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Abstract 
 

The research in my dissertation aims at a better understanding of the corrosion 

mechanism of alloys applied in nuclear reactors and potential methods to enhance their 

corrosion resistance based on reliable computational simulations. First-principles based 

calculations and density functional theory (DFT) simulations are taken to investigate the 

chemical reaction between nuclear structural materials and corrosive coolants.  

Zirconium (Zr) based cladding materials are widely used in commercial light water 

nuclear reactors and it is essential to prevent them from water oxidation to avoid serious 

safety issues in nuclear power plants such as Fukushima nuclear accident. To provide 

guidelines to design novel Zr alloys with enhanced water oxidation resistance, we 

performed a first-principles high-throughput screening (HTS) search that is based on the 

water dissociation mechanism over Zr basal plane. 53 metal dopants, including transition 

and non-transition metals, were selected to determine the promising dopants in Zr-X 

binary alloys with significantly improved resistance of water oxidation. Firstly, the 

adsorption and dissociation mechanisms of water molecules on the zirconium basal 

(0001) surface are determined using the density functional theory (DFT) calculations. 

Then the water dissociation barrier is used as a descriptor for the HTS approach. Next, 

the neutron cross-section is considered for the realistic applications of Zr-X alloys as 

cladding materials in nuclear reactions. Finally, the stability is checked for the possibility 

of processing these binary Zr-X alloys experimentally. Al, Zn, Ge, As, Sn, Sb, Pb, and Bi 

are singled out as promising dopants that could improve the corrosion resistance of 

zirconium alloys. In fact, aluminum alloys have already been used as fuel cladding, and 
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Zr alloys such as Zircaloy, ZIRLO, which contain 1% ~ 1.5% Sn, have been used as fuel 

cladding for PWRs and BWRs for decades.  

Eutectic LiCl-KCl molten salt is often used in molten salt reactors as the primary coolant 

due to its high thermal capacity and high solubility of fission products. Thermophysical 

properties, such as density, heat capacity, and viscosity, are important parameters for 

engineering applications of molten salts, but may be significantly influenced by metal 

solute from corrosion of metallic structural materials. The behavior of the LiCl-KCl 

eutectic composition is well-researched, yet the effects on these properties due to 

chlorocomplex formation from metals dissolved in the salt are less well known.  These 

properties are often difficult to accurately measure from experimental methods due to 

issues arising from the dissolved species such as volatility. Here we applied a combination 

of quantum mechanics molecular dynamics (QM-MD) and deep machine learning force 

field (DP-FF) molecular dynamics simulations to investigate the structure and 

thermophysical properties of LiCl-KCl eutectic as well as the influence of dissolved 

transition metal chlorocomplexes NiCl2 and CrCl3 at low concentrations. We find that the 

dissolution of Ni and Cr in the LiCl-KCl system forms the local tetrahedral (NiCl4)2- and 

octahedral (CrCl6)3- chlorocomplexes, respectively, which do not have a significant impact 

on the overall liquid salt structures. In addition, the thermodynamic properties including 

diffusion constant and specific heat capacity are not significantly affected by these 

chlorocomplexes. However, the viscosity is significantly changed in the temperature range 

of 673 ~ 773 K. This study thus provides essential information for evaluating the effects of 

dissolved metals on the thermophysical and transport properties of molten salts. 
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Chapter 1.  Introduction 

1.1  Motivation 

Energy is one of the most important issues that drive the development of modern 

technology and society. As a clean and sustainable energy source, nuclear energy has been 

studied since its first development in the 1960s. Nuclear power has been attracted more 

and more attention in recent years due to the high energy efficiency, sustainable and 

environmentally friendly features, and 20% of electricity generation in the United States 

comes from the nuclear power [2]. However, the safety issue of nuclear power plants 

remains to be the biggest concern. For example, nuclear accidents resulting from the 

corrosion of structure materials have a profound effect on the industry and our lives [3]. In 

order to provide guidelines on designing new alloys with better corrosion resistance, we 

study the corrosion behavior of these metallic materials in different conditions and improve 

their corrosion resistance using various theoretical approaches. Based on the nuclear 

reactors operating nowadays, my research is focusing on two nuclear power plants, light 

water nuclear reactors, and molten salt reactors.  

