𝐶

𝑑𝑥2
)                                                           (B-3) 

F[C(𝑥, 0)] = F[f(x)]                                                      (B-4) 

𝑓(𝑥) = 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − [−𝑘 (𝑥 −
𝑑𝑐𝑜𝑟𝑟

2
) − 𝐶𝑚𝑖𝑑 + 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙] 𝐻(𝑋) {

𝑥 ≥ 0,𝐻(𝑥) = 1
𝑥 < 0,𝐻(𝑥) = 0

}                 (B-5) 

where F is Fourier transformation formula, listed in equation (B-6). 

F[f(x)] = F(ε) =
1

√2𝜋
∫ 𝑓(𝑥)𝑒−𝑖𝜀𝑥𝑑𝑥
∞

−∞
                                              (B-6) 

Let 

 F[C(x, t)] = U(ε, t)                                                       (B-7) 

Then 

dU(t)

𝑑𝑡
= D

𝑑2𝑈(ε,t)

𝑑ε2
                                                       (B-8) 

Based on the equation (B-6), we know the Fourier’s first property: 

D
𝑑2𝑈(ε,t)

𝑑ε2
= −𝐷ε2𝑈(𝑡)                                               (B-9) 

Thus, 

dU(t)

𝑑𝑡
= −𝐷ε2𝑈(𝑡)                                                    (B-10) 

That is ODE problem, and we can easily obtain the answer of 𝑈(ε, t). 

𝑈(ε, t) = 𝑈(ε, 0) ∙ 𝑒−𝐷ε
2𝑡 = F[f(x)] ∙ 𝑒−𝐷ε

2𝑡                                        (B-11) 

Then the Fourier function needs to be converted back, and it will be 
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𝐶(𝑥, 𝑡) = 𝐹−1{F[f(x)] ∙ 𝑒−𝐷ε
2𝑡}                                            (B-12) 

It will be 

𝐶(𝑥, 𝑡) = 𝑐𝑜𝑛𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓(𝑥)  ∙  𝐹−1(𝑒−𝐷ε
2𝑡)                            (B-13) 

Using the Fourier transform Table, we can obtain 

𝐶(𝑥, 𝑡) = 𝑐𝑜𝑛𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛    𝑜𝑓     𝑓(𝑥) ∙ 𝑒−(𝑥−𝜀)
2/4𝐷𝑡𝑑𝜀                     (B-14) 

Based on the convolution property, we can obtain, 

𝐶(𝑥, 𝑡) =
1

2√𝐷𝑡𝜋
∫ 𝑓(𝜀) ∙ 𝑒−(𝑥−𝜀)

2/4𝐷𝑡𝑑𝜀
∞

−∞
                                   (B-15) 

As f(ε) are different when ε≥0 and ε≤0, equation (C-15) will be written as 

𝐶(𝑥, 𝑡) =
1

2√𝐷𝑡𝜋
∫ 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∙ 𝑒

−(𝑥−𝜀)2/4𝐷𝑡𝑑𝜀
0

−∞
+

1

2√𝐷𝑡𝜋
∫ [𝑘(𝜀 −

𝑑𝑐𝑜𝑟𝑟

2
) + 𝐶𝑚𝑖𝑑] ∙ 𝑒

−(𝑥−𝜀)2/4𝐷𝑡𝑑𝜀
∞

0
   (B-16) 

To simplify the equation, let  

𝛾 =
𝑥−𝜀

2√𝐷𝑡
                                                              (B-17) 

Thus, 

{
 
 

 
 𝑑𝛾 = −

1

2√𝐷𝑡
𝑑𝜀

𝜀 = 𝑥 − 2√𝐷𝑡 ∙ 𝛾

𝑤ℎ𝑒𝑛  𝜀 = 0,    𝛾 =
𝑥

2√𝐷𝑡

𝑤ℎ𝑒𝑛  𝜀 = −∞,      𝛾 = ∞
𝑤ℎ𝑒𝑛  𝜀 = ∞,      𝛾 = −∞}

 
 

 
 

                                                 (B-18) 

Then, equation (C-16) can be written as 

𝐶(𝑥, 𝑡) =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
[
2

√𝜋
∫ 𝑒−𝛾

2
𝑑𝛾

∞
𝑥

2√𝐷𝑡

] +
1

2
{
2

√𝜋
∫ [𝑘(𝑥 − 2√𝐷𝑡 ∙ 𝛾−

𝑑𝑐𝑜𝑟𝑟

2
) + 𝐶𝑚𝑖𝑑] ∙ 𝑒

−𝛾2𝑑𝛾}
𝑥

2√𝐷𝑡
−∞

           (B-19) 

Seperating C(x,t) into three parts, we can obtain 
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𝐶(𝑥, 𝑡) =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
[
2

