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Mingyang Zhang 

ABSTRACT 

This study encompasses various aspects of corrosion in chloride molten salt environments, 

employing electrochemical techniques and a forced convection loop. It explores corrosion 

thermodynamic properties, electrochemical corrosion kinetics, and flow-induced dynamic 

corrosion. The study developed a novel electrochemical method for measuring 

thermodynamic properties of corrosion products and develops a new analysis theory for 

potentiodynamic polarization data obtained from cathodic diffusion-controlled reactions. 

Additionally, the design and operation experience of a forced convection chloride molten 

salt loop is shared. Particularly, the study presents novel findings on the turbulent flow-

induced corrosion phenomenon and mechanism of Fe-based alloys in Mg-based chloride 

molten salt. These outcomes provide valuable insights into the corrosion mechanisms and 

flow-induced corrosion of Fe-based alloys in chloride molten salt. The results and 

experiences shared in this paper have implications for the successful implementation of 

molten salt as an advanced heat transfer fluid and thermal energy storage material in high-

temperature applications, benefiting the nuclear and concentrating solar communities. 
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GENERAL AUDIENCE ABSTRACT 

This study explores the corrosion behavior of materials chloride molten salt, which is used 

in advanced energy systems. By using advanced techniques, the researchers investigated 

how these materials react and corrode in different conditions. They developed new methods 

to measure the properties of the corrosion products and analyzed how different factors 

affect the corrosion process. Additionally, they shared their experiences in building and 

operating a flow loop to simulate these conditions. The study discovered interesting 

phenomena, such as how the flow of molten salt can cause corrosion in certain types of 

metals. These findings provide important insights for improving the use of molten salt as 

a heat transfer fluid and energy storage material in advanced energy technologies.
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Chapter I INTRODUCTION  

I.1. Background 

The escalating issue of energy consumption and its detrimental impact on greenhouse gas 

emissions presents a formidable global challenge. Despite concerted efforts by governments to 

address the root causes of global warming, carbon dioxide emissions from energy and industrial 

activities have surged by 60% since the United Nations ratified the Framework Convention on 

Climate Change in 1992. According to a report by the International Energy Agency (IEA), global 

energy consumption has risen by 26.3% from 2005 to 2019, with electricity accounting for 19.7% 

of total energy consumption in 20191,2. The demand for electricity continues to outstrip other 

energy sources on an annual basis. Electricity is a secondary form of energy that is converted from 

primary sources through mechanical energy systems. While coal remains the predominant source 

for electricity generation presently, there is a growing trend towards renewable and clean energy 

sources. It is projected that renewables will constitute nearly 90% of electricity generation in the 

United States by 2050, with nuclear, solar, wind, and hydroelectric power plants at the forefront 

of this transition. Consequently, the development of renewable energy sources has become 

increasingly compelling. 

Nuclear and solar energy are projected to play pivotal roles in future electricity generation among 

sustainable energy sources. Over the past several decades, extensive research has been conducted 

since the 1950s to develop more secure and efficient nuclear and solar power plants. For Nuclear 
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energy, one notable development is the proposal of using molten salts as fuel and coolant in these 

reactors, with significant progress made in the past 10 years in many countries. The origins of 

molten salt reactor (MSR) concepts can be traced back to the molten salt reactor experiments 

(MSRE) conducted at ORNL in the 1960s3-5. The MSRE5 successfully demonstrated the MSR 

concept, operating for over 15,424 hours without incident. Despite funding diversion, interest in 

MSR technology has been rekindled in recent years as a next-gen reactor concept6. The advantages 

of molten salt reactors can be categorized into three aspects: sustainability of the fuel cycle, 

economics, and safety7.  

One key benefit of molten salt reactors is the use of liquid fuel, which allows for online fission 

product removal and fuel refueling, thereby increasing fuel efficiency. Economically, the ability 

to refuel online enables continuous electricity generation without the need for reactor shutdowns, 

making MSRs more economically viable. Additionally, molten salts can operate at much higher 

temperatures and have lower vapor pressure compared to traditional water coolants, resulting in 

higher thermal efficiency of electricity generation and smaller containment vessels, which can 

further enhance profitability. 

Safety is a critical consideration in nuclear power plants, given the historical incidents such as 

Fukushima and Chernobyl disasters. Molten salt reactors have inherent safety features, as they 

require very low excess fuel due to their refuellable nature. This minimizes the risk of shifts in 

reactor vessel geometry and power spikes. Furthermore, since the fuel and coolant are operated at 

lower pressure, any leak of fuel and coolant would not result in hazardous expulsions. Molten salt 

is generally not highly reactive to the environment, mitigating the risk of hydrogen explosions or 
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sodium fires that have been associated with other types of reactors using water or sodium as coolant. 

The unique feature of liquid fuel reactors is that the fuel can drain out of the core in case of 

emergencies, further enhancing safety measures. 

In the selection of liquid fuel for molten salt reactors, several criteria have been defined by 

researchers. The elements in the liquid fuel should have low capture cross sections and high 

solubility of fissile (e.g., 235U, 233U, or 239Pu) and/or fertile (e.g., 232Th) materials. The liquid fuel 

should also be compatible with, or less aggressive towards, structural materials. Additionally, it 

should be thermally stable at operating temperatures and radiolytically stable under in-core 

conditions3,8,9. Various fluoride and chloride salts have been considered for use as liquid fuel and 

coolant in molten salt reactors. Fluoride salts, such as LiF, NaF, and BeF2, have been found to be 

relatively thermally and radiolytically stable, and among them, only BeF2 and 7LiF remain as 

preferred diluent candidates due to their nuclear properties, stability, and corrosivity10. Other 

systems, such as NaF-BeF2 system11, LiF-NaF-BeF2 system12,13, NaF-ZrF4 system, LiF-NaF-KF 

system, LiF-NaF-ZrF4 system, and some chloride systems14-16, have also been studied as potential 

fuel and coolant options. 

In recent years, further research has been conducted to evaluate the suitability of different fuel salt 

options by considering factors such as melting temperature, boiling temperature, neutron capture 

cross-section, partial vapor pressure, heat capacity, thermal conductivity, toxicity, cost, and the 

possibility of effective regeneration17-19. These studies contribute to the ongoing efforts in selecting 

the most suitable liquid fuel for molten salt reactors by taking into account various technical, 

safety, and economic considerations. 
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For solar energy, molten salt is commonly used as a heat transfer fluid and thermal energy storage 

medium in Concentrated Solar Power (CSP) systems, where the thermal stability of the molten 

salt is crucial for efficient operation20-22. In CSP systems, a binary mixture of 60% NaNO3 and 40% 

KNO3 by weight is commonly used, and the mixture is maintained within a temperature range of 

290°C to 565°C between the cool and hot storage tanks23,24. Several studies have given the 

thermophysical properties of solar nitrate salts, including viscosity, density, specific heat capacity, 

and thermal diffusivity, up to temperatures of about 620°C25-29. 

However, the next generation of CSP systems aim for higher power cycle efficiency, operation at 

temperatures higher than 700°C, therefore, chloride molten salts are considered promising 

candidates for high-temperature CSP applications due to their favorable thermophysical properties 

for heat transfer fluid and thermal energy storage medium30. Additionally, chloride molten salts 

have the potential for lower costs compared to other types of molten salts. For example, 

MgCl2/KCl/NaCl has a cost of less than $0.35/kg, compared to carbonate mixtures ($1.3-$2.5/kg) 

and traditional nitrite mixtures ($0.5-$0.8/kg)30. The lower cost of chloride molten salts makes 

them an attractive option for next-generation CSP systems, where higher operating temperatures 

may be required to achieve increased power cycle efficiency. 

Material degradation is one of the significant challenges associated with utilizing molten salt in 

both nuclear and solar power plants, and it is influenced by the chemistry of the molten salt and 

the properties of containment vessel materials31-34. The redox potentials of fuel components, 

corrosion products, and fission products in molten salt have been summarized by Guo et al.31. 

From the charts, it can be observed that the salt mixture itself is not corrosive. However, fission 
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reactions, generation of transmutation products, and contamination of the salt with metal ions or 

other oxidizing impurities can affect the redox potential and corrosion behavior of the materials33. 

To control the redox potential and mitigate material degradation, online methods such as redox 

potential control have been proposed. The principle of redox potential control is to maintain the 

potential range of the salt lower than the redox potential of the most susceptible corrosion elements 

in the containment vessel35. Purification of the salt, adjusting the cover gas partial pressure, adding 

reacting metals, and introducing soluble redox buffers are some of the methods used for redox 

potential control36-39. Electrochemical and optical spectroscopy studies are typical methods used 

to measure the redox potential and kinetic data of species of interest in molten salt35. Based on 

existing experience and databases, redox potential control has been demonstrated as a practical 

method to adjust the salt chemistry and mitigate material degradation in molten salt systems used 

in nuclear and solar power plants. 

The selection of vessel materials for storing and operating molten salt at high temperatures, 

typically in the range of 650°C to 800°C, is a challenging aspect of molten salt reactor design for 

long-lived nuclear or solar power plants. The development and investigation of suitable materials 

started around the same time as the concept of molten salt reactors was proposed. One of the first 

materials developed for use with molten fluoride salts was a nickel-based alloy such as Hastelloy 

N which was developed at Oak Ridge National Laboratory (ORNL)40. In recent years, several 

alloys derived from Hastelloy N have been studied to address some of the issues identified in 

molten salt applications41.   
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Table I-1 and Table I-2 summarizes the worldwide development of Hastelloy N, along with some 

other nickel and cobalt-based superalloys that have been developed and tested for molten salt 

applications41. Nickel and cobalt-based alloys are preferred due to their excellent physical 

properties and corrosion resistance. However, the high cost of nickel and cobalt due to metal 

reserves and demand from the battery industry makes building power plants out of superalloys 

economically challenging. As a result, research on the compatibility of molten salts with iron-

based stainless steel has been actively pursued42-44.  

Surface treatment techniques have also been explored as a method to increase the corrosion 

resistance of metallic materials and reduce the cost of power plant construction. Carburization45 

and boronization46 are two examples of surface treatment technologies. These methods involve 

forming unique stable compounds of the bulk metal with carbon or boron on the metal surface to 

increase corrosion resistance while preserving the mechanical properties of the material. 

In summary, the selection of vessel materials for molten salt applications is a challenging aspect 

of molten salt reactor design, and various materials and surface treatment techniques have been 

investigated to address issues such as corrosion resistance and cost-effectiveness. 
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Table I -1 Chemistry of alloys that have been investigated for MSR structural applications41. 

Element Ni Cr Mo Ti Fe Mn Nb Si Al  W 

Hastelloy N 

US 
Bal. 7.52 16.28 0.26 3.97 0.52 - 0.5 0.26 0.06 

Hastelloy NM 

US 
Bal. 7.3 13.6 0.5-2.0 <0.1 0.14 - <0.01 - - 

HN80M-VI  

Russia 
82 7.61 12.2 0.001 0.28 0.22 1.48 0.040 0.038 0.21 

HN80ʄTY 

Russia 
82 6.81 13.2 0.93 0.15 0.013 0.01 0.040 1.12 - 

HN80ʄTW 

Russia 
77 7 10 1.7 - - - - - 6 

MONICR 

Czech Rep 
Bal. 6.85 15.8 0.026 2.27 0.037 <0.01 0.13 0.02 0.16 

GH3535 

China 
Bal. 6.88 15.9 - 4.1 0.49 0.01 1.01 0.88 - 

EM-721 

France 
68.8 5.7 0.07 0.13 0.05 0.086 - 0.065 0.08 25.2 
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Table I -2 Chemistry of nickel and cobalt -based super alloys. 

Element Inconel 625 Inconel 718 A-286 188 alloy L605 

Ni 58 50-55 24-27 22 10 

Cr 20-23 17-21 13.5-16 22 20 

Mo 8-10 2.80-3.30 1-1.4 - - 

Fe 5 Bal. Bal. 3 < 3 

Mn 0.5 < 0.35 < 2 1.25 1.5 

Nb 3.15-4.15 4.75-5.50 - - - 

Ti 0.4 0.65-1.15 1.9-2.35 - - 

Si 0.5 < 0.35 < 1 0.35 < 0.4 

Al  0.4 0.20-0.80 < 0.35 - - 

Co 1 < 1.00 - Bal. Bal. 

Cu - < 0.3 - - - 

W - - - 14 15 

B - < 0.006 0.003-0.01 0.015 - 

C 0.1 < 0.08 0.08 - 0.1 

P 0.01 < 0.015 0.025  < 0.04 

V - - 0.1-0.5  - 

S 0.1 < 0.015 0.025  < 0.03 

La - - - 0.03 - 

In academia, the databases on molten salt corrosion have largely been compiled from small-scale 

capsule or crucible setups under static conditions. In such static environments, the corrosion 

parameters such as its kinetics are influenced by factors such as the contact area to salt volume 

ratio and the solubility limit of corrosion products, which eventually reach equilibrium. However, 

it is important to note that the corrosion behavior in flowing molten salt environments, such as in 

molten salt reactors or concentrating solar power receivers, may not always follow the same 

equilibrium behavior47. In power plant applications, where structures are exposed to flowing 

molten salt conditions, the corrosion process is influenced by the fluid dynamic parameters of the 
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molten salt, including flow conditions, attacking effects from insoluble impurities, and mass 

transfer effects of impurities and corrosion products. 

There have been some thermal convection loop tests using molten fluoride salts reported by Oak 

Ridge National Laboratory (ORNL) over 50 years ago48,49, and forced convection molten salt loop 

tests have been announced by Brookhaven National Laboratory, ORNL, and the University of 

Wisconsin50-52. However, corrosion results from forced convection loops are not readily available 

due to the significant expenses associated with building and operating these loops, as well as 

compatibility challenges with critical components such as valves, flanges, pumps, and sealants. It 

should be noted that all the flowing tests conducted in forced convection loop so far have used 

fluoride fluid medium. Therefore, there is a need to develop chloride flow systems for corrosion 

testing of candidate alloys that have been selected through static testing. 

I.2. Significance of the problem 

The corrosion of materials in molten salt environments is a significant problem with broad 

implications for various industries and applications, including nuclear energy, concentrating solar 

power, and other high-temperature processes. Comprehending and addressing molten salt 

corrosion is of utmost importance to ensure the secure and effective functioning of equipment and 

structures that are exposed to molten salt environments. 

In the context of nuclear energy, molten salt corrosion can pose challenges to the integrity and 

durability of materials used in molten salt reactors (MSRs), which are a promising type of 

advanced nuclear reactor technology. MSRs use liquid fuel in the form of molten salts as both the 
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fuel and the coolant, and materials exposed to these harsh environments must withstand high 

temperatures, radiation levels and corrosion of the molten salts. Corrosion of materials in MSRs 

can result in material degradation, reduced performance, and potential safety concerns, which can 

limit the viability and deployment of MSR technology. 

Similarly, in concentrating solar power (CSP) systems, molten salts are used as a heat transfer 

medium to transport and/or store thermal energy, and materials used in CSP receivers and heat 

exchangers are exposed to high-temperature molten salt environments. Corrosion of materials in 

CSP systems can impact the efficiency and reliability of the system, leading to reduced 

performance, increased maintenance costs, and potential safety risks. 

Moreover, molten salt corrosion has implications beyond nuclear energy and CSP. It is also 

relevant to other high-temperature industrial processes, such as in metallurgy, chemical processing, 

and thermal and chemical energy storage. In these applications, corrosion of materials can lead to 

equipment failure, reduced productivity, and increased costs. 

Therefore, understanding the fundamental mechanisms of molten salt corrosion, developing 

effective corrosion mitigation strategies, and obtaining reliable data from realistic operational 

conditions, such as flowing molten salt environments, are important for various industries and 

applications, and can contribute to the advancement and safe deployment of molten salt-based 

technologies. 
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I.3.  Problem Statement 

While there have been numerous corrosion studies conducted in static conditions using fluoride 

salts, there is a lack of comprehensive data for chloride salts, which are also candidates for nuclear 

fuel and/or coolant and CSP heat transfer and thermal storage applications. Additionally, there is 

a dearth of corrosion data from flowing molten salt environments, such as forced convection loops 

and thermal convection loops, which are more representative of real-world operating conditions in 

power plants and other industrial processes. 

The lack of corrosion data for chloride salts and flowing conditions poses several challenges. 

Firstly, it limits the understanding of the corrosion behavior of materials in these environments, 

which can impede the development of effective corrosion mitigation strategies. Secondly, it 

hinders the selection and qualification of suitable materials for use in chloride salt systems and 

flowing molten salt environments, which can result in uncertainties and risks in the design and 

operation of related equipment and structures. Thirdly, it restricts the ability to accurately predict 

the performance and lifetime of materials in chloride salt systems and flowing molten salt 

environments, which can impact the safety, reliability, and cost-effectiveness of molten salt-based 

technologies. 

Addressing the data shortage in corrosion studies for chloride salts and flowing conditions is 

critical for advancing the understanding of corrosion mechanisms, developing effective corrosion 

mitigation techniques, and ensuring the safe and reliable operation of equipment and structures 

exposed to these environments. This requires dedicated research efforts, including experimental 
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studies, data collection, and data sharing, in order to generate comprehensive and reliable corrosion 

data for chloride salts and flowing molten salt conditions. Such data can inform materials selection, 

design criteria, and operational guidelines, and contribute to the development and deployment of 

molten salt-based technologies with improved performance, durability, and safety. 

I.4.  Research hypotheses 

Hypothesis 1: The thermodynamic properties of Ni, Fe, and Cr corrosion products in chloride salt 

systems differ from those in other salt systems, such as fluoride salt and nitrate salt, due to 

differences in salt chemistry, thermodynamics, and transport properties. 

Hypothesis 2: Flowing conditions, such as forced convection and thermal convection, have a 

significant impact on the corrosion behavior of materials in molten salt environments, because of 

flow velocity that leads to convection of mass transfer. 

Hypothesis 3: The corrosion rates and mechanisms of materials in chloride salt systems and 

flowing molten salt environments are influenced by various factors, including alloy composition, 

temperature, salt chemistry, flow velocity. 

Hypothesis 4: Developing chloride flow systems for corrosion testing of candidate alloys will 

provide valuable insights into the corrosion behavior of materials in chloride salt systems under 

realistic flowing conditions.  
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Chapter II LITERATURE REVIEW 

II.1. Coolant salt chemistry, selection, and application in MSR & CSP 

Molten salts have become a crucial component in various industrial engineering applications, 

particularly in those involving high-temperature fluidic systems. These salts are utilized as 

working fluids for a wide range of high-temperature processing applications, such as acting as a 

catalyst and fluid reaction bed, as well as a heat transfer medium for coal gasification53,54. 

Additionally, they are used as a pyro-processing fluid for metal production55,56, a means of 

separating unclear waste57-60, and as an electrolyte in advanced thermal batteries61,62. The focus of 

this dissertation, however, is their application in Molten Salt Reactors (MSR) and Concentrated 

Solar Power (CSP) systems, where they are proposed to be as heat transfer fluids (HTF) and 

thermal energy storage (TES) salts. 

Molten salt refers to an inorganic salt or mixture of salts that is normally solid at room temperature 

and atmosphere pressure but can become liquid at high temperatures. The choice of salt depends 

on the specific application and environment. For instance, in CSP plants, molten salt working 

fluids must have a lower freezing point to prevent salt from freezing in the tubing. Currently, a 

eutectic mixture of sodium nitrate and potassium nitrate, known as "Solar Salt," is used in 

commercial systems. Solar salt has a melting point of approximately 236 °C. Similarly, in Molten 

Salt Reactors (MSRs), the primary molten salt must not only be stability at high temperatures, but 

also possess desirable neutronic and radiation stability properties. Generally, we will consider 

molten saltsô thermal-physical properties such as melting point, boiling point, vapor pressure, 
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density, thermal conductivity, specific heat capacity and viscosity, and molten saltsô chemistry 

such as solubility, thermal stability and corrosivity.   

Molten chloride salts are considered one of the most promising TES and HTF materials for next-

generation molten salt technology due to their high thermal stability and low costs. Several 

research groups have conducted selection and optimization of promising chloride salt mixtures for 

the next generation of molten salt technology by reviewing the literature or conducting 

measurements. As shown in Table II -1, chloride mixtures have high thermal stability (greater than 

800°C), comparable thermo-physical properties, but potentially much lower prices. Regarding the 

thermos-physical properties and material price, the interested chloride salts include LiCl, MgCl2, 

CaCl2, ZnCl2, BaCl2, AlCl3, SrCl2, NaCl, and KCl.   
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Figure II -1 Liquidus projection of the ternary halide salts (KCl, NaCl and MgCl2) system63. 
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Ding et al.64 provided an overview of the properties of single salts and binary salt mixtures, 

highlighting that alkali metal chloride salts such as KCl and NaCl offer high heat capacities, low 

vapor pressures at high temperatures, weak hygroscopic properties, and affordable prices, although 

their high melting temperatures pose a challenge. To expand the operational temperature range, 

the melting temperatures of single alkali metal chloride salts can be significantly reduced through 

mixing with alkaline earth metal chlorides (e.g., MgCl2, CaCl2, SrCl2) or other metal chlorides 

such as ZnCl2 and AlCl3. However, salts based on ZnCl2 and AlCl3, although having lower melting 

temperatures than other candidates, are not favored for next-generation MSR/CSP development 

due to their high vapor pressures at a temperature above 720 oC which can be an operation 

temperature of an advanced MSR and CSP. Instead, salt mixtures containing NaCl, KCl, CaCl2, 

and MgCl2 have shown promising properties. Among them, KClïMgCl2 has a relatively low 

melting temperature (426 °C), low vapor pressures at high temperatures, and low material costs. 

The addition of inexpensive NaCl to this mixture could further lower the melting temperature, 

reduce costs, and increase heat capacity. 

Since the 1920s, researchers have conducted experimental and simulation studies to determine the 

eutectic composition and thermophysical properties of the MgCl2-KCl-NaCl molten salt mixture. 