Light water nuclear reactors, normally referred to as pressurized nuclear reactors and 

boiling water reactors, are taking more than 90% of all the running nuclear power plants 

all over the world as a result of their intrinsic safety feature [4]. In light water reactors, 

normal (light) water, opposite to heavy water, is used as the coolant to remove the heat 

from the nuclear core and moderator that is essential to reduce the speed of fast neutrons 

produced by the fission reaction. The coolant water is separated from the nuclear fuel by 
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the cladding materials. Zirconium alloys are widely used as the fuel cladding in water 

nuclear reactors start in the 1950s because of their high strength and ductility, low neutron 

absorption cross-section, and relatively good oxidation resistance [5]–[7]. However, 

zirconium cladding can still react with water at high temperature, which produces hydrogen 

gas and lead to the failure of fuel cladding and even the explosion of the nuclear plant. In 

order to improve Zr alloys for nuclear applications, figuring out the reaction mechanism of 

zirconium and water is necessary. After completely understanding the chemical reaction 

between zirconium cladding and coolant water, we can design new zirconium alloys 

through modeling or experimental methods, such as a high-throughput screening (HTS) 

approach based on building a large database, then applying multiple selection criteria to 

sift out qualified materials.  

The molten salt reactor is one of the Generation IV designs of advanced nuclear reactors 

aiming at reducing waste production, enhancing fuel efficiency, meeting stringent 

standards of safety and proliferation resistance while also remaining economically 

competitive [1]. The precise designs of molten salt reactors remain under Research & 

Development, but the basic working principles are already clear [1], [8]–[10]. As indicated 

by the name, molten salts are the most important components in MSRs, serving as the 

primary coolant and/or the fuel delivery mechanism in which the fission products are 

dissolved directly in the molten salt composition for transport to the core [8], [11], [12]. 

Different from the traditional nuclear reactors, the fission fuel is directly dissolved in the 

coolant salt at around 1000 C under atmospheric pressure [11], [13]. The working pressure 

of molten salt reactors is much lower than that of BWRs, especially PWRs, which makes 
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MSRs safer. There are no cladding materials in molten salt reactors, but the chemical 

reaction of the piping materials in corrosive salt is not negligible. Both fluoride and 

chloride salts are proposed to be promising candidates due to their high boiling points and 

high heat capacity. Comparing to fluoride salt, which normally contains toxic Be element, 

chloride salt has even lower melting points and higher boiling points. A lot of research was 

focused on the fuel solubility in LiCl-KCl, and more theoretical studies are performed 

recently as the development of computational simulations that save more time and cost 

[14]–[22]. Ab initio molecular dynamics simulations are proved to be a reliable tool to 

study the corrosion mechanism of the structural metallic materials in the molten salt 

environment [23]–[31].  

1.2  Research Objective and Outlines 

Our current research is mainly focusing on determining the corrosion mechanism of 

metallic materials in nuclear reactors and furthermore investigating strategies that can 

enhance the corrosion resistance of these metallic materials, as well as improve the safety 

performance of nuclear plants. As for now, there are more than 400 nuclear power plants 

all over the world producing about 20% of electricity energy, while water nuclear reactors 

account for 90% of operating nuclear power plants. For the next-generation nuclear 

reactors, molten salt reactors attract a lot of attention due to their intrinsic safety features. 

Besides, the wide applications of different types of molten salts are interesting to 

investigate. Based on this, the following objectives are expected to achieve: 
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1. Select promising dopants in Zr alloys with significantly improved resistance of 

water oxidation using a reaction-mechanism-based high-throughput screening 

approach. Firstly, the adsorption and dissociation properties of a water molecule on 

Zr basal (0001) surface were examined by first-principles calculations. Based on the 

water dissociation mechanism, the HTS was applied on 53 possible doping elements 

to screen out the elements that could enhance the reaction barrier of water 

dissociation. Next, the neutron cross-section of doping elements was used to 

determine whether these doping elements can be used in cladding materials. Finally, 

the stability of the Zr-X alloy was examined to single out elements that could be 

synthesized experimentally. Promising elements are supposed to be determined 

through the HTS process. 

2. Study the structure and thermophysical properties of eutectic molten LiCl-KCl and 

investigate the effect on these properties through the dissolution of Ni and Cr ions. 

QM-MD and DP-FF MD simulations were applied to examine the structures and 

thermodynamic properties of LiCl-KCl salt systems including Ni and Cr, from 

which the coordination environment of the resulting chlorocomplexes was observed 

and useful thermophysical properties, such as heat capacity and viscosity, of these 

systems are determined. 
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Chapter 2.  Background and Literature Review 

2.1  Development of Nuclear Power Industry 

Nuclear energy started to be used for electricity generation in the 1950s. After World 

War II, scientists realized that the tremendous heat produced from the nuclear fission 

reaction can be directly used or redirected to the production of electricity [32]. With the 

increase of the global population, the energy demand all over the world has increased a lot. 