√𝜋
∫ 𝑒−𝛾

2
𝑑𝛾

∞
𝑥

2√𝐷𝑡

] +
𝑘(𝑥−

𝑑𝑐𝑜𝑟𝑟
2
)+𝐶𝑚𝑖𝑑

2
[
2

√𝜋
∫ 𝑒−𝛾

2
𝑑𝛾]

𝑥

2√𝐷𝑡
−∞

+ [
𝑘√𝐷𝑡𝑒−𝛾

2

√𝜋
∫ ]

𝑥

2√𝐷𝑡
−∞

               (B-20) 

Therefore, 

𝑤ℎ𝑒𝑛 𝑥 < 0, 𝐶(𝑥, 𝑡) =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
[𝑒𝑟𝑓(−

𝑥

2√𝐷𝑡
) + 1] +

𝑘(𝑥−
𝑑𝑐𝑜𝑟𝑟
2
)+𝐶𝑚𝑖𝑑

2
[𝑒𝑟𝑓𝑐(−

𝑥

2√𝐷𝑡
) +

√𝐷𝑡

√𝜋
k𝑒−

𝑥2

4𝐷𝑡      (B-21) 

𝑤ℎ𝑒𝑛 𝑥 ≥ 0, 𝐶(𝑥, 𝑡) =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
[𝑒𝑟𝑓𝑐(

𝑥

2√𝐷𝑡
) + 1] +

𝑘(𝑥−
𝑑𝑐𝑜𝑟𝑟
2
)+𝐶𝑚𝑖𝑑

2
[𝑒𝑟𝑓(

𝑥

2√𝐷𝑡
) +

√𝐷𝑡

√𝜋
k𝑒−

𝑥2

4𝐷𝑡             (B-22) 

For process 2, diffusion of Cr is from pitting area to surface, and PDEs as well as schematic are 

discussed in previous section. 

 

PDE: 
𝑑𝐶

𝑑𝑡
= 𝐷

𝑑2𝐶

𝑑𝑋2
                                                           (B-23) 

BC: C(0, t) = 𝐶𝑠                                                             (B-24) 

IC: C(X, 0) = 𝐶0 = −𝑘 ∗ (𝑋 −
𝑑𝑐𝑜𝑟𝑟

2
) + 𝐶𝑚𝑖𝑑                                              (B-25) 

For semi-infinite diffusion problem, the PDE problem is transformed with Laplace 

transformation. 

𝑇ℎ𝑒𝑛, 𝐿(
𝑑𝐶

𝑑𝑡
) = 𝐿(𝐷

𝑑2𝐶

𝑑𝑋2
)                                                         (B-26) 

L is Laplace transformation, which is shown in equation (B-27) 
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L[f] = ∫ 𝑓(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞

0
                                                       (B-27) 

Let              

𝑈(𝑥, 𝑠) = 𝐿[𝐶(𝑋, 𝑡)]                                                         (B-28) 

And based on the Laplace transformation property, equation (B-27) can be written as 

𝑠𝑈(𝑥, 𝑠) − 𝐶(𝑥, 0) = 𝐷
𝑑2𝑈

𝑑𝑥2
(𝑥, 𝑠)                                       (B-29) 

Thus, equation (B-29) becomes as ODE problem, and the solution is listed in equation (B-30) 

𝑈(𝑥, 𝑠) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∙ 𝑒
−
𝑥√𝑠

√𝐷 +
𝑘𝑥+𝐶𝑚𝑖𝑑−

𝑑𝑐𝑜𝑟𝑟
2
𝑘

𝑠
                                         (B-30) 

Inverse Laplace transformation, and check the Laplace transformation Table, we obtain 

𝐶(𝑥, 𝑡) = 𝐿−1[𝑈(𝑥, 𝑠)] = constant ∙ erfc(
𝑥

2√𝐷𝑡
) + 𝑘𝑥 + 𝐶𝑚𝑖𝑑 −

𝑑𝑐𝑜𝑟𝑟

2
𝑘                              (B-31) 

When x=0, C(0,t)=Cs, 

𝑇ℎ𝑢𝑠, 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝐶𝑚𝑖𝑑 −
𝑑𝑐𝑜𝑟𝑟

2
k = 𝐶𝑠                                                  (B-32) 

Then we obtain the value of constant. Therefore, the final equation is listed in equation (B-33) 

𝐶(𝑥, 𝑡) = (
𝑑𝑐𝑜𝑟𝑟

2
𝑘 + 𝐶𝑠 − 𝐶𝑚𝑖𝑑)𝑒𝑟𝑓𝑐(

𝑥

2√𝐷𝑡
) + 𝑘𝑥 + 𝐶𝑚𝑖𝑑 +

𝑑𝑐𝑜𝑟𝑟

2
𝑘                             (B-33) 

As the direction is reversed in diffusion process 2 (compared with diffusion process 1), k 

in diffusion process 2 is equal to -k in diffusion process 1 