Leung et al.63 (2015) reported a detailed phase diagram, Figure II -1, of the NaCl, KCl, and MgCl2 

system, which included a melting temperature as low as 383°C estimated by FactSage software 

with compositions of 27.5MgCl2 ï 52.5KClï 20NaCl (mol.%), 44.7 MgCl2 ï 25.8 KCl ï 29.4 

NaCl (mol.%). Two eutectic points were found at the liquidus boundary with similar melting 

temperatures. Thermophysical properties for more than ten different eutectic compositions of the 
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MgCl2-KCl-NaCl molten salt mixture were summarized in Table II -2, with experimental melting 

temperatures ranging from 380-390°C and specific heat capacities measured around 1 ὯὐϽὯὫ Ͻ

ὑ  at 700°C. However, vapor pressure measurements of the MgCl2-KCl-NaCl system varied 

greatly in accuracy, with Wang65 reporting 10 kPa and Villada et al.66 reporting 1 kPa at 800°C. 

Therefore, vapor pressure measurement techniques need to be optimized to obtain consistent and 

reliable results. Despite the slight dependence on eutectic composition, the thermophysical 

properties of the mixture were generally consistent. In 2019, the National Renewable Energy 

Laboratory (NREL) selected the eutectic composition MgCl2-KCl-NaCl (44.7/25.8/29.4 mole%) 

as a candidate for third generation CSP (Gen. III CSP) plants for HTF and TES salt67. In this 

dissertation, we investigate the NREL composition in both CSP and MSR application, which is 

referred to as Magnak salt in this dissertation.  
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Table II -1 Properties and prices of molten salts as TES/HTF in CSP68. 

Composition 

(wt%) 

Melting 

Point  

(oC) 

Thermal 

Stability 

Limit (oC) 

Density  

(ὫϽὧά  

Heat Capacity  

(ὯὐϽὯὫ Ͻ
ὑ ) 

Price 

(ὟὛ ΑϽ
ὯὫ  

KNO3-NaNO3 

(40/60) 
240a 530-565a 

~1.8a (400 
oC) 

~1.5a (400 
oC) 

0.5c 

KNO3-NaNO3-

NaNO2 

(53/35/33) 

142a 450-540a 
~1.8a (400 

oC) 
1.5a (400 oC) 0.9c 

Li 2CO3-K2CO3-

Na2CO3 

(32/35/33) 

397a >650a 2.0a (700 oC) 1.9a (700 oC) ~1.3c 

KF-LiF-NaF 

(59/29/12) 
454a >700a 2.0a (700 oC) 1.9a (700 oC) >2f 

ZnCl2-KCl-NaCl 

(68.6/23.9/7.5) 
204c 850c 2.0b (600 oC) 

0.8 c 

(300-600 oC) 
0.8e 

MgCl2-KCl-NaCl 

(68.2/17.8/14) 
380d >800e 1.7b (600 oC) 

~1.0 b  

(500-800 oC) 
<0.35e 

CaCl2-NaClïKCl 

(66.0-27.5ï6.5) 
504 850 1.8g (800 oC)  ~0.80g  

a refers to the Ref69. b refers to the Ref70. c refers to the Ref71. d refers to the Ref72.  e refers to the 

Ref30. f refers to the Ref68. G refers to Ref73  
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Table II -2 Eutectic compositions and thermos-physical properties of MgCl2ïKClïNaCl from 

literature.  

 MgCl2 KCl NaCl 
Melting Point 

(oC) 

Vapor pressure 

(kPa) 

Heat Capacity 

(ὯὐϽὯὫ Ͻὑ ) 

mol % 

wt % 

49 

58.7 

18.5 

17.4 

32.5 

23.9 
38574   

mol % 

wt % 

45.4 

55 

21.6 

20.5 

33 

24.5 

38575 

0.07 (800 oC) 
1.01 (400 oC) 

1.1876 (455-600 oC) 
38376 

38776 

mol % 

wt % 

47.1 

56.5 

22.7 

21.3 

30.2 

22.2 
38577   

mol % 

wt % 

44.7 

53.9 

25.8 

24.4 

29.4 

21.8 
38567  

~1.0366 

(420-800 oC) 

mol % 

wt % 

47.1 

56.5 

22.7 

21.3 

30.2 

22.2 
385.466  1.0466 (420-800 oC) 

mol % 

wt % 

46.5 

56 

22.2 

20.9 

31.3 

23.1 
38566 166 (804 oC)  

mol % 

wt % 

40 

48.59 

32.5 

30.91 

27.5 

20.5 
38365 ~1065 (800 oC) 

1.04-0.9965 

(600-750 oC) 

mol % 

wt % 

47.9 

57.39 

21.2 

19.89 

30.9 

22.72 
39065 ~ 865 (800 oC) 

1.01-0.9465 

(600-750 oC) 

mol % 

wt % 

44.36 

53.37 

27.25 

25.67 

28.39 

20.96 
38265 ~1065 (800 oC) 

1.07-165 

(600-750 oC) 

mol % 

wt % 

60 

68.2 

20 

14.0 

20 

17.8 
38072  ~170 (500-800 oC) 
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II.2. Molten salt corrosion mechanism 

II.2.1. Static state corrosion mechanism 

Despite its promising cost and thermophysical properties, the commercial application of Magnak 

salt as a HTF and TES salt for third generation CSPs is hindered by its strong corrosivity towards 

structural materials, especially metallic materials. In recent years, extensive studies have been 

conducted on the interaction of metal materials with the MgCl2ïKClïNaCl system78-82, and several 

review papers have focused on the corrosion mechanism in chloride molten salt31,66,68,83. While 

pure Magnak salt does not corrode metal materials significantly due to the limited dissolution 

concentration of metallic corrosion products35, it is well-established that the corrosion of metal in 

chloride salt is mainly driven by non-metallic impurities such as H2O, HCl, O2, or Cl2. The 

hygroscopic nature of MgCl2 in the Magnak salt can easily combine with moisture in the air to 

form hydrates, increasing its corrosivity. Therefore, investigations on the purification of MgCl2-

based salts are essential for commercialization. Recent studies at research groups such as German 

Aerospace Center (DLR), National Renewable Energy Laboratory (NREL), and Shanghai Institute 

of Applied Physics, Chinese Academy of  Sciences (SINAP-CAS) have confirmed that MgOH+ is 

the primary corrosive impurity in the molten MgCl2-KCl-NaCl salt due to its high solubility and 

thermal stability68. Figure II -2 is the schematic of corrosion mechanism of alloy in Magnak salt at 

static state. It is important to note that MgOHCl is a byproduct of thermal treatment and dissolves 

in the molten salt due to its high solubility, as expressed in Equation II -1 and Equation II -2. 

However, it is thermally stable up to around 555°C and gradually decomposes to MgO precipitates 

and HCl gas as expressed in Equation II -3. 
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The following are decomposition pathways of anhydrous MgCl2 in the presence of moisture67: 

ὓὫὅὰϽςὌὕᴼὓὫὕὌὅὰὌὅὰὫ Ὄὕ, T=182 oC Equation II -1 

ὓὫὅὰϽὌὕᴼὓὫὕὌὅὰὌὅὰὫ, T=350 oC Equation II -2 

ὓὫὕὌὅὰᴼὓὫὕί ὌὅὰὫ, T=554 oC Equation II -3 

Similar to aqueous solutions, the principle of corrosion in chloride molten salt is an 

electrochemical process. Bell et al. (2019) proposed that the molten salt solution can be classified 

as either acidic or basic depending on the oxide ion concentration, based on the Lux-Flood acid-

base model84. This approach can be useful in identifying the corrosion pathways in the molten 

salts. According to Bell et al.'s theory, Magnak salt can be defined as an acidic molten salt due to 

the low concentration of O2- formed from impurity sources. Consequently, the corrosion products 

(metal oxides) dissociate to form O2- and metal ions (Mn+), which then dissolve into the salt. The 

detailed process is illustrated in Figure II -3. Therefore, unlike in aqueous solutions, the formation 

of a passive metal oxide layer to protect the metal is not stable in molten salt solutions. 

Under static state conditions, as illustrated Figure II -2, the corrosion process is governed by the 

rate of diffusion of corrosive impurities to the interface, the rate of corrosion reactions, the rate of 

diffusion of alloying elements to the interface, and the rate of dissolution of corrosion products 

into the salt. In an ideal situation where the bulk salt is infinite, the impurities continuously dissolve 

into the salt system, and the metal is thick enough, the thickness of the porous corrosion layer will 
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continue to grow with a decreasing rate, and eventually stop growth as the layer becomes thicker. 

But in reality, once the corrosion products saturated the bulk salt, the corrosion stopped.   

 

Figure II -2 Schematic of corrosion mechanism of alloy in Magnak salt at static state. (Reproduce 

from68,85,86)  

 



23 

 

 

Figure II -3 Corrosion mechanism for acidic Magnak salt. 

II.2.2. Dynamic corrosion mechanism  

The corrosion studies in static conditions do not account for other influential factors such as 

temperature gradient effects and flow-effects85. Figure II -4 illustrated the flow induced corrosion 

process. Initially the corrosion process is dominated by impurities, then the corrosion happens at 

a lower and constant rate driven by thermal gradient. The flow factors include but not limited to, 

temperature gradient, flow velocity, flow viscosity, and pressure gradient87. Different from the 

static corrosion, the flow induced corrosion can be governed by one of rates of or a combined rate 
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of mass transfer of corrosive impurities to the interface, the rate of corrosion reactions, and the rate 

of diffusion of alloying elements to the interface, the rate of erosion, and the rate of mass 

transportation.  

II.2.2.1.Temperature effects 

All the governing rates mentioned above are temperature-dependent, and a higher temperature 

leads to higher rates, resulting in a higher corrosion rate. In a closed loop with a temperature 

gradient, corrosion will continuously occur in the hot leg due to the precipitation of corrosion 

products in the cold leg, and the corrosion product will never saturate the salt. Figure II -4 

demonstrates that once the system reaches equilibrium, the temperature gradient becomes the 

major factor affecting corrosion. Even for loops with the same highest temperature and other 

hydraulic parameters, corrosion rates can vary if the loops are operated under different streamwise 

temperature profiles88. 
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Figure II -4 Depth of corrosion attack in Inconel 600 in natural convection molten fluoride salt as 

a function of exposure time89. 

II.2.2.2.Mass transfer effects 

II.2.2.2.1. Isothermal flowing molten salt system. 

Under static conditions, the transport of corrosion products from the interface to the bulk salt 

occurs solely through diffusion. However, under flow conditions, both diffusion and convection 

can contribute to the transport of corrosion products from the interface to the bulk salt. The flow 

velocity plays a key role in determining the degree of convection90. The effects of flow velocity 

on single-phase flow in liquid lead isothermal system is summarized by Zhang and Li88. 

II.2.2.2.2. Non-isothermal flowing molten salt system. 
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In a non-isothermal flowing molten salt system, as previously discussed in section II.2.2.1, the 

temperature gradient plays a crucial role in corrosion when a non-isothermal loop reaches 

equilibrium. In this scenario, corrosion products dissolve into the stream at high temperature 

regions and precipitate out at low temperature regions in the form of metal or corrosion products. 

Zhang and Li 88 outlined three phenomena of corrosion product deposition in liquid metal, which 

can also be applicable in the molten salt system. Depending on the case, the precipitated corrosion 

products may accelerate or inhibit the corrosion in high temperature regions.  

II.2.3. Corrosion types in molten salt 

II.2.3.1. Pitting corrosion  

Pitting corrosion refers to the localized attack of metal or metal elements, resulting in the formation 

of pits, holes, or voids due to corrosion. This form of corrosion commonly occurs in molten salt 

environments where unstable alloy elements are dissolved, resulting in a porous surface. Pitting 

corrosion is hazardous as it is challenging to detect and predict when it will occur, making it 

difficult to design against the formation of pits. ASTM-G4691 defines various types of pits, 

including uniform, wide, shallow, narrow, or deep, which perforate the metal's wall thickness. 

Figure II -5. illustrates the pitting surface of HAYNES 230 alloy in KCl-MgCl2-NaCl salt. Pit-

induced fatigue and stress corrosion cracking (SCC) are responsible for several failures. Fatigue 

occurs when repetitive loads weaken a material, while SCC presents itself as a crack that grows 

due to a combination of stress and a corrosive environment, usually resulting from high stresses in 

the pits. Since the oxide scale is not stable in molten salt, the pitting corrosion mechanisms should 
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be different from these in aqueous corrosion in which the pits can be re-passivated by new oxide 

scale formation.  

II.2.3.2. Galvanic corrosion  

Galvanic corrosion occurs when two dissimilar metals in an electrolyte solution undergo an 

electrochemical process, with one being less corrosion resistant than the other. The less corrosion 

resistant metal serves as the anode, while the more corrosion resistant metal acts as the cathode. 

The two metals, when in contact with an electrolyte solution, create a closed circuit, allowing 

electrons to flow between them. In a study by Wang et al.92, galvanic corrosion testing was 

performed on pure metals in fluoride molten salt. Guo et al.31 summarized the galvanic series in 

both chloride and fluoride molten salt. During scientific research to study the alloy corrosion 

performance under specific conditions, galvanic corrosion must be avoided or minimized.  

II.2.3.3. Intergranular corrosion   

Intergranular corrosion (IGC) refers to a type of localized corrosion that occurs at and near grain 

boundaries (GB). This corrosion leads to the disintegration of the metal alloy and a loss of its 

strength. IGC can occur due to impurities present at the GBs and depletion or enrichment of 

alloying elements in the GB region. For instance, in stainless steel, the formation of chromium 

carbide at the GB regions results in sensitization, leading to IGC93. This phenomenon is also 

observed in molten salt environments, as depicted in Figure II -6. There are numerous reports in 

the literature of IGC in alloys in molten salt. In both chloride and fluoride salt mixtures, Cr is the 
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most easily dissolvable element into the salt. Researchers have found that Cr can dissolve along 

the GB in bulk alloy near the surface. Subsequently, Mo or Nb is enriched at the GD31,46,89,94,95. 

 

Figure II -5 SEM surface images of HAYNES® 230® alloy after exposure to molten KCl-MgCl2-

NaCl salt at 800 ǓC for 100 h. (a) HP salt purified without Mg. (b) HP salt purified with Mg. (c) 

ICL salt not purified. (d) ICL salt purified with Mg. DôSouza et al.96. 
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Figure II -6 IGC mechanism in molten salt. Leong97. 

II.2.3.4.Erosion corrosion 

Erosion corrosion (EC) refers to the accelerated form of metal corrosion that occurs due to the 

relative movement between metal surfaces and a corrosive medium. The corrosive medium can 

take many forms, such as fluids (e.g., water or solutions with suspension), organics, liquid metals, 

or molten salt. The metal surface becomes damaged due to mechanical or hydraulic wear or 

abrasion caused by the medium's flow. Failures due to EC can occur unexpectedly and in a 
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relatively short time, particularly if the previous corrosion evaluations were conducted under static 

conditions or if the effects of erosion were not taken into account. In molten salt, especially 

chloride salt, the metal surface is not protected by corrosion products, and EC occurs immediately 

when induced by the flow. Increased velocity typically results in increased EC. While EC effects 

have been studied extensively in liquid metals for TES and HTF applications, no reports are 

available for molten salt environments. Figure II -7 depicts the EC mechanism of an alloy in Pb-

Bi, but it will differ in molten salt due to the lack of corrosion product protection. Molten salt EC 

will be discussed in section IV.4.3. 

 

 

Figure II -7 Schematic of alloy EC mechanism in Pb-Bi. Kondo et al.98. 
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II.3. Electrochemical measurement methods 

Electrochemistry is a field of physical chemistry that focuses on the connection between 

measurable electrical potential difference and identifiable chemical changes. It examines how a 

specific chemical change can lead to an outcome of potential difference, or vice versa99. In 

electrochemical studies, measurements are performed using an electrochemical cell comprising 

two or more electrodes, along with electronic circuitry for controlling and measuring the current 

and potential. Electrochemical measurements serve as a highly effective tool for quantifying and 

monitoring the corrosion process in molten salt systems. 

II.3.1. Electrochemical cell 

II.3.1.1.Two-electrode electrochemical cells 

Two-electrode electrochemical cells (TWEC), also known as galvanic cells, are the simplest setup 

for electrochemical experiments. This configuration consists of a working electrode (WE), where 

the desired chemical reactions take place, and a counter electrode (CE), which completes the cell. 

In TWEC, the current-carrying electrodes are also utilized for sensing measurements. Two-

electrode setups are employed in specific cases. Firstly, they are used when measuring the overall 

cell voltage is crucial, as in electrochemical energy devices such as batteries, fuel cells, and 

supercapacitors. Secondly, they are suitable when the counter electrode potential is expected to 

remain stable throughout the experiment. This is typically observed in systems with low currents, 

short timescales, and a well-matched counter electrode. For instance, a micro working electrode 

paired with a larger silver counter electrode can be used in such cases. 

II.3.1.2.Three-electrode electrochemical cell 

The three-electrode electrochemical cell (THEC) is composed of a working electrode (WE), a 

counter electrode (CE), and a reference electrode (RE). The RE serves as a reference point for 



32 

 

measuring and controlling the potential of the WE, with no significant current passing through it. 

The primary function of the RE is to maintain a stable potential, which ideally only relies on 

temperature. In practical terms, a small or negligible amount of current may pass through the RE 

to complete the circuit. However, the potential drop resulting from the solution resistance between 

the WE and RE is minimal. The potential gradients in a THEC system are illustrated in Figure II -8. 

This characteristic enables the THEC to provide more precise control and measurement of the WE 

potential. Due to this advantage, the three-electrode configuration is the most commonly employed 

setup in electrochemical experiments. 

 

Figure II -8 Schematic of potential gradients in a THEC system.╔◌ and ╔╬ are the potential change 

at the working and counter electrode interfaces. ░╡▼ is the potential change caused by the solution 

resistance.   
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II.3.2. Electrochemical experiments 

The objective of an experiment is to gather valuable information about a system's thermodynamic 

and kinetic properties by analyzing excitation and response functions, as well as utilizing 

appropriate models. In the case of an electrochemical system, the focus is on investigating the 

electrochemical behavior of the working electrode (WE) by manipulating specific variables within 

the cell and observing corresponding changes in other variables. Several parameters are of 

significance in an electrochemical cell, including: 

¶ System Temperature: The temperature at which the electrochemical system operates is an 

essential parameter that influences the kinetics and thermodynamics of the electrochemical 

processes. 

¶ Working Electrode Variables: Variables related to the working electrode, such as its 

material composition, surface condition, geometry, and surface area, play a crucial role in 

determining the electrochemical behavior and responses. 

¶ Solution Variables: Various factors related to the bulk solutions are important, including 

the choice of solvent, its concentration, the presence of impurities, and any other relevant 

chemical species. 

II.3.2.1. Reaction mechanism near the working electrode surface 

Figure II -9. illustrates the mechanism of reactions occurring on the surface of an inert working 

electrode (WE). The process begins with the transport of reactants from the bulk solution to the 

region near the electrode surface. In this region, the half redox reaction takes place, involving 

either oxidation or reduction of the reactants. During the electron transfer process, electrons are 
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either absorbed onto or desorbed from the electrode surface as part of the redox reaction. At steady 

state conditions, the electron transfer occurs through the electrode, bridging between the reactants 

and products, rather than through a chemical reaction in the bulk solution. The changes in potential 

or current resulting from these electron transfer events can be detected and measured using external 

devices, allowing for the analysis and characterization of the electrochemical system. 

 

Figure II -9 Reaction and the pathway near the inert working electrode surface for soluble-soluble 

reactions. 

In corrosion testing, the working electrode typically consists of a sample rather than an inert 

material. Figure II -10 depicts the mechanism of electrochemical corrosion testing. The 

electrochemical corrosion process involves not only the transportation of solution species between 

the bulk solution and the electrode interface but also the mass transfer of metal elements between 
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the bulk electrode and the electrode surface. Similarly, all electron transfer processes occur through 

the electrode. 

 

Figure II -10 Reaction and the pathway near the corrosion sample surface. 

II.3.2.2.Thermodynamic property measurement method  

In electrochemical experiments, potentials are typically measured relative to a stable reference 

electrode, allowing researchers to focus on the working electrode where the reactions take place. 

In the case of molten salt solutions, the commonly used reference electrode is the AgCl/Ag 

electrode, which consists of an Ag wire immersed in an AgCl-containing salt and separated from 

the main electrolyte by an ion-conductive membrane such as quartz, alumina, borosilicate glass, 

or glass-bonded mullite. However, the potential of this reference electrode (compared to the Cl2/Cl- 
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reference) requires additional measurement due to the uncertain activity of AgCl dissolved in the 

salt. In the 1950s, Yang et al.100 conducted pioneering research on the equilibrium potential of the 

AgCl/Ag redox couple in LiCl-KCl molten salt at various temperatures and concentrations using 

a two-electrode cell configuration: Ag(s)|AgCl in molten salt|Cl2(g)|graphite. This method and the 

data obtained by Yang et al. gained wide acceptance, to the extent that some studies101-103 directly 

extrapolated the redox potential of 1 wt% AgCl from Yang's dataset without conducting further 

experimental measurements. 

Subsequent studies100,104-107 have measured the potential of the AgCl/Ag redox couple in molten 

chloride salts under various conditions, involving different salts or experimental setups. Shirai et 

al.108, for instance, reported the equilibrium potential of the AgCl/Ag redox couple in LiCl-KCl 

eutectic over a concentration range of 0.01 mol% to 20 mol%. Their results exhibited significant 

deviations from those of Yang et al., even within the similar concentration range of AgCl. This 

discrepancy might be attributed to the variable Ag+ concentration of the Ag+/AgCl reference 

electrode during the electrochemical measurements. In a recent study by Yoon et al.109, the redox 

potential at lower AgCl mole fractions (X=0.0043 and X=0.00039) in LiCl-KCl eutectic melt was 

investigated using a three-electrode electrochemical cell with chlorine gas injected into the salt. 

Their results showed good agreement with Yang's data, providing further support for Yang's 

findings. 