Meanwhile, energy security becomes an important element. In addition, global climate-

changing is more severe in recent decades, which brings carbon emission to the concern of 

energy production [2], [32]. As a result of all these factors, the development of the nuclear 

power industry entered a rapid rising stage. Cost effectivity, energy efficiency, air pollution 

reduction also benefits from the application of nuclear energy [2], [4]. At present, there are 

441 nuclear power plants operating in 31 countries and produced power from nuclear 

energy over 390 GWe [4], [10], [33]. Nowadays, electricity generated from nuclear energy 

is taking over 10% of the world’s electricity and 20% for the United States [2], [11], [33], 

as indicated in Figure 2.1. 

 

Figure 2.1. Power generation by energy type & nuclear power by reactor type [4]. 
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As of 2020, nearly 69% of nuclear power reactors are Pressurized Water Reactors 

(PWRs), which were first developed to power the US Navy submarine in 1953 and the 

design gets improved over these years for more efficient and safer power generation [32], 

[33]. Boiling Water Reactors (BWRs) account for about 20% of the nuclear energy, the 

rest is shared by Pressurized Heavy Water Reactors (PHWRs), Gas-cooled reactors 

(AGRs), Light water graphite reactors (LWGRs), and Fast neutron reactors (FBRs). Details 

about the existing nuclear reactors in the world are indicated in Figure 2.1 and Table 1. 

Table 1. Nuclear power plants in commercial operation or operable in the world [34]. 

Reactor type Main countries Number GWe Fuel Coolant Moderator 

Pressurized 

water reactor 

(PWR) 

USA, France, 

Japan, Russia, 

China, South 

Korea 

299 283 
enriched 

UO2 
water water 

Boiling water 

reactor 

(BWR) 

USA, Japan, 

Sweden 
65 65 

enriched 

UO2 
water water 

Pressurized 

heavy water 

reactor 

(PHWR) 

Canada, India 48 24 
natural 

UO2 

heavy 

water 

heavy 

water 

Gas-cooled 

reactor (AGR) 
UK 14 8 

natural U 

(metal), 

enriched 

UO2 

CO2 graphite 

Light water 

graphite 

reactor 

(LWGR) 

Russia 13 9 
enriched 

UO2 
water graphite 

Fast neutron 

reactor (FBR) 
Russia 2 1.4 

PuO2 and 

UO2 

liquid 

sodium 
none 

 TOTAL 441 390    
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2.2  Nuclear Power Reactors 

2.2.1 Light Water Reactors 

PWRs and BWRs are accounting for about 90% of the global nuclear power plants 

because of their ease of operation as well as their outstanding safety during operation. Both 

BWRs and PWRs use ordinary (light) water as coolant and moderator (works to slow down 

the neutrons released from the fission reaction so they can cause more fission), therefore 

they are also categorized as Light Water Reactors (LWRs). As indicated in Figure 2.1 and 

Table 1, pressurized water reactors are the most popular nuclear reactors, and generate 65% 

of global nuclear power energy.  The primary working principle of water nuclear reactors 

is using the heat released from the nuclear fission reaction to heat up the water in order to 

generate steam that is used to drive the turbines to produce electricity. The schematic of 

PWRs and BWRs can be demonstrated by Figure 2.2 [33].  

As indicated in Figure 2.2, the design of PWRs and BWRs are very similar in structures, 

the only difference is that two water cooling circuits exist in PWRs whereas BWRs only 

have one single cooling circuit. As shown in Figure 2.2 (a), in pressurized water reactors, 

the primary cooling circuit flows through the nuclear core, where the temperature could 

reach 325 °C, under a 150 times atmospheric pressure environment produced by the 

pressurizer to prevent the water from boiling, that is the reason this type of reactors named 

as pressurized water reactors. Then the cooling water flows to the secondary circuit, where 

the pressure is much lower so that water can boil and generate steam in the steam generator 

and drive the turbines for electricity production. Compared to pressurized water reactors, 
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the pressure in boiling water reactors is much lower, which is about 75 times atmospheric 

pressure. Cooling water in the single circuit flows through the nuclear core and is heated 

up to 285 °C there to produce steam that drives the turbine to generate electricity. The flow 

direction of the cooling circuit in boiling water reactors [33], [35], [36] is indicated using 

arrows in Figure 2.2 (b). 

 

Figure 2.2. Schematic of (a) pressurized water reactors (PWRs), (b) boiling water 

reactors (BWRs). 

 

Light water reactors are inherently safe during operation as a result of the expansion of 

fuels and moderators at high temperatures, which leads to the passive reduction in power 

since less fuel and moderator per volume [11]. However, the high temperature and pressure 

inside water nuclear reactors may cause some safety issues of nuclear power that was 

revealed by three major nuclear accidents, the Three Mile Island accident (USA, 1979), the 
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Chernobyl accident (Ukraine,1986), and the most recent one is the Fukushima Daiichi 

Accident (Japan, 2011).  

The nuclear power reactors operating in Fukushima and Three Mile Island are BWRs 

and PWRs, respectively [37], [38]. Both the Fukushima Daiichi accident and the Three 

Mile Island accidents are caused by the reaction of cladding materials and high-temperature 

steam that are produced by the severe overheating of the core due to the loss of cooling. 

For the Three Mile Island accident that happened in the USA in 1979, a malfunction in the 

secondary cooling circuit of the PWR caused the temperature in the primary coolant to rise 

rapidly, which lead to the automatic shut down of the reactor. At this point, a relief valve 

failed to close so the primary coolant almost drained away. As a result of that, the decay 

heat can not be removed. The temperature inside the reactor keeps rising and finally leads 

to the melting of the core. Later that day, a sudden rise of the pressure was noticed because 

of the burn of the H2 gas produced by the chemical reaction between the cooling water and 

Zr cladding under high temperature [2], [38]–[41]. In the Fukushima accident, all the 

boiling water reactors were automatically shut down due to the earthquake, which is also 

the inducement to the outage of electricity used to power the cooling system at the same 

time. As a result of that, the temperature of the nuclear core increased dramatically which 

led to the transformation from coolant water to high-temperature steam. The steam reacted 

with cladding Zr alloy and produced a large amount of H2 gas. In boiling water reactors, 

the H2 gas accumulates in the pressure vessel right above the nuclear core, where thousands 

of radioactive fuel rods assembled, and eventually lead to the explosion and completely 

destroy the nuclear plant. A large amount of radioactive nuclear fuel leaks out from the 
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reactor because of the explosion, and severely damaged the environment near the nuclear 

plant [37], [39], [42]–[46]. After that, a lot of investigation is performed to figure out better 

compositions of Zr alloys or alternative cladding materials for water nuclear reactors to 

prevent the happening of this kind of accident. 

In nuclear reactors, the fuel and fission products are confined by four sequent physical 

barriers to prevent radiation: the fuel matrix, the fuel cladding, the coolant boundary, and 

the containment building.  The fuel cladding is laying between the fuel and coolant working 

to retain the radioactive fission products and prevent the direct contact of nuclear fuel and 

coolant, which makes it the most important safety barrier in nuclear reactors [46], [47]. 

Thus, the improvement of current cladding design and the development of new cladding 

materials have remained a hot topic.  Fundamentally, in order to improve the safety of 

water nuclear reactors, it is necessary to investigate the reaction mechanism between the 

cladding materials and cooling water. 

2.2.2 Fuel Cladding 

With the increase of global population and the development of society and technology, 

global warming caused by the worldwide emission of carbon dioxide is becoming a severe 

problem that has dramatic impacts all over the world, such as accelerating the melting of 

the iceberg, rising of sea level, and even more excessive weather conditions [2].  In order 

to cut the emission of carbon dioxide gas, clean energy resources like solar, wind, hydro, 

and nuclear power are sharing more and more proportion of total electricity generation. As 

a result of the development of technology, the nuclear power industry is concentrated in 
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developed countries, only 10 percent of nuclear power plants are operating in developing 

countries. In the past two decades, the growth of the nuclear power industry is mainly 

focused on developing countries due to its high efficiency, low cost, and some other 

attractive features. The main concern of nuclear power is its safety issue revealed by two 

major nuclear accidents in Fukushima and Three Miles Island. Both the two accidents are 

the result of the intense reaction between the cooling water and fuel cladding under high 

temperature inside of water nuclear reactors [46]–[49].  

The primary working principle of light water nuclear reactors is using the heat generated 

from the fission reaction of nuclear fuels to heat up the cooling water and produce steam, 

which drives the turbine to generate electricity. As the most important part of a nuclear 

reactor, the assemble of nuclear fuel is demonstrated in Figure 2.3 [49]. Radioactive fuel, 

such as uranium and fissile plutonium, are normally synthesized as fuel pellets and held in 

metal rods, bundles of these fuel rods stacked together to form a fuel assembly that can be 

treated as a unit of nuclear fuel [50]–[52], as shown in Figure 2.3. 
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Figure 2.3. The assembly schematic of nuclear fuel [49]. 