Since the redox potential is an important thermodynamic data that can be used to predict the 

corrosion reactions, measurements of redox potential of metal ions in Magnak chloride salt are 

essential. Traditionally, redox potential is measured in a suitable galvanic cell or a double 
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concentration cell by using emf method 104,105,110,111. In those cases, an independent chlorine source 

must be supplied to establish a chlorine electrode, which makes it difficult to assemble the setup 

in a glovebox. To simplify the experimental setup and improve operational safety, some 

researchers 112-115 have developed a three-electrode electrochemical cell that uses a real reference 

electrode (e.g. AgCl/Ag) to measure redox potential, but the application is very limited. For 

example, it cannot measure the redox potential of a major component of the salt, such as the Mg 

ions in Magnak chloride. A new method has been developed in our previous study to address this 

limitation. With a metal reference electrode, the behavior of the chlorine formation on a graphite 

working electrode was recorded, which simplifies redox potential measurement 116. However, our 

previous experimental setup is only suitable for cations that have a single valence state, such as 

Ag(I), Mg(II), and Ni(II). For metals with more than one stable valence state, such as Cr (Cr(II), 

Cr(III))36, the electrolysis process of chlorine is accompanied by the oxidation state change of 

cations, which makes the cation concentration in the bulk salt unpredictable. In this studies, we 

proposed a solution to overcome the limitations of the previous setup. 

II.3.2.3.Electrochemical corrosion measurement method 

Electrochemical corrosion measurement methods are widely used to evaluate the corrosion 

behavior of metals and alloys under corrosive environments117,118. These methods involve the 

application of electrochemical techniques to assess the rate and extent of corrosion processes 

occurring at the metal-electrolyte interface119-121. One of the commonly used electrochemical 

corrosion measurement methods is known as potentiodynamic polarization (PD) measurement122. 
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Potentiodynamic polarization measurement is a valuable tool for evaluating the corrosion behavior 

of materials in molten salt environments. It provides crucial data for materials selection, corrosion 

mitigation strategies, and the development of new materials95,123-125. Advanced characterization 

techniques such as in-situ electrochemical impedance spectroscopy (EIS)126-128 coupled with 

potentiodynamic polarization measurements have provided insights into the film formation and 

breakdown processes. Most corrosion studies of structural alloys in molten salts have been 

performed using long-term (up to a few thousand hours) static capsule or flow-loop tests followed 

by characterization of near surface regions of the samples47. Despite the challenges associated with 

the high-temperature and corrosive nature of molten salts, recent advancements in experimental 

techniques and materials design have expanded our understanding of corrosion mechanisms, 

paving the way for improved materials performance in these challenging environments.  

II.4. Force and Natural convection study 

II.4.1. Forced convection molten salt loop experience  

The Molten Salt Reactor (MSR) concept has been identified as a promising next-generation 

advanced nuclear reactors129. Molten salt advanced features make molten salt an exceptional heat 

transfer fluid. Over the past few decades, numerous studies have been conducted to understand the 

chemistries, physical properties, and thermodynamic properties of different salts in both fluoride 

and chloride form. However, most databases on molten salt corrosion have been compiled from 

small-scale capsule or crucible setups under static conditions. In such scenarios, the corrosion 

process is influenced by factors such as the contact area to salt volume ratio and the solubility limit 
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of corrosion products, which ultimately reach equilibrium. Nonetheless, it is impossible to apply 

the results from static tests to explain  the corrosion behavior in flowing molten salt environments, 

such as in the coolant system of MSRs or CSP which may not always follow the same equilibrium 

behavior47. In power plant applications, where structures are exposed to flowing molten salt 

conditions, the corrosion process is influenced by fluid dynamic parameters. 

Conducting corrosion tests under flowing molten salt is of utmost importance, as it simulates as it 

simulates real- or near-real- world conditions in which structures are exposed to molten salt. The 

significance of this type of testing was initially demonstrated by the Oak Ridge National 

Laboratory (ORNL) in the 1950s, during the Aircraft Reactor Experiment (ARE) and Molten Salt 

Reactor Experiment (MSRE) programs, where molten salt was used as a heat transfer fluid in 

nuclear reactor applications. ORNL built and operated several nature convection loops (NCL) and 

force convection loops (FCL) between the 1950s and 1970s, to study the material compatibility of 

various molten salt48,49. Unfortunately, the study of molten salt loops (MSL) came to a sudden halt 

with the termination of the MSRE program. 

In recent years, a few MSLs have been constructed and operated by Chinese130, Russian131, 

Japanese132, and U.S133,134 groups. However, from the limited MSL publications available, NCL 

studies dominate due to their simple structure and ease of operation. FCL investigations are scarce 

due to the significant expenses associated with building and operating these loops, as well as 

compatibility challenges with critical components such as valves, flanges, pumps, and sealants.  
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In 1998, the Tohoku University and National Institute for Fusion Science in Japan constructed a 

FCL to study the heat transfer properties of molten salt using Flibe as a coolant. However, due to 

the high melting point of Flibe, the Japanese group never used it and instead used a simulant, heat 

transfer salt (HTS) which is a Hitec salt (KNO3: NaNO2: NaNO3, 53-40-7 mol%) eutectic salt with 

a lower melting point. The group reported various findings including HTS melting sound 

phenomena, HTS invasion into gas line incident, HTS residuals at some welding joints 

phenomena, and un-uniform pipe heating phenomena132. The heat transfer test of the Japanese 

MSL was completed in 2007, using HTS at a temperature of 200 oC135,136. 

In 2010, Sabharwall et al.52 published a report on the FCL experiments. The report provided a 

detailed design of the FCL for fluoride salts (FLiNaK) and magnesium chloride salts (MgCl2-KCl) 

and suggested four different molten salt flow measurement methods including GE Ultrasonic Flow 

meter, Bundle waveguide transducers, Foxboro vortex flow meters, and UW customized thermal 

flow meters. The report also discussed different kinds of seals, pressure drop measurement 

methods, different jointing implemented by UW, and bellow valves for flow controlling. 

Sabharwall et al. provided a comprehensive design lesson on FCL, but did not include any 

operational reports of the FCL52. In the same year, Sohal et al. proposed a conceptual design of 

forces convection molten salt heat transfer testing loop137.  

In a 2014 publication, Yoder Jr. et al.138 reported on the construction of a forced convection liquid 

salt test loop at the ORNL. The loop is capable of circulating FLiNaK salt and operating at 

temperatures up to 700°C and has been specifically designed to support the FHR concept by 

facilitating thermal, fluid, and component testing necessary for the development of this reactor 
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design. However, the authors noted that they were only in the initial stages of conducting material 

compatibility tests under static conditions at the time of their report. 

Arora et al.139 (2021) conducted a study on the development of advanced flow and temperature 

measurements in an FCL operating at 600°C. Their research was funded to advance the 

understanding of measuring thermal-hydraulic parameters in FLiNaK. They employed the 

FLEXIM ultrasonic flowmeter and NaK-filled pressure sensor to measure flow rate and validate 

the ultrasonic flowmeter readings within a broad range of flow rates. Additionally, they confirmed 

the practicality of using Optical Fiber Distributed Temperature Sensors (OFDTS) in MSL 

environments. 

In 2023, Head et al.140 published their experience testing an FCL, similar in construction to the 

FCL developed by Arora et al.139, but using a eutectic mixture of Hitec molten salt at a temperature 

of 200°C. The purpose of their reactor was to serve as a test bed for fluoride salt MSR technologies, 

specifically in the areas of instrumentation, reactor component development, and online 

monitoring of salt and system chemistry. The paper describes in detail the components of the FCL, 

including the pump, sump tank, heater, cover gas system, and trace heating system. While they 

gained valuable experience in MSL operations, the duration of their testing period was short, and 

the operation temperature was low. 

It is worth noting that the majority of MSL tests conducted to date have focused on fluoride salt. 

Despite several FCLs having been tested or operated in the past 25 years, none have been able to 

match the achievements of ORNL in the 1970s, with significantly lower operation temperatures 
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and durations. This study aims to share our experiences and lessons learned from our three long-

term tests, lasting 50, 80, and 100 hours, on an FCL utilizing Magnak salt35 (MgCl2-KCl-NaCl) at 

650°C, including design modifications and operational procedures.  

II.4.2. Flow induced corrosion in molten salt 

In the real world, flow-induced or dynamic corrosions are more complex than static corrosion 

cases. This complexity arises due to the involvement of forced mass transfer processes, which 

require considering additional parameters such as temperature gradients, flow velocities, and fluid 

hydraulic properties. As a result, the results obtained from static corrosion tests may not accurately 

represent the conditions experienced in flow-induced corrosion environments. However, static 

corrosion tests are still valuable and cost-effective as an initial step in material selection before 

proceeding to expensive dynamic corrosion tests. The most commonly used dynamic corrosion 

facilities include rotating cylinder electrodes on crucible scales, which have been extensively 

utilized in aqueous solutions141-146. However, these facilities are rarely found in molten salt 

corrosion condition147. Other widely employed options for dynamic corrosion studies are natural 

convection corrosion loops (NCL) and forced convection corrosion loops (FCL). The recent 

literature review is focused on the available data regarding the NCL and FCL in molten salt 

environment.  

The majority of molten salt corrosion research can be traced back to the 1950s at Oak Ridge 

National Laboratory (ORNL). In the early stages of the Aircraft Reactor Experiment (ARE), static 

and seesaw tests revealed that nickel-based alloys and austenitic stainless steels exhibited 
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promising corrosion resistance in molten salt fluoride148-150. Subsequent tests were conducted on 

these alloys in NCL, where one loop leg was heated while another was cooled to achieve a flow 

velocity ranging from two to six feet per minute (fpm) at temperatures ranging from 1300 to 1500 

degrees Fahrenheit. In a 1957 report, it was observed that molten fluorides caused subsurface voids 

in Inconel. Chemical analyses of the molten fluorides indicated a decrease in iron and nickel 

content and an increase in chromium content. Severe chromium loss occurred in the loop leg. The 

formation of voids was attributed to chromium oxidation, oxide removal from the material surface, 

and chromium diffusion within the bulk materials. It is worth noting that the voids beneath the 

surface were empty and did not connect to the surface. Furthermore, the voids tended to 

agglomerate and increase in size with time and/or temperature. Figure II -4 presents the results of 

other NCL experiments151. 

The ARE program successfully implemented FCL to conduct corrosion experiments. Apart from 

materials, the tested parameters included corrosion time, temperature, the ratio of structure-

material-surface area to the volume of salt, and flow velocity. It was found that the maximum 

depth of attack was proportional to the operating time. Since the loop itself served as the corrosion 

specimen, the temperature at the wall-salt interface was a crucial factor. Notably, even after 1000 

or more hours of recirculation, the salt in the cold leg did not reach equilibrium, and corrosion 

continued in both the hot and cold legs. The mass transfer attack was limited to a small region near 

the point of highest wall temperature. The ratio of structure-material-surface area to the volume of 

salt played a significant role in determining the depth of attack in the hot region, with a larger ratio 
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resulting in less attack depth. A comparison between NCL and FCL results indicated that the effect 

of flow velocity was minor, but this conclusion is not solid since only three data points available151. 

During the development of the Molten Salt Reactor Experiment (MSRE), corrosion 

characterization of fluoride salts was extensively studied. In March 1960, an important report was 

issued regarding the corrosion behavior of nickel-based alloys, specifically INOR-8 and Inconel, 

in a LiF-BeF2-UF4 (62-37-1 mole%) FCL. The FCL design and operation were reported later than 

the results presented by Crowley et al.152. The results for INOR-8 showed that after 5000 hours of 

operation, corrosion in the loop leg had ceased, and all the couples exhibited a corrosion band 

approximately 25 to 50 ‘ά thick. Below the band, recrystallized fine grains were observed. In the 

case of Inconel, FCL experiments were conducted using three different salts: LiF-BeF2-UF4 (62-

37-1 mole%), NaF-LiF-KF (11.5-46.5-42 mole%), and LiF-BeF2-UF4 (60-36-4 mole%). Severe 

corrosion occurred in the heated regions, while significantly less corrosion was observed in the 

unheated and cold legs. Interestingly, no deposits were observed in the cold legs. Similar to the 

findings in the ARE program, chromium dissolution was identified as the primary cause of material 

corrosion153. 

The MSRE research spanned the 1960s, with the reactor being constructed in 1964 and achieving 

criticality in 1965. After four years of operation, the reactor was shut down in 1969. However, the 

investigation into material compatibility continued until 1976. Following the reactor shutdown, 

the research focus shifted towards developing an alloy that could withstand irradiation and grain 

boundary embrittlement caused by tellurium49,154,155. In the MSRE report of 1975, corrosion results 

of SS316, Hastelloy N, and Inconel in fuel salt, coolant salt, and blanket salt were presented. The 
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experiments utilized both natural convection loops (NCL) and forced convection loops (FCL). The 

results consistently showed relatively low corrosion rates, typically around 25 ‘ά. Notably, even 

with the higher flow rates in the FCL, the corrosion rate did not increase significantly compared 

to NCL results156. 

After a hiatus of 40 years, the study of flow-induced corrosion in high-temperature molten salts 

has regained attention within the research community. However, the focus has primarily been on 

natural convection loop (NCL) corrosion experiments. Raiman et al.134 conducted a corrosion 

investigation on 316H in FLiNaK salt, operating for 1000 hours at 650°C. Similarly, Kelleher et 

al.133 reported NCL work ranging from a few hours to over 10,000 hours but in NaCl-MgCl2 and 

MgCl2-NaCl-KCl salt. Unlike fluoride salt corrosion, the chloride salt corrosion experiments not 

only observed chromium dissolution layers and voids but also encountered instances of 

intergranular cracking. Kelleher et al.'s work provided a comprehensive examination of material 

compatibility with chloride salt in NCL, thus paving the way for future forced convection loop 

(FCL) tests. In this article, we will present our corrosion studies of SS316 and A709 in an FCL 

utilizing Magnak salt.  
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Chapter III EXPERIMENTAL METHOD 

III.1. Thermodynamic properties measurement  

III.1.1. Redox potential measurement method development  

The experimental setup used is illustrated in Figure III -1. The following chemicals with high purity 

levels were purchased: anhydrous LiCl (>99%), anhydrous KCl (>99%), and AgCl (99.999%) 

from Sigma Aldrich. A reference electrode and a counter electrode were made from 1 mm diameter 

silver wires (99.999% purity, Alfa Aesar). A working electrode was made from a 3.05 mm 

diameter graphite rod (99.9995% purity, Alfa Aesar), with the tip end section roughened using 

120-grade sandpaper to absorb and store the produced chlorine. The electrodes were connected to 

a potentiostat instrument (Gamry Interface 1000) for electrochemical tests. The heating instrument 

was a muffle furnace equipped with a digital single setpoint temperature controller. The furnace 

exhibited ±7.8 °C uniformity and ±0.3°C stability at 1000°C. The experiments were conducted in 

an Argon (>99.999% purity) filled glovebox (PureLab HE 4-glove 1950mm, Inert), maintaining 

oxygen and moisture levels lower than 5 ppm. 

To prepare the eutectic salt (45wt% LiCl, 55wt% KCl), high purity anhydrous LiCl and KCl were 

weighed using a high precision digital balance (MS 105DU Mettler Toledo) and mixed (~50 g). 

The mixture was loaded into an alumina crucible and heated at 300 Ņ in the furnace for at least 8 

hours to remove residual moisture from the salt. A heating rate of 3°C/min was set to avoid thermal 
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expansion of the alumina crucible and safety dish. The salt was then heated to the target working 

temperature and kept in the furnace for 8 hours to stabilize the system. AgCl was added to the 

alumina crucible in the desired amount, and the temperature was maintained for several additional 

hours before the electrochemical experiments were conducted. 

In this experiment, the formation of chlorine gas at the graphite working electrode surface was 

achieved through either chronopotentiometry or potentiodynamic scan methods, instead of direct 

injection of chlorine gas into the system, which is inconvenient from an experimental standpoint, 

as explained earlier. This required unique constant current values (ranging from 0.012 A/cm2 to  

 

Figure III -1 Schematic drawing of the three-electrode electrochemical cell.  
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0.03 A/cm2) for chronopotentiometry and scan rates (ranging from 50 mV/s to 250 mV/s) for the 

potentiodynamic scan, which will be described later. The equilibrium potential of the graphite 

working electrode was measured with an Ag wire serving as a reference electrode, and it 

corresponds to the potential of the Cl2/Cl- couple versus the Ag+/Ag reference couple. As sufficient 

chlorine gas is produced at the graphite electrode using these two techniques and the system is 

saturated with chlorine ions, the activities of Cl2 and Cl- are assumed to be unity, and the potential 

of the working electrode is fixed. Activity coefficient calculations are then performed.  

III.1.2. Redox potential measurement in Magnak salt 

To conduct the electrochemical experiments, a three-electrode electrochemical cell was 

constructed using a working electrode (WE), a counter electrode (CE), and a metal reference 

electrode (RE), as shown in Figure III -2. In the magnesium and chromium tests, both the WE and 

CE were graphite rods with a 3.05 mm diameter and 99.9995% purity. In the nickel test, a 3 mm 

Ni rod was used as the CE. The immersion surface area of the CE was over four times greater than 

that of the WE. The surface areas of the WE and CE were determined by measuring the immersion 

length and diameter of the electrode after the experiment. Two different types of REs were used 

for different element experiments. In the chromium test, a Cr metal reference electrolyte was 

contained in a one-end closed, alumina tube with a 4.78 mm inner diameter and a 6.35 mm outer 

diameter (McDanel Advance Ceramic Technologies, 99.8%). The closed-end was polished to a 

wall thickness of about 0.40 mm or less. For the nickel and magnesium tests, the metal references 

were directly exposed to the salt matrices. However, since the melting point of magnesium is lower 

than the operating temperature and magnesium has a lower density compared to the salt matrices, 
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a test fixture was designed for the magnesium test, as shown in Figure III -3 (a). The outer alumina 

tube used was the same as the chromium test, but a hole was drilled near the closed end instead of 

polishing. An open-end tube with an OD of 3.96 mm and an ID of 2.39 mm was then inserted into 

the bottom of the alumina tube. At the center of the fixture is a 1 mm diameter tungsten rod, which 

is used as an extension wire to make the liquid magnesium connectable. Three electrodes were 

connected to a Gamry workstation (Interface 1000), which was controlled and monitored by a PC 

using its software. 

To prepare the Magnak salt mixture, a total of 50g of anhydrous MgCl2 (99%, American Element), 

KCl (>99%, Sigma-Aldrich), and NaCl (>99.5%, Sigma-Aldrich) were weighed using a high-

precision digital balance (MS 105DU Mettle Toledo) in a 100ml high-form alumina crucible 

(AdValue Technology). As chloride salts, especially MgCl2, are hygroscopic and can absorb 

moisture to form hydrates during transportation, a thermal purification procedure of the mixed salt 

powder was developed based on Vidal and Klammer's report67. The temperature profile of the 

furnace (FB1315M, HOGENTOGLER&CO.INC) and operations are shown in Figure III -4 . The 

long holding time and stirring operation were designed to help release hydrates. 

III.1.2.1. Chromium tests   

For the electrochemical experiments, 0.3g of Magnak reference electrolyte was mixed well in the 

alumina tube with the desired amount of CrCl2 (Sigma-Aldrich, 99.9%). The tube was inserted 

into the furnace, but it was hanging above the bulk salt at the beginning of the thermal purification 

procedure. After stabilization at 873 K for 8 hours, samples of both the RE salt and bulk salt were 

collected for further Inductively Coupled Plasma Mass Spectrometry (ICP-MS) concentration 
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analysis. The tube was then immersed in the salt, and a chromium rod (99.95%, American 

Element) with a 2.54 mm diameter was inserted into the reference electrolyte to establish an 

equilibrium Cr(II)/Cr couple. After 4 to 5 hours, CP tests were performed gradually with a 50 K 

temperature gradient from 873 K to 1073 K. 

III.1.2.2. Nickel tests 

In this experiment, a desired amount of NiCl2 (98%, Sigma-Aldrich) was added to the bulk salt. 

As nickel ion has only one stable valence in the molten salt, the alumina tube used in the chromium 

test was not necessary, as shown in a previous study116. During the CP test, the concentration of 

NiCl2 did not change, as confirmed by ICP-MS results. The experimental setup was the same as 

in the previous study116, with a 3.2 mm diameter Ni-RE rod (99%, Alfa Aesar) exposed to the bulk 

salt. The CE was the same material as the RE. The heating procedure was the same as before. To 

verify the results, two independent experiments were carried out at different temperature ranges 

with the same NiCl2 concentration. One experiment was conducted from 773 K to 973 K, and the 

other was conducted from 873 K to 1073 K. More details are discussed below. 

III.1.2.3.Magnesium tests 

For the magnesium experiment, a magnesium ball (99.99%, Amazon) weighing 0.176g was added 

to the tube as shown in Figure III -3.(a). This weight was calculated based on liquid Mg density 

data reported by McGonigal et al.157. The weight ensured that, in the liquid state, the Mg was 

higher than the hole but lower than the bulk salt after immersing the RE into the bulk salt. Firstly, 

the tube with solid Mg was inserted into the furnace without touching the pre-prepared bulk salt 
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and heated to 1023 K at a heating rate of 3 K/min to ensure that the Mg was melted, which is 

higher than Mg's melting point of 823 K. Secondly, the two-end open alumina tube was inserted 

into the liquid Mg to be in contact with the bottom of the outer tube, then a W rod was inserted 

into the two-end open tube to touch the liquid Mg. Finally, the RE was inserted into the bulk salt. 