 

As the core of nuclear reactors, highly radioactive fuels are held by four barriers: the 

fuel matrix, the fuel cladding, the coolant system, and the containment of nuclear plants. 

Fuel cladding is the out layer of fuel rods that contain nuclear fuel pellets that separate the 

nuclear fuel and the water coolant. There are three main functions of fuel cladding, first 

gives the physical configuration by housing fuel pellets; second prevents direct contact 

between coolant and fuel; third prevents radioactive fission fragments from escaping the 

fuel into the coolant and contaminating it, which makes fuel cladding the most important 

safety barrier in reactors [47].  
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Based on the function of fuel cladding, the selection criteria can be summarized as 

follows: high strength to hold the fuel, high service temperature to increase the thermal 

efficiency, and low neutron cross-section to maximize the fission reaction. A material with 

a large neutron cross-section will absorb many neutrons when they hit the wall, reducing 

the efficiency of the chain reaction. Therefore, the cladding must be as transparent as 

possible to neutrons. 

Zirconium-based alloys have been widely applied as the fuel cladding materials for light 

water nuclear reactors because of their high strength, high thermal conductivity, especially, 

excellent corrosion resistance, and low neutron absorption cross-sections. Zirconium-tin-

based alloys, the Zircaloy family, are widely used in PWRs and BWRs in the United States 

from the 1950s to the 1990s [3].  As the development of alloy design, advanced alloys, 

such as ZIRLO ®, OPT-ZIRLO TM, AXIOM TM, M5, and J-alloys have replaced some 

conventional Zr-Sn alloys in PWRs [48], [53]–[55]. 

As a result of the intrinsic water oxidation of Zr alloys that can lead to the generation of 

hydrogen gas, which may cause severe safety issues under high-temperature environments 

in nuclear reactors, alternative cladding materials have been developed to improve the 

safety features of light water nuclear reactors. Advanced stainless steel, Ni-base alloys, 

Mo-based alloys, and ceramic materials SiC, are competitive candidates that may have 

better performance on better corrosion resistance, higher temperature tolerance, and a 

higher level of neutron radiation [1], [56], [57].  
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2.2.3 Molten Salt Reactors 

As one of the six Generation IV designs of advanced reactors, molten salt reactor (MSR) 

is different from the conventional nuclear reactors mentioned above. Currently, there are 

18 different design concepts of molten salt reactors, but the main concept is dissolving the 

fissile and fertile fuel in molten fluoride or chloride salts, which work as the coolant for 

MSRs [1], [58]. In this case, the heat from the fission reaction can be directly transferred 

to the salt and fuel mixture and generate the steam used for electricity generation through 

the heat exchanger [8], [11], [13], [59]–[61], as shown in Figure 2.4. 

  Molten salt reactors are considered to be one of the most promising next-generation 

nuclear reactors due to their unique characteristics. The working temperature of MSRs is 

higher than that of light water nuclear reactors (LWRs), which in turn reduces the 

possibility of thermochemical hydrogen generation. Besides, the low vapor pressure of 

molten salts enables a nearly atmospheric pressure environment inside an MSR, which 

means the stresses on the inner components, such as vessels and piping system, are much 

lower than other reactors. The design of MSRs makes it possible to perform refuel, 

processing, and spent fuel removal online [1], [8], [11], [12], [59], [62], [63]. All these 

features mentioned above indicated that the design of MSRs is remarkable in safety. In 

addition, there is no fuel cladding in MSRs, since the fuel is directly dissolved in molten 

salt, which leads to less neutron absorption and higher energy efficiency. 
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Figure 2.4. The main design concept of a molten salt reactor [1]. 

Molten salt is a phase change material that is commonly used for thermal energy storage. 

Molten salts are solid at room temperature and atmospheric pressure, but change to a liquid 

when thermal energy is transferred to the storage medium. They have low vapor pressure 

under high temperature, higher heat capacity than the same volume of water, good heat 

transfer properties, are not damaged by radiation and do not react with water or air. And 

two kinds of molten salt normally used in MSRs are fluoride and chloride molten salt. 

Fluoride salts are proposed to be used as a coolant due to their low melting point and high 

boiling point. But the beryllium element that is normally added to fluoride salts to lower 

their melting point is toxic. Considering the protection of the environment, some research 
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start to focus on the application of chloride salt. Compare with fluoride salts, chloride salts 

have an even lower melting point, and higher solubility for actinides.  

On the other hand, problems do exist. One is the corrosion reaction of the Ni-based 

structural materials remains unclear. Next, the design of the fuel and salt are not settled yet. 

Extensive testing is required to find a stable mixture of fuel and molten salt. For now, 

eutectic LiCl-KCl salt is commonly used on the electrorefining of nuclear fuel. 

2.3  Corrosion of Structural Metallic Materials in Nuclear Reactors 

2.3.1 Oxidation of Zirconium alloys in Water Nuclear Reactors 

Zirconium is a transition metal element that was discovered in 1789 and firstly got 

isolated in 1824. In 1947, the production process of zirconium materials was improved by 

the US Bureau of Mines and then selected to be used in nuclear reactors for submarines as 

structural materials. Starting from the 1950s, the application of zirconium has become 

commercial and started to be used in various severe corrosion environment [5]. Due to their 

excellent mechanical properties, such as high strength and ductility, low neutron absorption 

cross-section, especially the excellent corrosion resistance in moderate high temperature 

(300 ~ 400 C), zirconium alloys are widely used in water nuclear reactors as the cladding 

materials [3], [5], [7], [46]. However, one of the safety issues in the usage of zirconium 

alloys as the fuel cladding material is their inclination to react with oxidants like water [3], 

[5], [64]. Zirconium alloys will lose their corrosion resistance under high temperatures (> 

400 ºC) as a result of hydrogen uptake [7], [65], [66]. 
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The Fukushima nuclear accident that happened in 2011 was most likely caused by the 

explosion of hydrogen gas produced by the reaction between zirconium alloys and the high-

temperature steam [39], [45]. In this accident, electricity used to power the cooling system 

was shut down due to the earthquake, which then leads to the rapid increase in the 

temperature of the nuclear core. Cladding zirconium alloys reacted with the high-

temperature steam and produced a large amount of hydrogen which eventually lead to the 

explosion of the nuclear plant [39], [45]. Therefore, it is essential to develop novel 

zirconium-based cladding materials that can suppress the oxidation from water.  

Even the oxidation layers of Zr alloys could protect the metal alloys from reacting with 

H2O to a certain extent. The oxygen anions in H2O could migrate through these oxide layers 

and react with Zr at the Zr/Zr2O interface so that the protective oxide keeps growing in the 

water environment. As the oxide layer grows, the stress inside the oxide layer increases 

due to the volume expansion, leading to crack formation. Therefore, the water penetrates 

these oxide layers and reacts with Zr [3]. The purpose of this study is to find promising 

dopants that inhibit the oxidation of zirconium alloy so that the waterless reaction with Zr 

after penetrating the crack in the protective layers.  

The reaction mechanisms between zirconium alloys and water have been investigated 

experimentally for several decades [3], in order to understand the complex corrosion 

mechanism and develop better zirconium-based alloys to improve their corrosion 

properties. It was proposed that the corrosion resistance of zirconium is obtained from the 

protective oxide layer formed by the reaction between zirconium and water [3],  
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Zr + 2H2O = ZrO2 + 2H2 

Previous studies have indicated that existing cracks inside the protective oxide layer can 

be promoted by hydrogen pick up and keep growing until break the oxide layer, then lead 

to the failure of zirconium cladding [3], [7], [46], [65], [67]. 

Density functional theory (DFT) simulations provide a clear view of the adsorption 

process at an atomic level. The adsorption behavior of water molecules on the zirconium 

surface was examined by Wang et al. [68] and Nie et al. [69] using first-principles 

simulations. They found that the azimuthal orientation of flat-lying water molecules has a 

small effect on the adsorption energy and the upright water configuration is more favorable 

for dissociation. Through computing the water absorption energy from various zirconium 

(Zr) doped systems, Nie et al. [69] proposed that dopants, such as Ge, Sn, Sb, Zn, Ga, Ru, 

Rh, Pd, Ag, Cr, Mn, Fe, Co, Ni, Cu, Nb, and Mo, could be considered as promising doping 

elements to improve their resistance of water oxidation. However, it remains unknown how 

these dopants influence the water dissociation process and mechanism. Particularly, the 

reaction barrier may not linearly depend on the absorption energy.  

The main disadvantage of conventional alloy design and evaluation of alloy systems is 

high cost and low efficiency because of the need for huge design space for possible 

compositions and many conflicting design goals. Particularly, the corrosion tests on 

various Zr alloys are very expensive and time-consuming. Nowadays, tremendous efforts 

have been devoted to rational design strategies guided by virtual screening, which requires 

the development of advanced modeling methods. Especially, The high-throughput 

computational materials design has become very popular in recent years and has been 
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widely used in lithium batteries [70], CO2 capture materials [71], catalysts [72], [73], alloys 

with improved mechanical properties [74], and others. It is expected that the Zr alloys 

design could also be accelerated using the high-throughput computational methods. 