At this time, because liquid Mg has strong surface tension, it blocked the hole on the outer tube 

instead of flowing out. Even though the density of Mg is much smaller than the density of salt, the 

bulk salt would not flow into the tube due to high surface tension158. The schematic explanation of 

Mg RE is shown in Figure III -3.(b). After the experiments, no Mg metal was found in the salt, and 

no salt was found in the RE alumina tube, indicating that there was no mass exchange between 

liquid Mg and molten salt through the hole. The experiments were performed at a temperature 

gradient of 25 K from 1023 K to 1073 K. Then it was cooled to 923 K and reheated to 998 K with 

a temperature gradient of 25 K. All operations were carried out in a high purity Argon (99.997%) 

filled glovebox (Inert), which maintained the moisture lower than 0.5 ppm and oxygen lower than 

0.1 ppm. After inserting the CE and WE, CP tests were performed. After the test, samples of the 

reference electrolyte and bulk salt were collected for further ICP-MS concentration determination. 
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Figure III -2 Schematic of experimental setup three-electrode electrochemical cell (1) metal 

reference for single valence state cations, (2) metal reference with alumina membrane for cations 

in an intermediate state.  
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Figure III -3 (a) Design of liquid magnesium electrode. (b) schematic of liquid magnesium in the 

alumina container. 

 

Figure III -4 The thermal purification profile and operations timeline. 

III.2. Electrochemical corrosion study in Magnak salt 

The electrochemical corrosion test was conducted within a glove box filled with pure argon gas, 

ensuring an oxygen level of 15 parts per million (ppm) and a moisture level of 2.3 ppm. To assess 
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the corrosion potential, corrosion rate, and surface conditions of the sample, a three-electrode 

electrochemical setup was employed. This setup facilitated measurements through various 

techniques, including conduction potentiodynamic scan (PD), electrochemical impedance 

spectroscopy (EIS), open circuit potential (OCP), and cyclic voltammetry scan (CV) during the 

initial 10-hour immersion period.  

The salt mixture (Magnak) used in the experiment was composed of MgCl2-KCl-NaCl in mole 

percentages of 44.7%, 25.8%, and 29.4% respectively. The individual chloride salts, MgCl2, KCl, 

and NaCl, were separately purchased from Thermo Fisher Scientific with a purity of 99%. Prior to 

conducting the experiments, the salts were stored in ambient conditions. It should be noted that 

chloride salts have hygroscopic properties, which means they tend to absorb moisture during 

shipping and storage. 

To mitigate the moisture content, the salts were transferred into a glove box and subjected to 

separate thermal purification processes using alumina crucibles at a temperature of 200 °C for over 

24 hours. During this step, the moisture and oxygen levels within the glove box were monitored 

and observed increasing then return to their original values. A total of 70 grams of heat-treated 

salts were accurately weighed using a high-precision digital balance (MS 105DU Mettle Toledo) 

and physically mixed in a 100 ml high-form alumina crucible (MSE Supplies). The mixture was 

then subjected to a thermal purification process following a method developed by our lab. The 

process involved heating the mixture to 500 °C and allowing it to settle for at least 5 hours before 

gently pouring it onto a pure nickel plate to rapidly cool and solidify the salt. It is important to note 
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that during this process, some insoluble particles settled at the bottom of the crucible, and caution 

should be exercised to avoid pouring out the precipitates. 

After this step, approximately 60 grams of the quenched salt were obtained. Subsequently, a clean 

alumina crucible was used to melt approximately 120 grams of the thermally purified Magnak salt 

at 500 °C. Following that, 10-15 wt% magnesium balls (99.99% purity, sourced from Amazon) 

were added to the salt. The magnesium balls were cleaned using a 0.5 mole/L HNO3 solution for 

30-60 seconds, followed by rinsing with deionized water and ethanol, and vacuum drying. The 

system was then heated at a rate of 3 °C/min until reaching 800 °C, where it was held isothermally 

for 2 hours. Afterward, the system was cooled down to 550 °C, and the remaining magnesium was 

separated from the salt. It should be noted that the magnesium typically maintained a spherical 

shape, but occasionally merged into larger balls or formed individual smaller balls. The chemically 

purified salt was allowed to settle for at least 8 hours at 550 °C to allow the precipitation of MgO. 

The same quenching process as before was employed, and approximately 100-105 grams of 

chemically purified salt were collected. The O and H analysis were conducted to the chemical 

purified salt, to determine the impurity contain.  

Three batches of thermally purified salts were prepared and labeled as A, B, and C. The details of 

the test matrix can be found in Table III -1. The materials investigated in this study include Ni (99%, 

Alfa Aesar by thermo fisher scientific), Fe (99%), and Cr (99.95%, American Elements).  

Additionally, two alloys, namely SS316 and A709, were studied. The chemical compositions of 

these alloys are provided in Table III -2. Except for the A709 samples, all other materials were in 

rod shape. The A709 samples, on the other hand, were in plate shape with dimensions of 3 mm 
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width and 1.5 mm thickness. The immersion depth of the samples was measured after the 

experiments were conducted. Before the experiments, all sample surfaces underwent a polishing 

process using SiC sandpaper with gradually increasing grit sizes from 240 to 1200. Following the 

polishing step, the samples were stored in the glovebox.  

Table III -1 Electrochemical corrosion tests matrix. 

Batches Sub-Batches Sample Material Magnak salt weight (g) Temperature (oC) 

A 

A1 Ni 30 600 650 700 

A2 Fe 30 600 650 700 

A3 Cr 30 600 650 700 

B 

B1 A709 30 600 

B2 A709 30 650 

B3 A709 30 700 

C 

C1 SS316 30 600 

C2 SS316 30 650 

C3 SS316 30 700 

 

Table III -2 Chemical composition of SS316 and A709. 

Elements Cr Ni Fe Mn Mo Si Nb Ti 

A709 19.93 24.98 Bal. 0.91 1.51 0.44 0.2 0.04 

SS316 18-20 11-14 Bal. 1-2.5 2-3 0.3-0.65 _ _ 

 

Elements Cu N C P B S 

A709  0.148 0.066 0.014 0.0045 - 

SS316 0.75 _ 0.03 0.03 _ 0.03 
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Figure III -6 illustrates the arrangement of electrochemical tests conducted in this study. One of the 

objectives of this research was to determine the corrosion potentials of pure metals and alloys in 

Magnak salt, therefore careful consideration was given to the design of the reference electrode 

(RE) section. In the current study, a magnesium (Mg) metal reference electrode, modified based 

on our previous work35, was utilized. The Mg RE was prepared using the same acid-treated Mg 

balls employed in the chemical purification process. 

To fabricate the Mg reference electrode, 0.37 grams of Mg balls were placed in a cleaned alumina 

tube, and the temperature gradually increased to 700 °C. Subsequently, a 1 mm tungsten rod was 

inserted into the tube, and the system was allowed to cool naturally. This entire Mg electrode 

fabrication process was performed within the glovebox. Finally, the aluminum tube was broken, 

and the Mg electrode was acid cleaned, followed by rinsing with deionized water and ethanol. The 

image of the Mg electrode can be seen in Figure III -5. The Mg reference electrode also 

incorporated an alumina tube with a 1 mm hole drilled at the bottom. This hole allowed the salt to 

flow into the tube and made contact with the Mg electrode while slowing down the diffusion 

process of corrosion products towards the Mg electrode. 

The experimental procedures for the electrochemical corrosion study of pure metals and alloys 

differ, as indicated in Table III -1. The sub-batch salts are separated from the same chemically 

purified batches to ensure that the sub-batch salts have similar conditions, especially in terms of 

impurities. For the study of pure metals, electrochemical corrosion experiments were conducted at 

three different temperatures gradually increasing from 600 to 700 °C. The procedure involved 

ramp heating a 30 g sub-batch salt in an alumina crucible at a rate of 5 °C/min until reaching 600 
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°C. At this temperature, ICP-MS samples were collected, and CV scan was performed using a 

tungsten electrode before switching to corrosion specimens. Once the corrosion specimens were 

set up, an OCP measurement was performed for 1 hour, followed by a PD scan in the positive 

direction at a rate of 2 mV/s124 within a scan window of ±0.25 V relative to the OCP. To ensure 

consistency and avoid introducing excess corrosion products into the molten salt for the subsequent 

tests, a carefully selected scan rate was applied during the experimentation process. The chosen 

scan rate was designed to minimize the amount of corrosion products released into the melt. The 

temperature was then increased to 650 °C, and the same procedure was repeated with a new set of 

corrosion samples.  

 

 

Figure III -5 Pictures of Mg reference electrode (Left) and Mg reference container (Right).  
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Figure III -6 Top view of the electrochemical corrosion tests setup. 

III.3. Forced convection molten sate loop design and experience 

A forced convection molten salt loop was designed and constructed in Nuclear Material and Fuel 

Cycle Center at Virginia Tech. The loop consists of an SS316 auxiliary tank, an SS316 storage 

tank, a centrifugal sump-type pump system, an SS316 loop, a vertical sample insertion column, an 

SS316 drain line, a cover gas and pressurizing system, heater zones on tanks, trace heating system 

for all pipes, and temperature and flow measurement system. This section will give details of each 

system. 

III.3.1. Auxiliary tank 

The auxiliary tank serves as both a reservoir and purification tank and is constructed of 316 

stainless steels. The tank is comprised of a cylindrical body, an ellipsoidal bottom, and a flat flange 

lid that are welded to ensure a proper seal. Its inner diameter measures 16 inches, outer diameter 
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16.5 inches, and depth 8.5 inches. With a total capacity of 1800 cu.-inch, the auxiliary tank can 

hold up to 1190 cu.-inch of liquid salt and 610 cu.-inch of cover gas. A 1-inch schedule 160, SS316 

pipe is welded to the center of the ellipsoidal bottom to serve as the connection point to the storage 

tank. The powder-salt loading port measures 2.5 inches and is located on the lid. Seven 0.5 inches 

FNPT ports are present, serving as the cover gas port, exhaust port, pressure transducer port, 

thermowell port, and three purging ports. The tank bottom also features a 0.5-inch SS316 tubing 

underneath the purging port, enabling flushing of the powder or liquid salt for purification. 

III.3.2. Pump and storage tank 

The storage tank functions as a critical component in the molten salt circulation loop system. Once 

the salt is purified in the auxiliary tank, it is transferred to the storage tank in preparation for 

operation. The storage tank shares similar specifications with the auxiliary tank, consisting of an 

SS316 cylindrical body with an SS316 ellipsoidal bottom. It features an inner diameter of 12.4 

inches, a depth of 15.5 inches, and a wall thickness of 0.25 inches. The total volume of the storage 

tank amounts to 1950 cu.-inch. At the top of the storage tank, there is a 1-inch thick SS316 flange 

with an inner diameter of 12.5 inches and an outer diameter of 17.5 inches. This flange is used to 

connect to the sump pump system. To ensure a reliable seal, both the pump and storage tank flanges 

are equipped with concentric grooves and sealed with a metallic gasket from Flexitallic that covers 

the entire surface. It is noteworthy that we have encountered no issues with this setup during our 

operations. 
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 The centrifugal pump used for the molten salt circulation is fabricated entirely from SS316, 

ensuring its durability and resistance to corrosion. It is driven by a 3-phase variable frequency 

motor with a maximum power rating of 3 HP. The motor is connected to the pump via a chain 

coupling, which effectively eliminates shaft vibration and efficiently transmits torque. To address 

the potential impact of thermal expansion on the dynamic balance of the shaft, a shaft with a 

diameter of 1.5 inches is utilized, extending along a length of 30 inches. Moreover, in consideration 

of the high operating temperature of the system, the pump shaft bearings and supports are cooled 

using an industrial fan, as the bearing grease cannot exceed 260 oC to maintain optimal 

performance. For reference, the pump system drawing is illustrated in Figure III -9, providing a 

visual representation of the pump and its components. 

One of the primary concerns in a molten salt loop system is the seal around the shaft, as leakage 

can result in air diffusing into the system and causing the salt to become aggressive. To address 

this concern, a stuffing box is designed for the shaft seal, as depicted in Figure III -7. The stuffing 

box is composed of five components: an SS316 seal box, an SS316 lid, an SS316 flange, a metallic 

raising surface gasket, and a pack of graphite seals. The gasket is compressed between the box and 

flange using only four 3/8 inch SS316 bolts, with the compression force being limited. Concentric 

grooves are fabricated on the flange and stuffing box surfaces to enhance the sealing performance. 

Furthermore, a customized raising-surface metallic gasket from Flexitallic is utilized to reduce the 

contact surface area and increase the compression pressure, ensuring a tight seal. Three layers of 

die-formed graphite seal sets, in Figure III -8, obtained from American Seal and Packing, are 

installed in the orientation illustrated in the figure and then compressed with the lid by tightening 
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the four bolts. The die-formed graphite seal is a hard-solid ring at room temperature but becomes 

softer as the temperature increases, making it an ideal material for working with the rotating shaft 

to provide a seal with minimal friction. However, it is important to note that graphite material is 

not suitable for use in an oxidizing environment above 500 oC, and as a result, the pump flange 

cannot be thermally isolated to prevent material failure. Proper care and monitoring of the stuffing 

box and graphite seals are crucial to ensure effective sealing in the molten salt loop system.  
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Figure III -7 Stuffing box design and real pictures. 
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Figure III -8 Illustration of Graphite seal pack. 
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Figure III -9 Drawing of the pump system. Unit: inch. 

III.3.3. Loop and test column 

The loop body of the molten salt loop system, shown in Figure III -10, consists of four main parts: 

a 17 ft long closed circuit, a 6.5 ft long salt supply line, a 2 ft long drain line, and a 2 ft long vertical 
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test column associated with the closed circuit. All of these components are made of schedule 160, 

1-inch SS316 seamless pipe with a 1.3125 inches outer diameter (OD) and a 0.815 inches inner 

diameter (ID). The salt flow in the system is controlled by several high-temperature ball valves 

that were ordered from Gosco Valves. However, issues were encountered with the valves during 

application, particularly with regards to leaks. All other connections between the pipes and valves 

were welded using both the socket and butt weld connection methods at different joint locations 

to ensure a reliable seal. No issues were encountered with the welding seals. Prior to changing all 

connections to welding, flange connections with metallic gasket combinations were tested for 

portability reasons. While flanges worked well at room temperature and the system passed the 

argon gas leak test at 500 oC, all flanges failed after recirculating the salt at 600 oC. As a result, it 

was decided to weld all joints to ensure a reliable and leak-free connection between the pipes and 

valves in the molten salt loop system. 

The supply line and drain line facilitate the transportation of salt between the auxiliary and storage 

tanks, with valves regulating the flow direction. Upon termination of the operation, the salt is 

drained back to the auxiliary tank. However, due to the imperfect assembly of the storage tank, 

which includes a pump and stuffing box seal at ambient temperature, there is visible leakage 

observed around the shaft. Furthermore, the solidification and re-melting of the salt may result in 

detrimental effects on the shaft and impeller, potentially leading to pump failure. 

The test column is located vertically at the far end of the circulation loop, and the flow direction 

is bottom-up to avoid bubble formation. The sample fixture insertion port is at the top of the test 

column and is sealed with two class 300 raising surface flanges and a metallic gasket. Since the 
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gasket does not directly contact the salt, this is the only location where the flange is used. The 

design of the SS316 sample fixture, Figure III -11, is complex due to the large length and diameter 

ratio of the bottom part, making it difficult to make it perfectly straight. The fixture is welded to 

the bottom of the thermowell flange, and six individual samples can be installed on the sample 

holder, which is designed to prevent any contact between the samples and the holders. To achieve 

this, an alumina tube covers the sample holder surface, and two layers of alumina spacers are 

sandwiched between the samples. Thermal expansion is also a concern, as the sample fixture 

assembly is assembled at room temperature. Therefore, before heating the system, all components 

are compressed by a tightened nut. As the temperature reaches the operating temperature, the 

thermal expansion difference between the alumina and SS316 creates a 1 mm gap. When exposed 

to the flowing salt, the unexpected jumping of the samples may cause the alumina isolators to fail. 

To prevent this, four Nimonic 900 spring washers are used to overcome the thermal expansion 

effect. The final assembly is shown in Figure III -12. 
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Figure III -10 3D drawings of the initial loop design. 

 

Figure III -11 Detailed sample holder drawing and dimensions. Unit: inch. 
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Figure III -12 Sample assembly overview. Left: sample assembly cross-section demonstration. 

Mid: sample assembly before test. Right: sample assembly after 100 hours test. 

III.3.4. Gas system 

The gas system is established by connecting an ultra-high purity argon gas source. The gas system 

within the loop serves four primary functions. Firstly, it is utilized for purification purging 

purposes. Secondly, it is employed for pressurizing the system to facilitate the transport of liquid 

salt between the auxiliary and storage tanks. Thirdly, it is used to establish cover gas in both the 

auxiliary and storage tanks during operation, and fourthly, it is utilized to drive the salt in the loop 

back to the tank when the pump is stopped, in order to prevent accidental flow of salt into the loop 
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prior to restarting the pump. The ultra-high purity argon gas is supplied from a standard gas 

cylinder with a maximum output pressure of 2500 psi. A pressure regulator is employed to reduce 

the pressure to within 30 psi, and the argon gas then passes through a flow meter before being 

distributed to the respective sections of the system. 

III.3.5. Heating and isolation system 

Three distinct heating zones have been incorporated into the design of this loop. The first heating 

zone is specifically intended to maintain the liquid salt within the storage tank at the desired 

temperature. To achieve this, six clamp heaters with a power rating of 1500W and operating at 240 

VAC are utilized. These heaters are capable of reaching temperatures of up to 760 oC and are 

controlled by a high-limit thermocouple (TC) positioned beneath the heater, as well as a TC 

immersed directly into the salt.  

Similarly, the second heating zone is responsible for regulating the temperature of the auxiliary 

tank. It employs the same configuration as the first heating zone, consisting of six clamp heaters 

with a power rating of 1500W and operating at 240 VAC. These heaters are also capable of 

reaching temperatures of up to 760 oC and are controlled by a high-limit TC positioned beneath 

the heater, as well as a TC immersed in the salt. 

The third heating zone, referred to as the trace heating zone, is utilized to heat all the pipes within 

the system before the salt is introduced into them. For this purpose, tape heaters from Omega 

Engineering are utilized, with a power density of 13 W/in2 and operating at 240 VAC. These 

heaters are capable of reaching temperatures of up to 760 oC. The total power rating for the trace 
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heating in the circulation loop is 10,000 W, with 6500 W designated for heating the lines between 

the auxiliary and storage tanks. 

The clamp heaters installed on the two tanks have been performing satisfactorily, as there have 

been no issues with leaks or salt moisture on the tank surface. However, the tape heaters, which 

utilize fiberglass insulation, have experienced some challenges. The color of the fiberglass 

insulation changes from brown (when new) to white after being exposed to temperatures of 650 

oC or higher. Additionally, after heating to 700 oC, the fiberglass insulation becomes brittle and 

difficult to move, even with gentle handling. This poses a risk of the insulation breaking and losing 

its effectiveness, particularly if the loop is accidentally impacted, potentially resulting in a short 

circuit. 

Furthermore, the tape heaters are wrapped around valves or welding joints, which are areas with a 

high risk of leaks. If the fiberglass insulation becomes wet with salt, it can lead to heater failure. 

The most concerning issue is that before a heater short circuit occurs and burns a fuse, the salt-

wetted fiberglass may come into contact with the heating element and loop, allowing current to 

flow into the salt and leading to electrolysis of the salt, which can result in chlorine-related hazards. 

The clamp and tape heaters are in direct contact with the surfaces of the tanks and pipes. To provide 

insulation and protect against heat loss, a layer of half-inch ceramic fiber blanket with a high purity 

grade of 8 lb is installed on the outer surface of the heaters. This is followed by a one-inch thick 

customized isothermal jacket that covers the thermal blanket. Another layer of one-inch thick 

ceramic fiber blanket with a high purity grade of 8 lb is then applied to cover the jacket. The 
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outermost layer consists of a half-inch thick ceramic fiber blanket with one side coated with 

aluminum foil, which serves to minimize the risk of fiber and dust hazards. Even during operation 

at temperatures as high as 650 oC, the final outer surface temperature of the insulation is maintained 

at around 50 oC.  

III.3.6. Temperature and flow measure system 

Temperature is measured and monitored by 18 K-type probe and surface thermocouples (TC).  

Three probe-type TCs are immersed into auxiliary tank, storage tank, and the test column with 

thermowell to monitor the salt temperature. Four surface TCs are below the heaters to avoid heater 

overheat, two for the tanksô heaters, two for the tape pipesô heaters. Twelve pipe clamp surface 

TCs distributed along the loops. All three probe TCs are calibrated before installation. However, 

the clamp TCs are ordered from different venders and the high-temperature leads are too short. 

They are not calibrated.  

A non-intrusive ultrasonic flowmeter manufactured by FLEXIM was used to measure the flow 

rate. The largest attraction of non-intrusive measurement is the high accuracy and not leaks risk. 

The measurement is achieved by mounting two wave injectors on the special treated pipe outer 

surface in 180 degrees. The ultrasonic flow meter operates by alternately transmitting and 

receiving a burst of ultrasound between the two transducers by measuring the transit time that it 

takes for sound to travel between the two transducers in both directions, shown in Figure III -13. 

The difference in the transit time measured is directly proportional to the velocity of the liquid in 

the pipe. The basic theory is Doppler effect of the ultrasound frequency caused by the flow 
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properties, such as temperature, density, viscosity, and suspended particulates. The properties we 

use are reported by Wang et al, which is shown in Table III -3. 

 

Figure III -13 Illustration of the principle of ultrasonic flow meter. 

Table III -3 Ternary chloride molten salt density and viscosity for NaCl-KCl-MgCl2 

(Mole:28.39%-27.25%-44.36%)65. 

Temperature ᴈ 
Density (ὯὫȾά ) 

” ρωωσȢσψ πȢυυφφσὝzᴈ  

Viscosity (ὧὖ) 

ÌÎ‘
ρρπςȢτς

Ὕ ὑ
πȢρυςυ 

600 1659.402 3.035 

650 1631.571 2.835 

700 1603.739 2.666 

750 1575.908 2.522 
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III.3.7. Seals 

In various locations, different seal technologies are utilized. In the case of the VT loop system, we 

have implemented copper paste seals, flange seals, welding seal, metallic gasket seals, and graphite 

seal. 

Copper paste seal: the copper paste seal is applied to the compression fitting threads, which are 

directly connected to the two tanks on the lid but are not exposed to the salt. These fittings are 

primarily utilized on the gas line, and the highest measured temperature on these fittings is 

approximately 600 oC. We have not encountered any issues with the copper paste seal, and all 

connections are able to be disassembled for maintenance and repair purposes.  

Flange and rigid metallic gasket (FRG): In the VT FCMSL application, the FRG assembly is used 

for the pipe connections and sample assembly insertion, and a similar setup to provide seal of the 

stuffing box. The rigid metallic gasket used is the Flexpro Style ZA model, which is ordered from 

Flexitallic. This gasket is designed for smooth or raise surface flanges and consists of a serrated 

solid metal core, a losing outer ring, and 0.02ò thick facing materials, as shown in Figure III -14. 

In our application, the facing material is Thermiculite® 845, which can withstand temperatures of 

up to 982 oC. The core material is SS316, and the SS316 loose outer ring is made of a pre-weld 

half ring. All flanges in the current design are SS316 Class 300 raised surface flanges for 1ò pipe, 

and four 5/8ò B8M bolts are tightened to 90 ft-lbs at room temperatures. The torque is 20 ft-lbs 

higher than the requirement of ANSI B16.21-78, considering thermal expansion and yield strength 

at operation temperature of 650 oC. 
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Based on operational experience, the FRG assembly performs well in the test column section and 

the stuffing box seal at temperatures of around 450 oC to 500 oC. Most importantly, it is extended 

out of the loop, and the salt does not infiltrate the gasket. Post-test gaskets are shown in Figure 

III -15. However, all the FRG assemblies in the loop leak. Failed gaskets are shown in Figure III -15 

top picture, with the facing material disappeared, and the pre-weld outer ring separated. One of the 

reasons for this failure is that the B8M grade bolts are not suitable for this high-temperature 

application, as their yield strength is only rated up to 425 oC. As the temperature increases, the 

compression pressure is not sufficient to provide a seal. Another reason is that the Thermiculite® 

845 material is not compatible with the flow, as it dissolved into the salt, leading to leaks.  

To address these issues, several suggestions can be made. Firstly, the flanges could use a male and 

female design. Secondly, testing the compatibility of Thermiculite® 845 with chloride molten salt 

could be performed. Thirdly, bolt materials such as Nimonic and Inconel alloys could be 

considered as potential improvements. 

 

Figure III -14 Profile of Flexpro style ZA gasket, * from Flexitallic document. 
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Figure III -15 Pictures of post-test gaskets. Top: The gasket exposed to the salt. Bottom: the gasket 

does not contact salt. 

Flange and metallic full-face gasket (FFG): In the VT FCMSL application, the storage tank lid 

seal utilizes the (FFG) assembly. The FFG assembly is applied because the lid of the storage tank 

is designed to be opened for pump maintenance purposes. The FFG assembly in this application 

is made from Thermiculite® 815 Tanged Sheet Material and is custom ordered from Flexitallic. 
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The FFG assembly has a size of 12.50ò ID x 17.50ò OD x .125ò thick with (16) 1.125ò Bolt Holes 

on a 15.50ò Bolt Circle. The gasket is sandwiched between two flanges, whose surfaces are 

concentrically serrated to provide a tight seal. It is important to note that the FFG assembly does 

not come in contact with the salt, and we have not encountered any issues with the FFG assembly 

during operation. 

Graphite seal: In the VT loop application, the graphite seal is applied in the stuffing box to provide 

a shaft seal. The assembly and function are discussed before. We have not encountered any issues 

with it. 

Welding seal: In the VT loop application, all the connections on the loop body, except for the 

flanges and ball valves, are created using Tungsten Inert Gas (TIG) welding. There are two types 

of connections used, including pipe-to-pipe butt welding and pipe-to-fitting socket welding 

connections. Although the welding experts were careful during the welding process, we found that 

the welding quality cannot be guaranteed without radiograph technology. We conducted pressure 

tests using argon gas at room temperature and at 500 oC, as well as water tests at room temperature, 

and found that some joints still leaked when operate molten salt at 650 oC. Despite the occasional 

leak issues, we believe that TIG welding remains the most reliable method available for this 

application. 

To address the welding quality issue, we recommend conducting very detailed radiograph analysis 

of the welding joints and developing monitoring techniques for the welding joints during 
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operation. This approach will ensure that the welding quality is consistently high and help prevent 

any potential leaks from occurring in the future. 

III.3.8.  Valves 

Two types of valves are utilized in the VT FCMSL system: Gosco Valves' 2-way ball valves for 

salt control and ValvTechnology's 2-way heavy-duty ball valves for chemical gas control. The 2-

way heavy-duty ball valves are installed on each gas line near the loop. Originally designed to 

handle CCl4 gas for chlorination purification of the new salt, they were only used for thermal 

purification under argon flow due to toxicity concerns. Based on our operational experience, we 

recommend installing a check valve on each gas line, and each line should have a separate gas 

source to maintain pressure. 

However, the Gosco Valves' ball valves are not compatible with the chloride salt, and during 

operation, all valves leaked. We were compelled to reduce the number of valves from eight to 

three. Interestingly, the valves exposed to flowing molten salt at the opening condition leaked 

much faster than those exposed to the flowing molten salt at the closing condition. In both cases, 

salt was observed on the valve outer surface, particularly at the valve bottom. Salt penetrated the 

seals and caused severe corrosion on the metal parts, which accelerated the leaks. We also 

investigated thermal shock as a possible reason for the leaks, but preheating did not prevent them. 

Based on our experience with molten salt operation, the combination of gasket and flange seal has 

a high risk of failure. However, this does not mean that the existing design does not work if it is 

fully immersed into molten salt. Leakage is inevitable if the assembled parts keep exposing to the 



79 

 

flow of molten salt. The problem worsens due to the oxidizing of critical parts. Therefore, if the 

valve body could be covered or if all the connections are welded, the valve lifetime could be 

increased. Additionally, the valve stem should be as long as possible. The leaked salt itself would 

solidify at the further end of the valve body around the stem to provide a seal. After turning off the 

valve, the main flow is cut, and the temperature goes down. There is no way to reopen the valve 

without pre-heating. Thus, the valve designer should also consider the heating element design for 

the valve. 

III.4. Forced convection molten salt loop tests 

III.4.1. General experimental conditions  

In this study, three flow induced corrosion tests were conducted on SS 316 and A709 alloys in the 

FCL. The specific procedures followed in these tests are discussed in detail in section IV.4. The 

tests were assigned the numbers FCL-50, FCL-80, and FCL-100 for reference purposes. he 

construction of the specimensô fixture, which was used to hold the samples during the tests, is 

described in section III.3.3. The flow direction was set from S3 to S1, with the flow moving from 

bottom to top, perpendicular to the ground. This arrangement was chosen to ensure that the flow 

filled the pipe and made full contact with the samples, thereby preventing the formation of any 

voids or gaps. It is important to note that due to the ongoing development of the FCL operation 

process and the lack of prior experience, the conditions of the specimens were not identical for all 

tests. The flow conditions of each test is listed in Table III -4. This section provides a detailed 

account of the experimental conditions for each of the three tests, highlighting any variations or 
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unique aspects observed. The post-test samples are cut vertically, Figure III -16, and the outer 

(facing to the flow) and inner (facing to the fixture) surfaces were examined by using SEM, 

respectively. In order to differentiate the post-test samples, the dimensions of the samples were 

specified as follows: The OD of the samples measures 0.5 inches, while the ID measures 0.27 

inches. The length of the SS316 sample is 0.5 inches, while the A709 sample measures 0.8 inches 

in length. 

 

Figure III -16 FCL post-test samples preparation.  

III.4.2. FCL-50: 50 hours forced convection loop test 

The FCL-50 test marked the successful circulation of salt for the first time. Prior to the salt 

circulation, the samples were installed in the test column and remained there for a period of seven 

months. During this time, the samples underwent multiple cycles of heating and cooling, ranging 

from room temperature to 700°C. 

For FCL-50, all the outer surfaces of the samples were polished using SiC paper with a gradient 

from 400 to 1000. After polishing, the samples were cleaned using an ultra-sonic machine with DI 

water. The temperature within the test column was maintained at 650°C. During the test, the pump 
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speed was set to a range of 1900 to 2000 rpm, and the flow velocity was measured using the 

FLEXIM ultrasonic flowmeter, which recorded a reading of 0.5 m/s. 

The FCL-50 test was terminated when leakage was observed at the flanges. Following the 

termination of the test, the entire sample fixture was immersed in DI water to dissolve any residual 

salt that may have penetrated into the gaps between the samples. This process was accompanied 

by the use of an ultrasonic machine. Subsequently, the samples were dried and mounted into epoxy. 

It is worth mentioning that the FCL-50 samples were intentionally not cleaned thoroughly in order 

to observe the behavior of the salt on their surfaces. As a result, the weight change of the FCL-50 

samples was not obtained for analysis. 

III.4.3. FCL-80: 80 hours forced convection loop test 

The FCL-80 test was conducted after addressing the leakage issue that occurred in FCL-50. To 

resolve this problem, the flanges were replaced with welding joints. Additionally, the chain 

coupling between the motor and shaft was upgraded to improve alignment, and the rubber pad 

between the ultrasound sensor and metal fixture was upgraded to a high-temperature paste suitable 

for the high-temperature application. 

In FCL-80, the samples were installed as received from the machine shop and underwent only 

ultrasonic cleaning. The temperature within the test column was maintained at 650°C. During the 

test, the pump speed was set to 2400 rpm, and the flow velocity was measured using the FLEXIM 

ultrasonic flowmeter, which recorded a reading of 1.25 m/s. The FCL-80 test was terminated due 

to a chlorine electrolysis accident. After shutting down the loop, it was discovered that a pipe had 
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completely broken at one of the welding joints located at the original flange position. The details 

of these accidents can be found in section IV.3.4 of this dissertation. It is important to note that the 

salt used in FCL-80 was the same as in FCL-50, but with an additional bubbling purification 

process in the auxiliary tank for one hour, using high-purity argon. The post-test samples 

underwent the same process as in FCL-50 for further analysis and evaluation. 

III.4.4. FCL-100: 100 hours forced convection loop test 

The operation procedures for the tests became more refined and mature after the FCL-80 test. The 

FCL-100 test was conducted immediately after replacing the broken pipe. It is important to note 

that in FCL-100, the salt did not be refreshed or replaced, even if it became contaminated. The 

pre-test sample preparation for FCL-100 was identical to that of FCL-80. No severe leakage was 

observed during the test, but there was salt penetration at the valve. The termination of the test 

occurred due to chloride electrolysis, similar to what happened in FCL-80. The salt penetrated 

from the valves creeped along the heater glass fiber insulation, resulting in short circuits in the 

further operation heaters. 

Following the test, the post-test specimens underwent thorough cleaning to obtain the weight 

change of the samples and perform surface characterization. The samples were then mounted into 

epoxy for cross-section characterization, allowing for a detailed analysis of their internal structures 

and properties. 
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Table III -4 Summary of flow conditions of FCL tests.  

 Meter velocity 

m/s 

Flow rate ά Ⱦί 
ρπ 

Loop Re 
Test column 

velocity m/s 

Test column 

Re 

FCL-50 0.5 1.68 5657 0.8 3690 

FCL-80 1.25 4.21 14892 2 9225 

FCL-100 1.25 4.21 14892 2 9225 
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Chapter IV RESULTS AND DISCUSSIONS 

 

IV.1. Thermodynamic properties measurement  

IV.1.1. Redox potential measurement method development  

Gonzalez et al.22 found that impurities like oxygen and moisture can lead to the formation of 

unexpected hydroxides during heating, resulting in a complex reaction mechanism. Prior to 

measurements, cyclic voltammetry (CV) was performed on the blank salt. The results, depicted in 

Figure IV-1 showed no redox peaks except for alkali metal, indicating the absence of impurities 

in the blank salt. 

For CP tests, during each experiment, a positive and constant current was applied in step function 

form. Then the potential of the working electrode was monitored as a function of time. The 

application of a positive current produced chlorine on the working electrode. Since this molten salt 

system is full of molten chlorine ions, the effect of mass transfer (both diffusion and migration) at 

low current density is regarded as negligible. Therefore, any changes in overpotential in the cell 

are ascribable to the kinetics of the reaction. More to this point, this overpotential at the electrode 

is proportional to the small current density applied on the working electrode based on the Butler-

Volmer equation159. This means that the overpotential should be small enough. Meanwhile, if the 

applied current density is too small, insufficient chlorine gas on the working electrode surface will 
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be produced, which will lead to an unstable potential plateau. Due to the low solubility of chlorine 

gas in molten LiCl-KCl salt, the activity of Cl2 gas could be considered as one at the electrode160. 

In this study, the applied current density was selected from 0.012 A/cm2 to 0.030 A/cm2 with 

sufficient chlorine gas generated on the working electrode.  

 

Figure IV -1 Cyclic voltammetry curve for the blank molten LiCl-KCl salt at 723 K. WE: 

Tungsten, CE: Graphite, RE: 10 wt% AgCl in LiCl-KCl and Ag wire contained in Pyrex tube. 

Scan rate: 1mV/s.  
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Figure IV -2 (a) Chronopotentiometry curves at different current densities; (b) Linear correlation 

between applied currents and measured stable potentials with CP method. Working Temp: 748K. 

Molten salt system: LiCl-KCl-AgCl (X=0.0145). WE is 3-mm graphite rod, RE and CE are 1-mm 

silver wires. 
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Figure IV -3 Potentiodynamic curves measured at various scan rates and 748 K in LiCl-KCl-

AgCl(X=0.0145) molten melt. WE is 3-mm graphite rod, RE and CE are 1-mm silver wires. 
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The potential-time curves obtained by chronopotentiometry technique at 748 K in the LiCl-KCl-

AgCl (mole fraction=0.0145) molten salt are shown in Figure IV-2 (a). In the beginning, the 

potentials were sharply shifted to positive values due to the decrease in the non-faradaic charging 

current (or the increase in the faradaic current where the Cl- was oxidized to Cl2). After 8 to 10 

seconds, stable potential was achieved. Since the mass transfer effect in this system was negligible, 

showing that the system reached equilibrium potentials. Thus, the measured potential (Ὁ  can be 

expressed by Equation IV-1, which has all components at unit activity: 

Ὁ ὍὶὍὶ Ὁ Ⱦ ÌÎ
ȟ

ȟ Ⱦ

  Equation IV -1 

Where Ὅ is the applied current, ὶ is the uncompensated solution resistance, ὶ  is the charge 

transfer resistance, Ὁ Ⱦ  is the standard potential of Cl2/Cl- couple verse AgCl/Ag, Ὑ is the gas 

constant 8.314 JẗKī1ẗmolī1, T is the temperature in Kelvin, ὲ is the charge transfer number, Ὂ is 

the Faraday constant 96485 sẗAẗmol-1, ὥ ȟ and ὥ ȟ are the activity of Cl2 and Cl- at the working 

electrode surface, respectively. The third term on the right-hand side could be eliminated since 

ὥ ȟ and ὥ ȟ are at unit activity. Moreover, the standard potential of Cl2/Cl- verse AgCl/Ag 

equals to the negative value of the redox potential of AgCl/Ag verse standard chlorine reference. 

Hence, Equation IV-1 can be written as 
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Ὁ ὍὶὍὶ Ὁ Ⱦ Ⱦ
  Equation IV -2 

Where  Ὁ Ⱦ  is the redox potential of AgCl/Ag verse standard chlorine reference redox couple, 

which is defined as: 

Ὁ Ⱦ Ὁ Ⱦ

ὙὝ

Ὂ
ÌÎ ‎   

ὙὝ

Ὂ
ÌÎ ὢ  Equation IV -3 

Where Ὁ Ⱦ  is the standard potential of AgCl/Ag couple, ‎  is the activity coefficient of 

AgCl, ὢ  is the concentration of AgCl in mole fraction. Thus, the formal potential (Ὁ Ⱦ ) 

is:  

Ὁ Ⱦ Ὁ Ⱦ

ὙὝ

Ὂ
ÌÎ ‎  Equation IV -4 

The equilibrium potentials at different current densities and the corresponding linear correlation 

in the LiCl-KCl-AgCl (X=0.0145) eutectic salt are shown in Figure IV-2 (b). The extrapolated line 

intersects the Y-axis at a value of 1.1293 where the current equal to zero and then the effects of 

solution resistance and charge transfer resistance can be eliminated. Thus, the negative value (-

1.1293 V) of this intercept is the redox potential of AgCl/Ag with respect to Cl2/Cl- reference 

redox. 



91 

 

Another method is the potentiodynamic scan of which the potential starts from a potential positive 

enough to generate sufficient chlorine gas first, moves in a negative direction with a certain scan 

rate and usually stops at a value negative than the equilibrium potential of the redox couple to be 

studied. The typical polarization curves in LiCl-KCl-AgCl(X=0.0145) eutectic salt at 748 K with 

different scan rates are illustrated in Figure IV-3. A typical scan started from point A and 

progressed in the negative direction until termination at point D. In region A to B for the Cl2/Cl- 

redox couple, the domain reaction is the anodic reaction: #Ì ÅO πȢυ#Ì at the electrode while 

from B to D the main reaction is the cathodic reaction: πȢυ#Ì ÅO #Ì. The chlorine gas in 

cathodic reaction actually comes from the gas evolved in the anodic area. Since the generated 

chlorine is limited, the current drastically reduced to zero after point C. Therefore, this method 

requires a proper scan rate not too fast so that ensures a sufficient amount of chlorine and not to 

slow so that keeps the generated chlorine gas remain at the electrode. Six different scan rates from 

50 mV/s to 250 mV were selected in our experiments. The equilibrium potential was located at 

point B, where the anodic and cathodic reaction on the electrode surface reaches an equilibrium 

and the current equals to zero (this point is very hard to get experimentally). The potential ranged 

from 1.3 V to 1V, which was determined by the equilibrium potential and current density limitation 

of the potentiostat instrumentation (maximum 1A/cm2). The measured equilibrium potentials were 

slightly shifting, which should be related to the small charging currents caused by scan rates. In 

this scan rate interval, the changes in equilibrium potential are less than 3mV, which shows strong 

stability. Therefore, the average values were used in the current study. The redox potential of 

AgCl/Ag with respect to Cl2/Cl- reference redox is equal to the negative value (-1.1283 V) of the 
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measured potential at point B, which is almost the same as the value (-1.1293 V) from CP method. 

These two methods show perfect consistency with each other. It should be noted that for PD 

method under different conditions (either temperatures or concentrations), the stable equilibrium 

potentials were commonly achieved with a scan rate higher than 100 mV/s or 150 mV/s. The 

vibration in potential with various scan rates for all results was within 3 mV.  
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Figure IV -4 (a) Temperature dependence of equilibrium potentials with different concentration of 

AgCl; (b) Temperature dependence of formal potentials measured by chronopotentiometry and 

potentiodynamic scan technique for AgCl/Ag in LiCl-KCl molten melt. WE is 3-mm graphite rod, 

RE and CE are 1-mm silver wires. (Yang and Hudson100 , Shirai et al.108. , Yoon et al.109, Fusselman 

et al.101)  



94 

 

 

Temperature dependence of the equilibrium potentials of AgCl/Ag measured with CP and PD scan 

techniques are shown in  

Figure IV-4 (a). As can be seen, these two methods give almost the same results under the same 

condition. The differences in the measured redox potential of Ag/AgCl between these two methods 

are less than 3 mV. Moreover, in order to validate these two methods, the concentration 

(X=0.0145) similar to Yang and Hudson100 was carried out. The redox potentials measured using 

current techniques are ~15mV higher than Yang and Hudsonôs data100 in the whole temperature 

interval. The uncertainty of the system led to a deviation of the results. This 2% difference is 

considered to be acceptable. In addition, the results obtained from mole fraction of X=0.0039 were 

in well consistent with Yoon et al.109 and much lower than the redox potential of AgCl/Ag at a 

mole fraction of 0.0041 reported by Shirai108. However, the results from Shirai was even much 

higher than that of AgCl/Ag at the mole reaction of 0.00146 by Yang and Hudson100, which implies 

that these abnormal results may come from the experimental disturbances such as potential drop 

caused by Pyrex tube. 

Figure IV-4 (b) shows the temperature dependence of the formal potentials of AgCl/Ag redox 

couple. The formal potentials of AgCl are slightly higher than that of Yang and Hudsonôs100 at the 

concentration of X=0.0145, which is regarded as the experimental uncertainty as discussed earlier. 

The formal potential Ὁ  at X=0.0145 (3.75 wt%) can be expressed as follow: 
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Ὁ Ⱦ ρȢπσχπȢπππςττὝ  Equation IV -5 

And the formal potential of concentration of X=0.0039 (1 wt%) is represented as  

Ὁ Ⱦ ρȢπσψπȢπππςφτὝ  Equation IV -6 

The formal potential of AgCl/Ag in the mole fraction of AgCl at 0.0039 by Fusselman et al.101, 

widely accepted by other researchers, was actually derived with the activity coefficients obtained 

by Yang and Hudson100 at the concentration of X=0.0146. Fusselman et al.101 made a simple 

assumption that the activity coefficient was constant at the diluted condition and thus the formal 

potential of AgCl/Ag is independent of the molt fraction. As can be seen from  

Figure IV-4 (b), the formal potential by Fusselman et al.101 at X=0.0039 is equal to that from Yang 

and Hudson100 at X=0.0146. However, the activity coefficients at different mole fractions are quite 

different based on the present study (Table IV-1). The formal potentials at the concentration of 

X=0.0041 by Shirai108show a large deviation from all the results as mentioned earlier. Commonly, 

the dissolved AgCl behaves like a regular solution, with positive AgCl activity coefficient 

deviation from Raoultôs law100.  

Figure IV-4 (b) shows that all the experimental data at those concentrations are more positive than 

the standard formation potential Ὁ Ⱦ  ÖÓȢ#ÌȾ#Ì, which can be calculated based on the 
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thermodynamic expression ЎὋ ὲὊὉ ) of the reaction: AgCl = Ag + 0.5Cl2. All the standard 

Gibbs energies of this reaction at various temperatures could be obtained in previous studies109,161. 