2.3.2 Molten Alkaline Salt in MSRs 

With the development of technology and materials, scientists and engineers are 

developing new nuclear reactors that can provide higher energy efficiency, reduction in 

waste production, and better safety standards to meet the energy needs of the world. This 

project is known as the Generation IV International Forum [1]. There are six designs 

including Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten Salt 

Reactor (MSR), Supercritical Water-cooled Reactor (SCWR), Sodium-cooled Fast Reactor 

(SFR), and Very High Temperature Reactor (VHTR) [1]. Though these designs are under 

R&D, molten salt reactors (MSRs) are receiving more and more attention recently because 

of their intrinsic safety features [8]. The basic idea of MSR is dissolving the nuclear fuel 

in the coolant – liquid molten salt at high temperature (700 ~ 740 C) and atmosphere 

pressure [9], [13]. The attractive properties of molten salts are their high heat capacity and 

boiling point. Both fluoride and chloride salts have been proposed to be a candidate coolant 

for MSRs with different compositions. 

Molten salts are ionic salts that have relatively low melting points and thus enter the 

liquid phase at elevated temperatures [75]. Molten salts are effective for many different 

applications due to their excellent thermophysical properties, such as high-temperature 

stability, low vapor pressure, good conductivity, low viscosity, etc [24], [76]–[78]. Many 
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different combinations of nitrate, fluoride and chloride molten salts have been used in 

various applications such as concentrating solar power, energy storage, production of non-

ferrous metals, fuel cells, and the recycling of nuclear fission products (pyro-processing) 

[8], [79], [80]. The most remarkable feature of molten salts is their high heat capacity that 

is similar to water; unlike water, however, neither significantly expand nor generate steam 

that creates a high pressure inside the reactor while heating, which makes them ideal 

coolant compositions for use in molten salt nuclear reactors [75]. Molten salts are also 

highly electrolytic and thus efficient for the separation of materials; pyro-processing takes 

advantage of this property to separate actinide products from transition metals and 

lanthanides in nuclear waste [81]. The electrolytic nature of molten salt compositions also 

makes them highly corrosive, introducing unique engineering challenges for their use in 

various applications [82], [83]. 

The molten salt reactor (MSR) is one of the Generation IV designs of advanced nuclear 

reactors designed for the primary goals of reducing waste production, enhancing fuel 

efficiency, meeting more stringent standards of safety, and nuclear proliferation resistance 

while also remaining economically competitive. Highly effective modern molten salt 

reactor designs are still under development, but the basic working principles are already 

clear from previous research [1], [8]–[10]. As indicated by the name, molten salts are an 

important component in MSRs, serving as the primary coolant and/or the fuel delivery 

mechanism in which the fission products are dissolved directly in the molten salt 

composition for transport to the core [8], [11], [12]. Fluoride salts are generally favored in 

the proposed MSR design for primary cooling based on their low vapor pressure under 
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high temperature, higher heat capacity than the same volume of water, good heat transfer 

properties, resistance to damage by radiation, and resistance to reactions with water or air 

[13]. 

Chloride salts have even lower melting points and higher solubility for actinides than 

fluoride salts [13]. In addition, the corrosion of metallic structural materials in molten salts 

is a challenging issue for MSRs since the molten salt directly contacts both the pipes and 

pumps involved in the circulation of the salt throughout the reactor system. Compared to 

fluoride salt compositions, corrosion reactions between structural alloys and chloride salts 

are less thermodynamically favorable [31], [84]. Nevertheless, the corrosion of alloys in 

chloride salts is more complicated and harder to predict because chlorine has several 

different oxidation states including +1, +3, +5, and +7 [84], [85]. This leads to additional 

complexity in the bonding behavior of metal ions dissolved in chloride salt compositions, 

which can alter the local coordination environment drastically. Both LiCl-KCl and NaCl-

MgCl2 are common chloride-based molten salts used as the primary coolant in MSR 

designs and the pyrochemical reprocessing of spent nuclear fuel [86]–[88]. Ni-based 

superalloys, e.g. Inconel and INOR alloys, are widely used for the piping and heat 

exchange equipment in MSRs because of their high strength and corrosion resistance to 

salts [59], [89]. As two primary compositional elements of Ni-based superalloys, some Ni 

and Cr ions from corrosion reactions will dissolve into the molten salt and form 

chlorocomplexes such as NiCl2 and CrCl3. These chlorocomplexes may affect the physical 

and thermal properties of molten salts. 
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Investigation of the structure and properties of chloride molten salts, which is necessary 

for the effective development of next-generation molten salt reactor designs, is difficult 

through experimental methods because of the relatively high operating temperature of 