Table IV -1 Calculated activity coefficient of AgCl by using the supercooled free energy of 

formation.  

Mole fraction of 

AgCl 
723K 748K 773K 798K 823K 

0.0039 2.638 2.618 2.516 2.406 2.318 

0.0145 2.148 2.065 2.010 1.934 1.905 

Table IV-1 shows the activity coefficients of AgCl in the range from 1.905 to 2.638 under various 

conditions calculated by Equation IV-3, and the results are in consistent with the data set by Yang 

and Hudson100. Even though the measured potentials of the AgCl/Ag couple from Yoon et al.109 

are almost the same as that of the present study, the activity coefficients of AgCl in AgCl-LiCl -

KCl system given in their study ranged from 0.0012 to 1.19. Furthermore, the thermodynamic 

form could be obtained by rearrangement of Equation IV-4 with Nernst equation ЎὋ ὲὊὉ ): 

ЎὋ Ⱦ ЎὋ Ⱦ ὙὝÌÎ‎ Equation IV -7 

Where ЎὋ Ⱦ  is the formal Gibbs free energy, ЎὋ Ⱦ  is the standard Gibbs free energy of 

the reaction. It should be noted that Ὁ  only represents the reaction potential of !Ç#Ì!Ç

πȢυ#Ì, not Ὁ Ⱦ  when rearranging this transformation. The second term on the right-hand side 
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of is the excess Gibbs free energy ЎὋ , which only depends on temperature and shows a linear 

correlation with each other. 

ЎὋ ! "Ὕ  Equation IV -8 

Combining Equation IV-7 and Equation IV-8, the correlation between temperature and activity 

coefficient is shown as 

ÌÎ ‎
!

2

ρ

Ὕ

"

Ὑ
 Equation IV -9 

The values of the constants A and B in Equation IV-8 and Equation IV-9 equal to 6326.12 J and -

0.45 J/K in the mole fraction of X=0.0039, and equal to 6322.80 J and -2.28 J/K in the mole 

fraction of X = 0.0145, respectively. It seems that the more dilute of the AgCl in LiCl-KCl solvent 

is, the higher activity coefficient of AgCl is.  At all concentrations, the activity coefficient of AgCl 

becomes smaller with the increasing working temperature. Thus, with these two methods, one can 

easily obtain accurate, reliable performance on the measurement of the formal potentials as well 

as activities of redox couples at various conditions in high-temperature molten chlorides, which is 

of great importance to molten salt electrochemistry. 

IV.1.2. Redox potential measurement in Magnak salt 

Figure IV-5 shows a CV curve obtained at 873 K using a chromium (II)/chromium redox couple 

as the reference electrode in Magnak chloride after inserting all the electrodes. The left peak 
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corresponds to the Mg (II)/Mg reaction and the right peak corresponds to the Cl2/Cl- reaction. No 

impurity peaks were detected in this scanning window, indicating that the purification process was 

successful. As current redox potential measurement methods do not require the current density, 

the y-axis is labeled as current instead of current density. Before the CP test at each temperature, 

a CV test was performed to check for any leaks in the reference electrode container. ICP-MS 

results confirmed that the types and concentrations of components in the bulk and reference 

electrolytes remained unchanged before and after the test. In this work, four concentrations of 

CrCl2 were tested with mole fractions X=0.0044, 0.0102, 0.0190, and 0.0293. Three concentrations 

of NiCl2 with X=0.0061, X=0.0184, and X=0.0296 were gradually added into the bulk salt. To 

minimize experimental error, two individual Magnak chloride salts were prepared with final 

MgCl2 concentrations of X=0.3993 and X=0.4587. 
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Figure IV -5 Cyclic voltammetry curve of clean Magnak chloride mixture at 873 K, the scan rate 

is 150mV/s. WE: C, CE: C. 

Figure IV-6 demonstrates an example of the typical CP data curve and analytical data. A positive 

current was applied during the CP test and the potential between WE and RE with time was 

monitored.  After 5s current pulse, the current was reduced to zero. Because of the applied positive 

current, the WE worked as an anode, where the oxidation reaction occurred during the current 

pulse. The only species that can release electron in the bulk salt was chloride ions, which means 

that the reaction on the WE surface is the formation of chlorine. Meanwhile, during the current 

pulse, the measured potential was the total of chlorine potential on WE, solution resistance (ὶ), 
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and some potential change across the WE and solution interface (‏Ὅ), as shown in Figure 

IV-6.(a). Thus, the measured potential Ὁ  was defined as 

Ὁ Ὁ ÌÎ
Ⱦ

Ὅὶ‏Ὅ  Equation IV -10 

, where  Ὁ  is the standard potential of Cl2, Ὑ=3.814 JϽK-1mol-1 is the gas constant, T is the 

temperature in Kelvin, ὲ=1 is the electron transfer number of chlorine formation, Ὂ= 96485 

sϽAϽmol-1 is the Faraday constant, ὥ  and ὥ  are the activity of Cl2 on the WE surface and Cl- 

in the bulk solution. The sum of the last two terms on the right-hand side is the so-called 

overpotential –.  As reported by Bard and Faulkner 162, when overpotential is small enough, the 

ButlerïVolmer equation can be simplified as  Ὥ Ὥ –, where I is proportional to –. 

Theoretically, the better results can be achieved by reducing the applied current. However, when 

the current is too small, the potential oscillates violently. The reason is that chlorine gas not 

uniformly generates on the WE. Experimentally, when the overpotential is ranging from 40 mV to 

100 mV, the linear relationship between applied current and overpotential is ideal. The data points 

in Figure IV-6.(b) are the average of the last 3 seconds of the measured potential. Linear correlation 

is then applied to the data and extrapolated to Ὅ π, where the effects of the last two terms have 

been eliminated. 

Ὁ Ὁ ÌÎ
Ⱦ

  Equation IV -11 
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Since the chloride salt is full of ὅὰ and the generated chlorine gas is pure, the activity of ὅὰ and 

ὅὰ are considered as a unity. Thus, the value of Ὁ  is the standard chlorine formation 

potential relates to the potential of ὅὶ Ⱦὅὶ reference. In other words, the negative value of 

Ὁ  is the ὅὶ Ⱦὅὶ redox potential related to the potential of standard chlorine. 

Ὁ Ὁ Ⱦ    Equation IV -12 

Ὁ Ὁ Ⱦ ÌÎ   Equation IV -13 

In Equation IV-13, Ὁ  is the redox potential of #Ò))Ⱦ#Ò couple in Magnak chloride, Ὁ Ⱦ  

is the supercooled standard formation potential of CrCl2. The value is calculated based on the data 

reported by Barin 163 using the method reported in Bagriôs dissertation 164. ὲ =2 is the transferred 

electron number. ὥ  is the activity of CrCl2 in Magnak chloride, and ὥ  is the activity of the 

metal rod equal to one. Equation IV-13 can be rewritten as 

Ὁ Ὁ
Ⱦ

ÌÎὢ   Equation IV -14 

, where Ὁ
Ⱦ

 is the formal potential of #Ò))Ⱦ#Ò  in Magnak chloride. It is expressed as 

Ὁ
Ⱦ

Ὁ Ⱦ ÌÎ‎  Equation IV -15 
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The ὢ and ‎ in Equation IV-14 and Equation IV-15 refer to the concentration and activity 

coefficient of CrCl2 in the Magnak chloride. 

Redox potential and formal potential of four different concentrations of CrCl2 at different 

temperatures are presented in Figure IV-7. The redox potential increases with increasing 

temperature and CrCl2 concentration. Since at a high temperature the random thermal motions of 

the ions overcome some of the electrostatic repulsions between like ions to make the solution more 

ideal, the activity at the same concentration increases. An increase in concentration at the same 

temperature also increases activity. Figure IV-7.(b) indicates that the formal potential is 

independent of the concentration; in other words, at these four tested concentrations the activity 

coefficient is the same at the same temperature. The red line is the fitted linear correlation of the 

formal potential, given in equation form as 

Ὁ
ϳ

ςȢρςχχȢπτρρπὝ  Equation IV -16 

, where Ὕ is the temperature in Kelvin. As shown in Figure IV-7.(b), all the data are within an error 

of πȢχϷ. 

The mark (1) and (2) in Figure IV-8 refer to two independent experiments with the same NiCl2 

concentration X=0.0061 but different test temperature range. In the temperature range of 873 K to 

973 K, the potential data shows great agreement with each other. The reproducible results 

confirmed the reliability of the CP method in the study of redox potential. The expression of the 

fitting correlation in Figure IV-8.(b) is expressed in Equation IV-17. 
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Ὁ
ϳ

ρȢσψυφȢπςπρπὝ    Equation IV -17 

The error bar, in this case, is πȢρϷ. 

The final concentration of the Magnak determined by ICP-MS test, in mole fraction is MgCl2 

X=0.4587, KCl X=0.2432, NaCl X=0.2981. Another MgCl2 concentration X=0.3993 was 

measured due to the preparation error, potential results are shown in Figure IV-9 (triangle). These 

two results are similar. This is due to the redox potential difference caused by the concentration 

difference being less than the experimental uncertainty. The formal potential of Mg(II)/Mg 

(X=0.4587) can be used for the future study, the equation is given as bellow 

Ὁ
ϳ

σȢςψωχȢυπρρπὝ  Equation IV -18 

Once the formal potential of Mg, Cr, and Ni were obtained, activity coefficients of MgCl2, CrCl2, 

and NiCl2 were calculated by utilizing supercooled standard potential and Equation IV-16 and 

Equation IV-18. Results are shown in Table IV-2. The MgCl2 activity coefficient is about 3 times 

larger than the results reported by Neil et al. 165,  in a similar salt composition but slightly different 

composition ratio.  They used a MgBi binary alloy as the electrode and induced the activity of Mg 

in MgBi(l) alloy during the analysis. The data they used was measured from a different molten salt 

system, which could be the root of the difference in the activity coefficient. Thus, the database 

they used increased their experimental errors. For the Mg test, the W rod was pulled out 10 mm 

(the total immerge length is about 16 mm), assuming that the bulk salt flowed into the alumina 

tube and liquid Mg was floating on it. The results were the same as W rod touching the bottom of 
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alumina tube, which means that the potential on RE is the redox potential of Mg(II)/Mg couple 

and that no salt flows into RE as mentioned before. After the test there no visible solid sale in the 

tube as well.   

The Mg(II)/Mg redox potential and the formal potentials of Ni(II)/Ni and Cr(II)/Cr are plotted in 

Figure IV-9. Since MgCl2 is one of the components of the salt mixture, it has only one 

concentration and redox potential; and at the tested concentration, the form potentials of NiCl2 and 

CrCl2 are independent of their concentrations. Therefore, formal potential is best used to represent 

their potential. For a pure metal (Ni or Cr) immersed in a pure Magnak chloride mixture, corrosion 

will happen. From Equation IV-14 the value of redox potential of Ni(II)/Ni and Cr(II)/Cr are very 

negative at the beginning because there are no metal cations in the solution. The metal will be 

corroded until the concentration of dissolved Ni(II) or Cr(II) reaches the equilibrium level at which 

Ὁ
 ϳ    ϳ

Ὁ
 ϳ  

. Employing Equation IV-14 and Equation IV-15, the limited 

dissolution concentration (XL) was calculated and shown in Table IV-3. As XL of Ni(II) and Cr(II) 

are both very small as shown in the table, therefore,  it is reasonable to conclude that pure Magnak 

chloride is not considered corrosive to these two metals. The magnitude order of XL(NiCl2) is 

much smaller than XL(CrCl2), which indicates that Ni has higher corrosion resistance compared to 

Cr. 
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Table IV -2 Activity coefficient and supercooled standard potential. 

 
Temperature K Activity coefficient ɾ Supercooled standard potential V 

CrCl2 

X=0.0044 

X=0.0102 

X=0.0190 

X=0.0293 

873 0.1622 -1.4439 

923 0.2577 -1.4232 

973 0.3906 -1.4025 

1023 0.5696 -1.3819 

1073 0.8003 -1.3612 

MgCl2 

X= 0.4587 

923 0.2499 -2.5453 

948 0.3418 -2.5310 

973 0.3803 -2.5168 

998 0.3983 -2.5024 

1023 0.4671 -2.4881 

1048 0.5377 -2.4738 

1073 0.5640 -2.4595 

NiCl2 

X=0.0061 

X=0.0184 

X=0.0296 

773 0.0281 -0.8007 

823 0.0469 -0.7810 

873 0.0737 -0.7614 

923 0.1103 -0.7417 

973 0.1585 -0.7220 

1023 0.2197 -0.7024 

1073 0.2954 -0.6827 
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Table IV -3 Limited dissolution concentration of NiCl2 and CrCl2 in Magnak chloride salt. 

Temperature K XL(NiCl2) XL(CrCl2) 

873 ρȢτχςυρπ  υȢρτςρρπ  

923 ςȢςψφςρπ  ςȢχτπσρπ  

973 ςȢφχχφρπ  ρȢςςωχρπ  

1023 ςȢτφυφρπ  τȢχφτχρπ  

1073 ρȢψτφρρπ  ρȢφςχσρπ  
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Figure IV -6 CP curve with different currents at 923 K and the analytical data for different 

temperatures in X=0.0293 CrCl2 in Magnak chloride. 
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Figure IV -7 Redox potential and formal potential of four CrCl2 concentrations in Magnak 

chloride, the red line in (b) is the fitted linear relation.  
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Figure IV -8 Redox potential and formal potential of three NiCl2 concentrations in Magnak 

chloride, the red line in (b) is the fitted linear relation. (1) and (2) refer to two independent 

experiments. 
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Figure IV -9 Comparison of Mg (II) / Mg redox potential and Cr (II) / Cr and Ni(II) / Ni formal 

potential in Magnak chloride. 

IV.1.3. Sub-Conclusion 

In conclusion, this study focused on developing chronopotentiometry and potentiodynamic 

polarization techniques to measure the redox potentials by using Ag+/Ag to Cl2/Cl- redox couple 

in LiCl -KCl eutectic melt. The measurements were conducted at different mole fractions of AgCl 

and temperatures ranging from 723 K to 823 K. The formal potentials and activity coefficients 
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were calculated based on these measurements, yielding results that aligned well with previous 

studies. 

The obtained results were considered reliable, with a deviation of less than 2% compared to 

reported values when chlorine gas injection was not involved. Moreover, the study presented a 

new correlation between formal potential and temperature for AgCl mole fractions of 0.0039 and 

0.0145. The calculated activity coefficients of AgCl ranged from 1.905 to 2.638, and a relationship 

between temperature and the activity coefficient was proposed. 

Furthermore, this paper introduced an innovative and precise method for measuring redox potential 

in chloride molten salt without the need for a thermodynamic reference electrode. The use of an 

alumina container as an ion membrane enabled measurements of the Cr(II)/Cr redox potential, and 

the setup was demonstrated to be universal, allowing for testing with various chloride salts. 

Additionally, a novel design of a liquid Mg reference electrode was reported, enabling the use of 

pure Mg instead of MgBi alloy. 

The study extended its scope to investigate the redox potentials of MgCl2, NiCl2, and CrCl2 in the 

temperature range of 873 K to 1073 K. Activity coefficients were calculated using supercooled 

standard potential, and empirical expressions for the formal potential were derived. The results 

indicated that Ni exhibited higher corrosion resistance compared to Cr in Magnak chloride salt. 

Moreover, the limited dissolution concentration of NiCl2 and CrCl2 suggested that pure Magnak 

chloride salt, free from corrosive impurities like moisture, would not corrode Ni and Cr metals. 
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IV.2. Electrochemical corrosion test of pure metal and alloys in Magnak salt 

IV.2.1. Electrochemical corrosion test of pure metal 

The chemical purification of Magnak salt to eliminate MgOHCl has been extensively discussed 

by Zhao and Vidal166. According to their report, thermal purification did not affect the content of 

MgOHCl. However, the introduction of Mg metal significantly reduced the MgOHCl content to 

0.11 wt%. In our current study, we analyzed the purified salt using the CV, ICP-MS methods, and 

O&H analyzer. 

Figure IV-10 illustrates the CV curves of each sub-batch of salt before immersing the testing 

samples at 600°C, with a scan rate of 100 mV/s. The prominent peaks observed at the right end 

correspond to the redox reaction of the Mg(II)/Mg couple. Since the reference electrode (RE) 

reaction is the same and the potential of the Mg(II) reduction reaction remains constant across 

batches and temperatures, it occurs at a potential equal to zero. This stability provided by the Mg 

RE ensures consistent potential measurements. The scanning potential range is fixed between -

0.025 V and 2 V. The upper limit is restricted due to the generation of chlorine gas. Within this 

scanning window, one impurity peak was detected in the range of 1-1.25 V vs. Mg2+/Mg. 

Additionally, the ICP results do not indicate the presence of any metallic impurities, suggesting 

that the impurity likely belongs to the non-metallic category. The O&H analysis of the purified 

salt indicates that the average hydrogen content is approximately 127  3 ppm, and the average 

oxygen content is approximately 66  22 ppm. These findings suggest that the impurity content is 

very low in the salt, however they still play a crucial role as corrosive agents. Reflecting on the 
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CV scan results in Figure IV-10, it's evident that the oxidation peaks' potential (1) is more negative 

than that of the reduction peaks (2), indicating distinct reaction origins for these peaks. According 

to Kanzaki and Takahashi's167 calculations, peak (1) corresponds to the reaction of ςὕ τὩ ᴼ

ὕ, possessing a standard potential of -1.173 V vs. Cl2/Cl-. On the other hand, peak (2) corresponds 

to the reaction of ςὌ ςὩ ᴼὌ , with a standard potential of -1.016 V vs. Cl2/Cl-. Both O2 and 

H2 are released from the system, resulting in the absence of discernible reverse peaks. 

 

Figure IV -10 Cyclic Voltammetry scans of each sub-batch salt at 600 oC the scan rate is 100 mV/s, 

the WE is tungsten, the RE is Mg metal, and CE is tungsten. 
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The CV scan and ICP-MS results indicate the presence of minor impurities in the chemically 

purified Magnak salt. Prior to conducting the PD scan, a one-hour OCP scan was performed to 

monitor the system's equilibrium. Figure IV-11 presents the OCP results of Fe at different 

temperatures. Overall, as the immersion time increases, the OCP of the metal specimens also 

increases. This phenomenon can be attributed to the thermodynamic mechanism of corrosion, as 

depicted in Equation IV-19. 

Ὑ Ὑ  ᵶὖ ὖ  Equation IV -19 

Where Ὑ  refers to the metal element, Ὑ  refers to the impurity oxidants, ὖ  refers to the 

oxidation state of metal element, and ὖ  refers to the reduction state of impurities. 

Corrosion of a metal specimen occurs upon contact with the salt, and thermodynamically, there is 

an infinitely large EMF driving the reaction in Equation IV-19 forward. As the corrosion process 

progresses, corrosion products and impurity reduction products accumulate in the salt system. 

However, the impurity contaminants in the salt are assumed to remain constant due to the 

equilibrium of oxygen or moisture between the overlying gas and the salt. Theoretically, the EMF 

required to drive Equation IV-19 forward should increase over time until reaching a stable 

potential. The OCP results in Figure IV-11 indicate that after one hour of stabilization, the OCP 

change is very small. However, it is important to note that the corrosion process will continue, and 

the OCP will keep increasing as corrosion is an ongoing phenomenon. 
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Figure IV -11 One-hour OCP curve of pure Fe sample before conducting PD scan. WE: iron, RE: 

magnesium, CE: tungsten. 

Following the OCP measurement, a PD scan was performed in the range of ±0.25 V around the 

OCP with a scan rate of 2 mV/s. Figure IV-12 (a)-(c) illustrates the PD curves of pure metals at 

different temperatures. The PD scan was conducted from the negative potential to the positive 

potential direction with respect to the OCP. As described in the previous section, corrosion 

continued to occur for an hour, introducing corrosion products into the salt. This is why the PD 

current is initially higher and rapidly drops within the first 10-15 mV of the sweep. Once the 

corrosion products near the working electrode (WE) surface are consumed, the cathodic current is 

dominated by the reduction of impurities. An interesting observation can be made in Figure IV-12 
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(a) and (b), where the cathodic current density slopes of Fe and Cr are very similar within the 

approximately range of -0.2V to -0.1V scan window. This similarity is attributed to the cathodic 

current being limited by the diffusion of impurities in the salt. While progressing favorably from 

approximately -0.1 V towards the OCP, the impact of the anodic current becomes increasingly 

noteworthy. For instance, the oxidation current of Fe becomes notable compared to the reduction 

current of impurities. Eventually, the anodic current balances with the cathodic current, resulting 

in the total current equal to zero. After the balance point, the anodic current begins to dominate 

the PD current. Ni's PD curve differs from Fe and Cr as it exhibits a typical Tafel curve. 

The illustration of the minor impurity-controlled PD curves is depicted in Figure IV-12 (d), which 

is drawn based on Figure IV-12 (a) to (c) and the slope data from Table IV-4. In Figure IV-12 (d), 

the curve colors represent different temperatures. Taking the 600°C curves as an example, the top 

curve represents the cathodic PD curve of impurities, which always has a higher Nernst potential 

(Ὁ  than the metals. The Nerst potential is describes in Equation IV-20, as the ὥ  and ὥ  

are unknown, so the real Ὁ is hard to be determined accurately. 

Ὁ Ὁ
ὙὝ

ὲὊ
ÌÎ
ὥ

ὥ
 Equation IV -20 

In Equation IV-20, Ὦ represents the impurity, Fe, Ni and Cr. Ὁ represents the Nernst potential of 

Ὦ. Ὁ refers to the standard potential of Ὦ. And ὥ  and ὥ  represents the activity of Ὦôs oxidation 

state and reduction state.  
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As the overpotential increases in the negative direction further away from Ὁ , the cathodic 

current of impurities is controlled by the activation of the reduction reaction at the beginning, 

referred to as the activation control region. As the overpotential continues to increase, the supply 

of impurities near the electrode surface becomes limited by their diffusion from the bulk salt, 

resulting in a region where the cathodic current remains constant with increasing overpotential. 

This region is called the diffusion control region. On the other hand, the PD curves of Ni, Fe, and 

Cr only exhibit anodic curves, which are plotted gradually as a dashed line with two dots, a dashed 

line with one dot, and a solid black dashed line, respectively. It is worth noting that at 600°C, the 

PD curves of Fe and Cr fall into the impurity diffusion control region, while Ni falls into the 

impurity activation control region. It should be pointed out that the experimental curves in (a) to 

(c) represent the mixed current of impurity cathodic current and metal anodic current, which are 

represented by the purple color. 

Taking the Cr curve as an example, the PD scan was conducted from point A to point D. In the A 

to B region, where the potential is lower than the Ὁ , the corrosion PD curve is dominated by 

impurity's cathodic current. After point B, the Cr anodic current begins to counterbalance the 

impurity cathodic current and equals it at point C. The potential at point C is known as the Cr 

corrosion potential of the Magnak salt. From point C to point D, the Cr anodic current gains more 

weight in the overall PD current, and after point D, the impurity's cathodic current becomes 

negligible. Clearly, in the impurity diffusion control region, the Tafel fitting is not suitable for 

fitting the corrosion PD curve and obtaining the corrosion current. In this study, the E vs. ὒέὫ ȿὭȿ 

fitting of the -0.2 to -0.1 V overpotential region is used to determine the impurity diffusion-
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controlled corrosion current. As the temperature rises, the diffusion rate of impurities also 

increases, leading to a broader activation zone and a shorter diffusion control zone. Consequently, 

at 700°C, the slope of the Fe corrosion curve approaches the slope value of Ni. The corrosion 

current density of each metal is presented in Table IV-4. In Figure IV-12 (d), the Nernst potentials 

of all species may either increase or decrease with increasing temperatures. However, it is essential 

to note that this does not impact the overall conclusion. For illustration purposes, the decreasing 

case in (d) was employed to explain the observed phenomena. 
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Figure IV -12 Potentiodynamic scan of pure metals in Magnak salt at (a) 600 oC, (b) 650 oC, (c) 

700 oC. (d) Illustration of the PD curve driven by impurities. 
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Table IV -4 Summary of cathodic slope and corrosion current density. 

Temp. oC Samples 
Slope ♫╬ 
V/decade 

░╬▫►►
╟╓   

mA/cm2 

Ὥ  

 mA/cm2 

Ὥ Ὥ  

 mA/cm2 

  

% 

600 

Fe 0.7505 0.1256 0.1248 0.0008 0.6155 

Ni 0.3853 0.0528 0.0444 0.0084 18.9230 

Cr 0.6104 0.1965 0.1842 0.0123 6.7034 

SS316 0.4347 0.1240 0.1147 0.0093 8.0935 

A709 0.2846 0.1484 0.1371 0.0113 8.2041 

650 

Fe 0.8766 0.2616 0.2581 0.0034 1.3220 

Ni 0.3130 0.0525 0.0403 0.0122 30.3215 

Cr 0.7327 0.3626 0.3442 0.0184 5.3552 

SS316 0.5533 0.2605 0.2426 0.0179 7.3779 

A709 0.3074 0.2924 0.2772 0.0152 5.4862 

700 

Fe 0.4823 0.4161 0.3907 0.0254 6.5047 

Ni 0.3439 0.0861 0.0748 0.0113 15.0971 

Cr 0.8193 0.8079 0.7696 0.0383 4.9822 

SS316 0.3598 0.4942 0.4433 0.0508 11.4642 

A709 0.3746 0.5197 0.4677 0.0520 11.1276 

 

The corrosion potentials of the materials were determined using both the OCP method and the PD 

scan method at different temperatures are listed in Table IV-5. The corrosion potential represents 

the potential at which corrosion occurs in a corrosive environment, and the OCP method is 

commonly used to measure the corrosion potential of a material168. However, in some systems, the 

OCP method may require a long stabilization time. Consequently, electrochemical methods, such 

as PD scans, have been developed to measure the corrosion potential more efficiently. 

In the present study, the corrosion potentials obtained from the OCP method (╔╬▫►►
╞╒╟) were 

consistently found to be more positive than the corrosion potentials obtained from the PD scans 
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(╔╬▫►►
╟╓ ). Assis et al.169 described this phenomenon as being attributed to the large initial reduction 

potential that disrupts the passive layer, resulting in a switch to a more negative potential in 

aqueous solutions. However, this explanation may not be applicable in molten salt environments 

due to the instability of the corrosion layer. Furthermore, Zhang et al.122 pointed out that Assis et 

al.'s theory could not explain why the ╔╬▫►►
╟╓  shifts further to negative potentials as the PD scan rate 

increases in aqueous solutions. Brad and Faulkner discussed the impact of double-layer 

capacitance in a potential sweep experiment, where a charging current density (░╬▐╪►▌░▪▌) 

proportional to the product of the scan rate and interface capacitance is always present. The faradic 

current density (░█) is measured based on the charging current density170. In the case of a PD scan, 

the peak of the polarization curve occurs when the total current density (░) equals zero. 

Ὥ Ὥ Ὥ Ὥ Ὥ Ὥ Equation IV -21 

In Equation IV-21, Ὥ and Ὥ refer to the cathodic current density and anodic current density. At the 

open circuit potential there is no charging current involved, resulting in a total current of zero. This 

means the Faradic current is zero, or equivalently, the cathodic current equals the anodic current. 

However, in the case of a positive potential scan, the positive charge stored in the interface 

capacitor continues to increase. This implies that electrons are being forced from the electrode to 

the interface by the external power source. Consequently, the charging current flows in the same 

direction as the anodic current during a positive scan. As a result, a lower Ὁ  is required to 

achieve a total current density of zero compared to Ὁ . 
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In the case of a negative potential scan, the direction of potential shift is reversed. It should be 

noted that a higher scan rate leads to a larger charging current density and a larger potential shift. 

In our current experiment, a scan rate of 2 mV/s was employed. The results presented in Table 

IV-5 indicate that, except for Fe, all other samples exhibited a potential shift ranging from 17-30 

mV in the negative direction. This discrepancy was depicted as an error in the Figure IV-16. 

Once the potential difference between Ὁ  and Ὁ  is known, the corrosion current density, 

which was previously determined by using the intersection of Ὁ  and the cathodic current 

density, becomes less accurate. Figure IV-13 illustrates the correlation between the OCP corrosion 

current density and PD corrosion current density. The charge current density influences the PD 

current density. Within the potential range B to C, since the Ὥ  in the same direction a Ὥ, it 

reduces Ὁ  to Ὁ . However, within the potential range of A to B, when Ὥ is significantly 

high, the influence of  Ὥ and Ὥ  is minimal. Extending the cathodic fitting line (solid red) in 

the A to B range allows determination of its intersection with Ὁ , which, through Equation 

IV-22, yields the corrosion current density at Ὁ . Furthermore, within the range of C to E, 

Ὥ  increases Ὥ . Beyond point E, both Ὥ and Ὥ  become inconsequential. Importantly, 

regardless of whether the cathodic PD curve lies within the impurities' activation zone or diffusion 

zone, at Ὁ , the cathodic current density remains lower than the anodic current density. This 

observation signifies that the cathodic current density corresponds to the Ὥ . Consequently, the 

corresponding corrosion current density at Ὁ is calculated and detailed presented in Table IV-4.  
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Figure IV -13 Illustration of the correlation between the OCP corrosion current density and PD 

corrosion current density.  

ÌÏÇȿὭ ȿ ÌÏÇȿὭ ȿ
Ὁ Ὁ

‍
 Equation IV -22 

Upon examining the results, it can be observed that the disparity between the corrosion current 

density obtained from the PD and the OCP for pure Fe and Cr falls within a 10% range compared 

to the OCP corrosion current density. However, the corrosion current density of Ni exhibits a 

significant difference, amounting to approximately 20% of its OCP corrosion current density. This 
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phenomenon arises due to Ni's inherently low current density at both the potential of passivation 

(PD) and OCP. Consequently, even a slight alteration in current density results in a substantial 

ratio change. 

Table IV -5 Corrosion potentials obtained from OCP and potentiodynamic scans at varying 

temperatures 

Temp. oC Samples Ὁ  (V) Ὁ  (V) Ὁ Ὁ  (V) 

600 

Fe 0.985 0.983 0.002 

Ni 1.190 1.161 0.029 

Cr 0.801 0.784 0.017 

A709 0.960  0.004 0.935  0.005 0.025 

SS316 1.011  0.005 0.985  0.004 0.026 

650 

Fe 0.969 0.964 0.005 

Ni 1.170 1.134 0.036 

Cr 0.786 0.769 0.017 

A709 0.949  0.001 0.922  0.004 0.027 

SS316 0.985  0.003 0.965  0.002 0.020 

700 

Fe 0.954 0.941 0.013 

Ni 1.130 1.109 0.021 

Cr 0.761 0.744 0.017 

A709 0.918  0.008 0.895  0.005 0.023 

SS316 0.928  0.005 0.906  0.005 0.022 

IV.2.2. Electrochemical corrosion test of SS316 and A709 

In the case of alloys, the polarization curves obtained through potential scan (PD) exhibit notable 

differences compared to those of pure metals. Figure IV-14 (a) demonstrates that the alloys' PD 

curves display a wide noise band instead of a single peak. Both SS316 and A709 alloys exhibit a 

peak zone in their respective PD curves. Typically, the peak band for SS316 is around 30 mV, 

while for A709, it is around 20 mV. To enhance the visualization of the data, a smoothing filter 
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was applied to the current using the Gamry Echem Analyst software. Specifically, a Sacitzky-

Golay filter of the fourth order with 16 points was utilized. Figure IV-14 (b) illustrates the three 

smoothed curves of A709 obtained at 600°C. These curves correspond to three individual A709 

samples from the same sub-batch of salt, denoted as S1, S2, and S3. The obtained ╔╬▫►►
╞╒╟ and ╔╬▫►►

╟╓  

values from the smoothed curves of the alloys at different temperatures are compiled in Table IV-5. 

It is worth noting that the standard deviations of the potentials are less than 8 mV, indicating the 

reliability and repeatability of the potential results. The corrosion potentials determined through 

the PD method are plotted in Figure IV.15. 

In alloys, the Nernst potential, in Equation IV-20, of the majority element, even with the same ὥ  

as the pure metal, shifts positively compared to the Nernst potential of the corresponding pure 

metal. This shift occurs because the ὥ  becomes smaller in alloys compared to pure metals. 

Consequently, even though A709 and SS316 contain Cr, their corrosion potential is significantly 

higher than that of pure chromium metal. As shown in Figure IV-16, at 600°C and 650°C, SS316 

exhibits a higher corrosion potential than pure Fe. However, at 700°C, the corrosion potential of 

SS316 decreases to lower than Fe. On the other hand, the corrosion potential of A709 remains 

consistently lower than that of pure iron, with a difference of approximately 50 mV. It is 

noteworthy that SS316 and A709 demonstrate very similar corrosion potentials at 700°C. 

Considering that the Ὁ  of SS316 and A709 is either close to or lower than that of pure Fe, it 

suggests that the potential scan region in the PD falls within the impurity diffusion control region, 

as illustrated in Figure IV-12 (d). The PD curves of the first sample of A709, SS316, and pure 
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metal at different temperatures are shown in Figure IV-15. The reason for presenting the plots 

based on temperature is that, in an impurity diffusion control scenario, disregarding the effect of 

impurity cathodic current leads to significant errors when obtaining the corrosion current from 

either the Tafel or Butler-Volmer equation based on the anodic dissolution. Figure IV-15 (a) and 

(b) exhibit intriguing cathodic curves within a similar PD scan range. It is observed that SS316 

exhibits a higher cathodic current density, whereas A709's cathodic current density is lower when 

compared to the baseline Fe curve. The cathodic current density of an alloy in the PD can be 

simplified using Equation IV-23.  

Ὥ Ὥ Ὥ  Ὥ Ὥ  Equation IV -23 

In Equation IV-23, Ὥ ȟὭ ȟὥὲὨ Ὥ   represent the total cathodic current 

density, the cathodic current density resulting from impurities, and the reduction of corrosion 

products, respectively. The term Ὥ denotes the current density caused by alloy oxidation, 

majorly caused by the Cr dissolution. Equation IV-23 can be expressed as Equation IV-24 when 

Ὥ  equals zero. 

Ὥ Ὥ Ὥ Ὥ  
 Equation IV -24 

Taking the data at 650°C, as shown in Figure IV-15 (b), as an example, let's assume that the 

cathodic current density of pure Fe only includes the contribution from impurities (Ὥ ), and 

the contribution from corrosion products (Ὥ  
) is negligible. Therefore, the cathodic 
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curve of impurities (indicated by the purple dashed line) matches the cathodic curve of pure Fe. 

Consequently, the cathodic current density due to impurities (Ὥ ) in the potential range of 

0.7 V to 9.8 V vs. Mg is obtained from the data of pure Fe. The green lines (representing Cr in 

A709) and blue lines (representing Cr in SS316) depict the approximate Nernst potential and 

cathodic curves of Cr in the respective alloys. In the region from point A to point B, SS316 exhibits 

a larger cathodic current density compared to Ὥ . This can be attributed to the contribution 

from corrosion products (Ὥ  
), which were introduced during the 1-hour immersion. 

On the other hand, A709 shows a lower current density compared to Ὥ . The difference 

between A709 and SS316 lies in the Nernst potential of Cr, meaning that the Nernst potential of 

Cr in A709 is lower than that in SS316. As a result, the current density caused by Cr oxidation 

(Ὥ ) starts to play an important role around point A in the polarization diagram (PD) curve of 

A709. Approximately, Ὥ  starts to have more influence around point B in the PD curve of SS316. 

Assuming that at the beginning of the electrochemical corrosion tests, there are fewer corrosion 

products available to contribute to Ὥ  
, the corrosion process is primarily governed 

by Ὥ , regardless of whether Ὥ  starts to take effect at point A or point B. Therefore, in 

order to obtain the Ὁ  of the alloys in a scenario where impurity diffusion controls the process, 

it is necessary to use auxiliary data of impurities obtained from pure Fe, rather than fitting the PD 

curves of the alloys. The calculation is presented in Equation IV-25. The corrosion current density 

derived from Equation IV-25 is comparatively lower than that determined from the dissolution 

current density. This suggests that the corrosion process is governed by impurity diffusion. 
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ÌÏÇȿὭ ȿ ÌÏÇȿὭ ȿ
Ὁ Ὁ

‍
 Equation IV -25 

Significantly noticeable is the corrosion potential of SS316, which experiences a notable reduction 

at 700°C in comparison to lower temperatures. Moreover, the net PD cathodic current density at 

this temperature falls below the impurity diffusion current density. This phenomenon arises 

because SS316 initiates dissolution at the lower scanning potential, signifying a decline in 

corrosion resistance. The corrosion current density of the alloys at the open circuit potential was 

subsequently converted using Equation IV-22. Despite the presence of wide noise in the PD curve, 

which increases the error associated with the Ὁ , the use of the corrosion correction equation 

(Equation IV-22) helps mitigate the errors introduced by data smoothing techniques. As a result, 

the corrosion current density obtained from both Ὁ  and Ὁ is provided in Table IV-4. 
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Figure IV -14 Potentiodynamic scan of alloys. (a) Original data of the first sample of SS316 and 

A709 at 600 oC. (b) Smoothed PD curves of three A709 samples at 600 oC.  



135 

 

 

 



136 

 

 



137 

 

 

Figure IV -15 The smoothed potentiodynamic scan curves of first sample of A709 and SS316 and 

pure metal PD curves at various temperatures.   
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Figure IV -16 Corrosion potential from potentiodynamic scan of pure metal and alloy. 

IV.2.3. Sub-Conclusion  

In conclusion, the PD polarization tests conducted on pure Fe, pure Cr, pure Ni, A709, and SS316 

exposed to chemically purified Magnak chloride molten salt at various temperatures to obtain their 

corrosion potential and corrosion current density. These results shed light on the electrochemical 

corrosion process within a low impurity level molten salt environment. The observed corrosion 

mechanism was found to be diffusion-controlled, predominantly driven by cathodic reactions. 
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Furthermore, a cathodic controlled PD data analysis procedure was developed to analyze the 

obtained results. The findings indicate that at temperatures of 600°C and 650°C, SS316 exhibited 

a higher corrosion potential compared to A709 and slightly higher than pure Fe. However, at 700°C, 

SS316 demonstrated corrosion potential closer to that of A709 and both were lower than pure Fe, 

although still higher than pure Cr. Additionally, the corrosion current of SS316 consistently 

remained lower than that of A709 across all tested temperatures. 

For future research, it is recommended to conduct a corrosion study on SS316 and A709 at higher 

temperatures. While A709 displayed inferior corrosion resistance under the current test conditions, 

it demonstrated more stable corrosion properties compared to SS316, with the corrosion potential 

of SS316 increasing as the temperature rose. 

IV.3. Lessons Learned from Operation of a Forced Convection Loop Using Chloride Molten Salt 

This section describes our experience with loop operations, where we ran the loop three times and 

gained valuable insights on its execution. The loop operation can be divided into five key steps, 

namely salt loading, salt purification and pre-melt, salt transportation, salt circulation, and salt 

drainage. 

IV.3.1. Salt loading 

As previously mentioned, the ternary salt composition MgCl2-KCl-NaCl is utilized in our process. 

These salts are acquired individually in powder form and are separately weighed and pre-mixed in 

a bucket. The mixture is then loaded into the auxiliary tank via a 2" diameter port, using a funnel. 
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The weighing and loading of the salt are carried out in the ambient environment while wearing 

appropriate personal protective equipment. Once loaded, the port is sealed with a threaded lid. 

Since the salts used are non-toxic and non-hazardous, we did not encounter any issues in this step. 

However, as the original design utilized the auxiliary tank as both the purification and drain 

reservoir, we overlooked the density difference between the powder and liquid salt during the 

loading process. Nonetheless, this presented an opportunity for us to load and purify multiple 

batches of salt. Our only suggestion in this regard is to consider the initial tank volume design. 

IV.3.2.  Salt purification and solid salt pre-melt 

The initial step in our process is to purify the salt received from the vendor, which is done in the 

auxiliary (Aux.) tank. The purification process involves thermal purification with argon flow. A 

total of 40 kg of salt is purified in two separate batches of 25 kg and 15 kg, respectively, filling the 

Aux. tank to 50-75% capacity with powder salt. An overview of the purification process is 

presented in Error! Reference source not found.. To begin, the tank is evacuated and refilled with a

rgon gas five times to replace the air from the open-air salt loading process. Port 8 is connected to 

both the argon source and a vacuum pump to facilitate this process. Once the air is sufficiently 

replaced, the cover gas line is turned off, and the purging and exhaust line is turned on. The inlet 

argon flow rate is maintained at 5-10 standard cubic feet per hour (SCFH), and the tank pressure 

is set to 1 psi. The heating system is then activated to gradually heat the salt at a rate of 1 °C per 

minute. After the salt has melted, it is kept at a temperature of 500 oC and bubbled with argon flow 
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at a constant rate for one hour. Once this process is completed, the exhaust line is turned off and 

the salt is heated to a temperature of 600 oC for transportation. 

Our purification process highlighted the importance of not relying solely on flow rate and pressure 

during the heating process. As the volume of argon gas in the tank expands with increasing 

temperature, maintaining a constant flow rate will cause the tank pressure to exceed the designed 

pressure limit of 15 psi. To prevent this, we manually adjusted the exhaust valve to maintain a 

pressure of 1 psi. However, we recognize the need for a more automated solution and suggest 

implementing a back regulator on the exhaust line to regulate the flow and pressure automatically. 

We also observed that the powder salt had low thermal conductivity during the purification 

process. As shown in Figure IV-17, the process TC was inserted into port 6, while the high limit 

TC was placed between the tank and heater. We noticed that there was a significant delay in the 

temperature response of the process TC, and there was a large temperature difference between the 

wall and center of the tank. The control system we used had a built-in automatic ramp heating 

function, which was not suitable for powder and solid salt. This resulted in overheating of the outer 

layer of salt. To overcome this issue, we experimented with low constant heating power (3-5%) to 

achieve a more balanced heating. However, we recognize the need for a more permanent solution. 

This could involve designing a tank with a taller height and relatively smaller diameter or 

incorporating an internal heat element to uniformly distribute heat throughout the tank. Another 

potential solution could be implementing a stirring system to distribute the heat in the powder salt 

evenly. 
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We have also noted that the powder form of MgCl2 has a fluffy consistency and small particle size, 

making it highly susceptible to being blown up. During the purification phase, the tank cover gas 

is maintained at approximately 2 to 3 inches. The purging flow, which carries the salt powder, 

predominantly MgCl2, away from the system, causes some of the salt powder to settle at the far 

end of the exhaust line. To avoid this issue in the future, we suggest using a taller tank or 

implementing vacuum heating before melting.  

The purification process is a one-time operation, and subsequent operations were carried out using 

solidified salt. One issue we encountered with the solidified salt was its low thermal conductivity. 

Automated control methods using set point would likely result in overheating the tank. In future 

designs, this issue should be taken into account, especially when dealing with large batches of 

molten salt. 
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Figure IV -17 Illustration of the purification tank. 1. Drain hole. 2. Pressure transducer port. 3, 5, 

&7. Purging ports. 4. Exhaust line. 6. Thermal couple port with thermowell. 8. Cover gas line and 

evacuation line. 9. Heaters. 

IV.3.3. Salt transportation  

Figure IV-18 ill ustrates the equipment orientation utilized in the salt transportation process, which 

involves transferring pre-melted salt from the auxiliary tank to the upper storage tank, with a height 

difference of approximately 3.5 ft (1.12 m) between the two tanks. The temperature of the salt in 

the auxiliary tank is maintained at 600 oC during transportation. To accomplish this, two primary 
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steps are followed. First, the loop and storage tank gas are exchanged from air to argon atmosphere 

through evacuation and refill. Second, the storage tank and supply line are heated to 550 oC, with 

particular attention given to the valve temperature. As discussed in the valve section, gaps in the 

valve can allow salt to penetrate and solidify, necessitating preheating of the valve to melt the salt. 

While a tape heater was used to heat the valve, the valve surface was not uniform, and contact 

between the heater and valve was less than ideal, requiring more powder input and longer heating 

time. Due to the difficulty of measuring the valve temperature accurately, a temperature sensor 

was only installed near the end of the pipe, resulting in a temperature reading at the valve that is 

much higher than the salt melting point, typically around 600-650 oC. It should be noted that this 

valve can be reused multiple times with minimal leaks, as it is only briefly exposed to flowing salt 

during transportation and is kept closed during salt circulation, with a temperature lower than the 

main loop at approximately 450-550 oC. At this stage, the temperature of all equipment shown in 

Figure IV-23 is over 500 oC. Despite our efforts to cover all pipes as thoroughly as possible, 

temperature distribution is uneven in the absence of liquid in the pipe. 

The method utilized to transport molten salt between two tanks is pressure-driven, and the pressure 

required to achieve a certain height can be estimated using the hydraulic head equation, as shown 

in Equation IV-26. 

Ὄ ὴὫὬ Equation IV -26 
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The approximate pressure requirement for this process is 2.6 psi (18 kPa). The initial step involves 

setting the pressure in the auxiliary tank to 3 psi. Note that when pressurizing the auxiliary tank, 

the gas line must be the purging line, rather than the cover gas line, to prevent the pressure from 

forcing the salt back to low-pressure lines, such as the purging line, where it can solidify and 

potentially damage equipment not designed to handle high temperatures. Alternatively, future 

designs could have the purging line exit the liquid prior to pressurization.  

Next, the storage tank exhaust valve is opened to release the pressure, followed by the ball valve. 

The pressure difference results in the molten salt being pressed from the auxiliary tank to the 

storage tank. The flow is adjusted to 15 SCFH while monitoring the pressure in the storage tank 

to maintain it at 0 psi. The process becomes complicated when the flow rate increases rapidly, 

reaching the upper limit of the flowmeter. In this situation, the exhaust valve is closed, followed 

by the ball valve, and the storage tank covering gas valve is opened to maintain the pressure at 1.5-

2 psi. Finally, the auxiliary tank is cooled down, and the transportation process is completed.  

Figure IV-19 and Figure IV-20 illustrate the images of the auxiliary tank subsequent to the 

transportation of salt into the storage tank. The salt transfer process was highly effective, as 

evidenced by the presence of black crystals, which indicate MgO deposition, and minimal salt 

residue. Furthermore, solidified salt was observed at the salt loading port, likely resulting from the 

condensation of vapor due to the lower temperature at the port compared to the melting point of 

salt. 
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Figure IV -18 Illustration of the salt transportation process. 1.Cover gas inlet. 2. Gas exhaust. 3. 

Heater. 4 Thermowell. 5. Ball valve. 6. Purging line.  

 

Figure IV -19 Auxiliary tank after first batch of salt transportation. 
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Figure IV -20 Solidified salt vapor at the auxiliary tank salt loading port. 

IV.3.4. Salt circulation  

This step may appear to be the most straightforward, but in reality, it is the most challenging one 

compared to others. The first step involves heating the storage tank to the target temperature of 

650 oC, and the pipes are heated to 550 oC. During the pipe heating process, it was observed that 

the temperature distribution was highly non-uniform. Areas without heaters experienced a rapid 

decrease in temperature, with the lowest temperature on the loop occurring at the flow meter 

section, which ranged from 300 oC to 350 oC due to approximately one foot of the pipe that could 

not accommodate heaters. The second step requires the opening of ball valve #6 in Figure IV-21 

and activating the pump with a frequency of 37.5 Hz. The temperature and flow rate on the loops 
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must be monitored closely. Once all the TCs show consistent readings, the start-up is considered 

a success. 

Circulating molten salt at 650 oC through a 17-foot-long pipe is a challenging task, and as expected, 

leaks were encountered throughout the operation. The first issue that arose was related to the flange 

connections. Unfortunately, all three flange connections failed, highlighting the unsuitability of 

applying FRG combinations during the loop design. New materials for gaskets and compression, 

such as bolts, need to be tested and developed. To address the issue, the flanges were replaced with 

welded connections. 

 

 

Figure IV -21 Illustration of the salt circulation process. 1. Pump. 2. Outlet. 3. Ultrasonic flow 

meter. 4. Sample insertion port. 5. Gas ball valve. 6. Loop ball valve, 7 Transportation ball valve. 

8. Inlet. 

The persistent issue of ball valve leaks has proven to be a significant challenge, requiring 

considerable effort before a solution was finally found during the final test. To mitigate the risks 
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associated with these leaks, we have adopted a strategy of disabling power to all valves and any 

surrounding equipment. Despite our best efforts to isolate the system, we have observed a loss in 

temperature over the 17-foot pipe, which necessitates the use of pipe heaters to circulate salt and 

maintain a consistent temperature of 650 oC in the storage tank. However, we have discovered that 

this requires a continuous power input of at least 70%, without the help of pipe heaters. Without 

the use of pipe heaters to increase the temperature of the test column to 650 oC, there is a high risk 

of damaging the storage tank heaters, as they will need to work harder to maintain the desired 

temperature. In theory, the more heat generated by the pipe heaters, the less strain on the storage 

tank heaters. However, the persistent issue of valve leaks has led to damage to the heaters in the 

past. The potential danger of this problem was underscored by a severe accident caused by a short 

circuit, which led to the electrolysis of chloride salt. This event will be discussed further in 

subsequent sections. To minimize the risk of further accidents, we have chosen to only use the 

pipe heaters located before and at the test column to supplement the heating of the test column and 

maintain its temperature at 650 oC. 

As previously noted, one of the potential hazards associated with operating a large-scale molten 

salt loop is the occurrence of chlorine electrolysis resulting from a heater short circuit. Our team 

has unfortunately experienced this failure on two separate occasions. Following several hours of 

loop operation, a noxious odor was detected, and subsequently, heat failure was observed. The 

odor was extremely potent and caused significant irritation. Our colleagues provided the following 

feedback:  
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ľIt smelled like an indoor chlorine pool but in a higher concentration. My throat and nostrils 

were irritated a bit in the few minutes I was in the lab Saturday afternoon with no mask. I was able 

to be in the lab for an hour or so with no issues after getting the respirator with filters for acid gas 

and organic vapor. My cough went away the next day. I donôt think it had any lasting affects for 

me anyway.ò 

ñFirstly, I smelled like acid, probably the HCl is closer to the smell I got. My nostrils and my eyes 

felt burning after like 10 min exposure. The next day, instead of a burning feeling, the smell was 

more similar to NH3 and it was harder to breathe even in a couple of minutes. I felt that my throat 

was not handling it well. I used a face mask, so when I was out of the lab, I didnôt have any cough.ò     

Fortuitously, both incidents occurred over the weekend when the building was unoccupied. Upon 

recognizing that the odor could not be mitigated, and that additional heaters and temperature 

controllers had failed, we promptly shut down the loop. We also observed the presence of a green 

coating on the equipment adjacent to the loop, likely indicating corrosion from chlorine gas.    

IV.3.4.1.Accident #1:  

The initial incident occurred approximately 40 hours into the molten salt loop's operation, at which 

point a strong and unpleasant odor became apparent. We attempted to mitigate the issue by shutting 

off all pipe heaters to halt electrolysis and increasing ventilation, but these measures proved 

ineffective. After 40 additional hours, the odor intensified, and we made the decision to shut down 

the loop. Upon disassembling the leak section, we observed a significant accumulation of yellow 

substance on the white insulation, likely a gas byproduct. Interestingly, a complete failure of one 



151 

 

welding joint was also detected, with the pipe separating into two sections and salt leaking out. 

Pictures are shown in Figure IV-22. Notably, the flow meter did not detect any flow rate change, 

demonstrating the potential benefits of using molten salt to address coolant loss incidents in boiling 

water reactors. The welding joint failure was attributed to both stress and electrolysis. Specifically, 

the stress was induced by the modification of the flange, resulting in imperfect alignment during 

the online portable welding process. After force electrochemical corrosion occurred, the weakest 

part ultimately broke. Importantly, the leak did not originate from the broken section. Rather, we 

observed an unexpected small leak at the outlet, which resulted in a short circuit of the heater and 

converted the loop into an electrolysis pool. Although the welding filler material was SS 316, 

which is the same as pipe material, the uniform structure and morphology made it susceptible to 

corrosion. When combined with stress, this led to joint failure. This accident let us know the 

endangerment of the heater short circuit.  

IV.3.4.2. Accident #2: 

The first incident served as a valuable lesson. While a leak is a potential hazard, it was not as 

dangerous as a short circuit between the heater and the loop. The team was aware that ball valve 

#6 was prone to leakage. To mitigate this risk, only three pipe heaters were activated between the 

ultrasonic flow meter and sample insertion port, and their condition was closely monitored. The 

system functioned smoothly and without any detectable odor for 90 hours until a broken and short-

circuited heater caused a distinct odor to reappear. Upon investigation, one of the heaters was 

found to be the source of the issue. The salt that leaked from ball valve #6 spread and wet the 
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heaters along the pipe. Electrolysis occurred once the salt reached the heater at the sample insertion 

port end after 90 hours. The system was ultimately shut down at the 100-hour mark. 

 

Figure IV -22 accident #1 Images of the chlorine electrolysis and electrochemical corrosion failure 

at one of the welding joints. 

IV.3.4.3.Vapor issue  

One observation made during the operation was the solidification of vapor at the gas inlet line and 

exhaust line. This was evident from Figure IV-20, which showed that the salt solidified at the top 

of the tank due to lower temperatures caused by inadequate insulation. Under normal operation, 

the exhaust line was closed, and the gas inlet line had a constant flow rate of 1.5 SCFH (0.7 L/min) 
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through a half-inch tube. The constant flow rate is because of the shaft leak. The observed incident 

was that while the inlet pressure remained unchanged, both the flow rate and tank pressure 

decreased, indicating a blockage in the inlet line. To address this issue, we used a torch to heat the 

inlet port and a hammer to knock the tube, allowing the solidified salt to fall and restoring normal 

flow and pressure in the tank. Subsequently, we closely monitored the pressure and inlet flow rate 

to maintain the proper functioning of the covering gas system. 

IV.3.4.4.Temperature  

Figure IV-23 depicts the temperature profile of the loop body and storage tank during the day of 

salt circulation. The process value (PV) and high limit (HL) value of the storage tank are illustrated 

in red and black lines, respectively. Prior to the circulation, the temperatures of the storage tank 

exhibit constant variation, which can be attributed to the delayed response between heating and 

PV-TC. Notably, the PV temperature lags behind the HL temperature by three minutes due to the 

limitations of TC readers in our system. 

At point A, the salt transportation TCs were plugged into the thermocouple adapters, resulting in 

a temperature drop. At point B, the loop heaters commenced operation to heat up the pipes, 

revealing non-uniform temperature distribution in the empty pipe. Subsequently, at point C, the 

overall temperature of the pipe rose above 300 oC, and increasing the heating power did not 

effectively raise the temperature of the low temperature section. Therefore, we raised the salt 

temperature from 550 oC to 600 oC to prevent salt solidification in the low temperature section. 
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Since the loop heaters are controlled by a single heating zone, they are turned off during the period 

from C to D to prevent overheating. At point D, the pump was turned on with a power setting of 

37.5 Hz, establishing a flow rate of 1.25 m/s. Notably, all the TCs merged with the salt temperature 

once the circulation was established. Subsequently, the salt in the storage tank gradually heated up 

to the target temperature of 650 oC. After point D, the working heaters were the storage tank heaters 

and three pipe heaters at the test column. 

After point E, the system reached an equilibrium state characterized by constant flow rate, 

temperature, and heating power. It should be noted that, except for the storage PV-TC and test 

column TC, all other TCs are surface thermocouples. From the figure after point E, the 

temperatures settled into two groups, namely 650 oC and 600 oC. This discrepancy is attributed to 

the fact that the TCs were obtained from different brands and vendors after several modifications, 

and the distance to the storage tank also affects the temperature, with lower temperatures observed 

further away. If the test column heaters are turned off, the test column temperature will decrease 

to 630 oC. However, due to inadequate calibration of the TCs, the temperature change in the loop 

according to the location cannot be accurately determined. 
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Figure IV -23 Temperature profile of the loop body and storage tank on the day of salt circulation. 

Red line: storage tank process temperature. Black line: storage tank high-limit temperature. Blue 

line: test column temperature. Other color dashed line: loop body temperature. 

IV.3.5. Salt drainage  

The process of salt drainage occurs after each salt circulation, or in case of incidents requiring the 

loop to be shut down. This is facilitated by the use of an auxiliary tank, which provides a reliable 

seal. The first step in the drainage process involves pushing the salt in the pipe back to the storage 

tank. To achieve this, the pump is shut down, the cover gas line is closed, and the exhaust line of 

the storage tank is opened, as shown in Figure IV-21. Next, ball valve #6 is quickly closed, and 

gas valve #5 is opened. This allows the pressure to push the salt in the opposite direction of 
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circulation, back to the storage tank. Once this is done, valve #5 and the storage tank vent line in 

Figure IV-21 are turned off, and the cover gas system is opened. 

Subsequently, the drain line, drain valve #3, and auxiliary tank, as illustrated in Figure IV-24, are 

heated up. Valve #3 is turned on when the tank temperature reaches above 500°C. Before turning 

on valve #3, the auxiliary vent line is opened. This allows the salt to be driven by the pressure of 

the cover gas and gravity, draining from the storage tank to the auxiliary tank. After the salt has 

been drained, valve #3 and the auxiliary exhaust line are turned off. The final step in the process 

is to turn off all heater power, allowing the system to naturally cool to room temperature. It is 

important to note that the auxiliary tank gas system should be kept on avoiding the formation of 

negative pressure in the tank due to the shrinking gas volume as the temperature decreases. It is 

also worth mentioning that we have not encountered any incidents during the drainage process, 

apart from minor leakage in valve #3. 
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Figure IV -24 Illustration of the salt drainage process. 1. Storage tank covering gas line. 2. Storage 

tank exhaust line. 3 Drain line ball valve. 4. Auxiliary exhaust line. 

IV.3.6. Sub-Conclusion  

In conclusion, the construction and operation of a forced convection chloride molten salt corrosion 

test loop at the Nuclear Material and Fuel Cycle Center at Virginia Tech have significantly 

advanced our understanding of material compatibility in a molten chloride environment. 

Throughout this paper, we have addressed the design experience and challenges faced during the 

development of the test loop components, as well as the operational experiences gained from using 

the chloride salt loop. Through our operational experience, we have confirmed the advantages of 

using molten salt as a coolant, which effectively reduces the risk of coolant leaks. The self-sealing 
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properties of the molten salt slow down or even stop leaks at points of rupture. However, it is 

important to be cautious about the potential electrolysis of the chloride salt, as the current heating 

source for the test loop is electricity, which may generate hazardous gases. One of the most 

significant challenges identified during the operation of the molten salt loop for high-temperature 

applications is the implementation of effective seal techniques for the connections and valves. 

Given the demanding conditions, ensuring reliable and durable seals remains a crucial aspect that 

requires careful consideration and innovation. 

The future work is the analysis of corrosion samples, which will contribute to a deeper 

understanding of the behavior of selected materials under flow-induced conditions. This 

knowledge will be invaluable for future research and development endeavors in the field. Overall, 

the construction and operation of the forced convection chloride molten salt corrosion test loop 

have provided significant insights into material compatibility in molten chloride environments, 

paving the way for further advancements in this area of study. 

IV.4. Forced convection molten salt loop tests 

IV.4.1. Corrosion behavior of SS316 in chloride FCL 

This section provides a summary of the flow-induced corrosion (FIC) of SS316, which is a Fe-

based alloy commonly used in high-temperature applications. The corrosion behavior and 

mechanisms of SS316 in molten salt have been a subject of interest for researchers. However, 

previous corrosion studies were primarily limited to capsule and static corrosion tests171,172. 

Despite molten salts' unfavorable thermodynamic conditions for corroding the major elements in 
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the alloys (such as chlorides or fluorides), corrosion is driven by oxidizing impurities. The 

BED/SEM inner and outer cross-section images of SS316 sample in FCL test is illustrated in 

Figure IV-25. In the case of our loop salt tests, the impurities (moisture and oxygen) were not 

monitored for each test and there were leakages because of valves or pipe broken, therefore, 

comparing different tests is not meaningful. 

The images in Figure IV-26 on the left displays the result of outer cross-section EDS mapping for 

SS316 in test FCL-50. Notably, a very thin depletion layer of Cr was detected on the outer surface 

of the sample, accompanied by numerous cracks and intergranular attacks. This cracking 

phenomenon beneath the steel surface was unique to the FCL-50 test and can be attributed to 

repeated heating during the operational procedure's development. It is also worth mentioning that 

the loss of Cr and Fe occurred at the surface area along the cracks/grain boundaries and did not 

penetrate the bulk material. The presence of Mg residues along the cracks or grain boundaries 

indicates that the salt invaded the material through the cracks formed during heating. The deepest 

cracks measured over 70 ‘ά after 50 hours of testing, while the Cr dissolution layer apart from 

the crack was only about 2-3 ‘ά for MSL-50-SS316-1, and 4-5 ‘ά, shown in Figure IV-27 (a1) 

and ((b1).
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Figure IV -25 BED/SEM inner and outer cross-section images of SS316 sample in FCL test. (a) As received sample. (b) FCL-50-SS316. 

(c) FCL-80-SS316-S1. (d) FCL-80-SS316-S3. (e) FCL-100-SS316-S1. (f) FCL-100-SS316-S2. (g) FCL-100-SS316-S3. 
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Figure IV -26 BSE/EDS cross-sectional true mapping of SS316 exposed in FCL-50 test. (left) Outer surface facing the flow. (right) 

Inner surface without flow. 
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Figure IV -27 EDS line scan data of SS316 surface exposed in FCL-50 test. (a1) & (b1) Outer surface facing the flow. (a2) & (b2) Inner 

surface without flow. 
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We observed that the inner surface of the sample, where the flow was negligible, but also contacted 

with the salt, displaying static corrosion characteristics. Figure IV-25 (b2) illustrates the BSE-SEM 

images of the inner surface of MSL-50-SS316-S3. The original surface was reminding and 

vaccines or void forming under the surface due to Cr depletion. It is important to note that no 

cracks were observed in the cross-section of the inner surface. Because the inner surface 

experienced compression stress different from the outer surfer where underwent tension stress 

during heating. This finding further supports the notion that the attack on the outer surface is 

caused by the heating and cooling cycles. Based on the SED mapping and SED line scan results, 

Figure IV-26 (right) and Figure IV-46 (a2) and (b2), the inner corrosion layer primarily 

experienced significant Cr depletion, minor Fe depletion, and Ni enrichment. The corrosion layer 

thickness measured approximately 4-5 ‘ά for MSL-50-SS316-S1 and 12-16 ‘ά for MSL-50-

SS316-S3. 

Figure IV-28 (a) illustrates the outer cross-section EDS mapping results of SS316 in test FCL-80, 

which experienced an unexpected pipe break incident. The duration of the pipe break is unknown. 

It is evident that the corrosion in FCL-80 is much more severe compared to FCL-50, as a highly 

uneven surface with distinct dissolution layers of Cr and Fe is observed. The original surface is 

damaged, and the presence of cavities on the surface is attributed to particle removal by the flowing 

salt. An interesting observation in Figure VII -1 (b) is the separation of the corrosion layer or Cr 

depletion layer from the bulk material, with the right end connected to the bulk (possibly with 

other connections not visible). EDS mapping reveals that corrosion only occurred in the top layer 
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and abruptly ceased at the separation line, perhaps it was the grain boundary. Figure IV-28 (a) 

represent FCL-800-SS316-S3, demonstrating a uniformly corroded layer and clear evidence of 

material dissolution. All the cavities or voids are open to the surface. However, Ni enrichment is 

observed along the corrosion layer in the EDS mapping, indicating that the primary mechanism of 

flow-induced corrosion is the dissolution of Cr and Fe. The corrosion layer thickness for MSL-80-

SS316-S1 and MSL-80-SS316-S3 is approximately 5-9 ‘ά and 4-6 ‘ά, respectively. 

The inner cross-section characterization is presented in Figure IV-28 (b). Similar to the results of 

FCL-50 inner surface, a uniform static corrosion pattern is observed. However, there is evidence 

of Cr-enriched layers that consistently coexist with MgO residue, as shown in Figure IV-29. 

According to one study, the presence of MgO residue is attributed to the decomposition of MgOH+ 

at high temperatures173. However, it could not explain the coexist phenomenon. EDS point analysis 

in the present study suggests that Cr is embedded into the MgO layer in its metallic form rather 

than as an ion. Contrary to our observations, Thorp et al.174 reported that chromium tends to be 

present in MgO as Cr3+ in the form of MgCr2O4. Ding et al.86 also observed the formation of 

MgCr2O4 on the alloy surfaces within the MgCl2/KCl/NaCl (60/20/20 mol%) environment through 

XRD analysis. Given that the EDS point scans only provide elemental information, leaving out the 

precise composition details, it is strongly plausible that the observed coexisting Cr-Mg-O layer 

corresponds to MgCr2O4. It is important to note that the MgCr2O4 layer forms along the surface or 

beneath the Cr depletion layer. It can be observed that in some areas, the MgCr2O4 layer is 

continuous. The inner cross-section Cr depletion layer thickness for MSL-80-SS316-S1 and MSL-

80-SS316-S3 is approximately 12-15 ‘ά and 5-10 ‘άȟ respectively.  
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Figure IV -28 BSE/EDS cross-sectional true mapping of SS316 exposed in FCL-80 test. (a) Outer surface facing the flow. (b) Inner 

surface without flow. 
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Figure IV -29 BSE/EDS mapping and point spectrum of the MgO-Cr coexisting layer on FCL-80-SS316 inner surface.  
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Figure IV -30 BSE/EDS cross-sectional true mapping of SS316 exposed in FCL-100 test. (a) Outer surface facing the flow. (b) Inner 

surface without flow. 






























































































