MSRs (up to 700 ºC – 900 ºC) as well as the complexity of the purification of salt mixtures 

[89]. Recently, computational methods have been employed to avoid these 

problems. Bengtson’s work proved first-principles molecular dynamics (FPMD) approach 

is capable to predict the structure and thermo-kinetic properties (e.g. volume, thermal 

expansion, bulk modulus, and diffusivity) of LiCl, KCl, and eutectic LiCl-KCl molten salt, 

and proposed the possibility of applying FPMD to predict the behavior of solutes in LiCl-

KCl [25]. FPMD simulations have been applied to calculate the redox potentials 

of actinides and other metallic cations in LiCl-KCl eutectic reported by Song [16] and 

Zhang [14], which provide prospects of application of FPMD in the pyro-processing of 

spent nuclear fuels. Additionally, the local structures and transport properties of various 

molten alkali chlorides are investigated using MD simulations.[23], [27] Galamba et al. 

[90], [91]. accurately reported the viscosity and thermal conductivity of molten pure KCl 

and NaCl using equilibrium and nonequilibrium molecular dynamics (MD) simulations, 

suggesting that MD simulations are an applicable method to predict the properties of 

molten chloride salts. 

Fluoride salts are favored in MSR primary cooling based on their low vapor pressure 

under high temperature, higher heat capacity than the same volume of water, good heat 

transfer properties, not being damaged by radiation, and not reacting with water or air [13]. 

Nevertheless, the beryllium element in the current molten fluoride salt (LiF-BeF2), which 
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has a lower melting point and higher boiling point than the other fluoride salts, is toxic. 

Compare with fluoride salts, chloride salts have an even lower melting point and higher 

solubility for actinides. NaCl is proposed to be a promising candidate due to its good 

nuclear, chemical and physical properties, while its high melting temperature can be 

lowered by blending with other chloride salts. The chloride salt we are interested in is the 

eutectic LiCl-KCl with 58% LiCl and 42% KCl, which is a common molten salt used in 

electrorefining of spent nuclear fuel to separate actinides and other fission products [25], 

[88], [92]. 

In molten salts, the activity of metallic elements is determined by dissolution. Based on 

NASA’s study, the inclination for common alloying constituents that are likely to corrode 

in molten fluoride salt increases in this order: Ni, Co, Fe, Cr, and Al [93]. According to the 

literature and thermodynamics data, Ni is normally immune to corrode in molten fluoride 

salt but lacks the strength of structural materials used for piping and other heat exchange 

equipment. Whereas Cr tends to dissolve in a salt environment and leads to the weight loss 

of the alloy. This phenomenon was observed both in fluoride and chloride salts. The 

corrosion behavior of a Ni-plating alloy in molten FLiNaK salt at 850 C was studied by 

K. Sridharan et al. in order to evaluate the corrosion resistance of Ni alloys with different 

compositions and estimate the diffusion rate of Cr through the Ni-plating. Their results 

indicated that the Ni-plating can effectively limit the diffusion of Cr to the molten salt [94]. 

Current research is focusing on the development of the optimum solution for molten salt 

with suitable compositions that can maintain required properties such as operating 

temperatures, neutronic properties, fission product solubility, and so on. Despite the design 
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of coolant, the corrosion of metallic containers by molten salt is also a big problem to solve. 

Therefore, the corrosion mechanism of alloys in molten salt is important to investigate so 

that the corrosion behavior can be controlled by designing alloys or molten salts with 

different compositions. The first-principles molecular dynamics simulations have been 

proved to be applicable to predict the properties of eutectic LiCl-KCl molten salt [25]. 
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Chapter 3.  Computational Simulation Details and Analysis 

Methods 

3.1 Density Functional Theory Simulations 

All the calculations were performed using density functional theory (DFT), as 

implemented in the Vienna ab initio simulation package (VASP) [95]. The Perdew–Burke–

Ernzerhof (PBE) GGA exchange correlation functional is applied, accounting for the 

electronic exchange-correlation interactions [96]. The wave functions are expanded in 

plane wave basis sets with a kinetic energy cutoff of 500 eV. The convergence criteria for 

the electronic and ionic relaxation are 10-5 eV and 0.01 eV/Å, respectively. The electron 

partial occupation was accounted using the Methfessel-Paxton scheme with 0.1 eV width 

of the smearing. The vdW interaction was accounted using the DFT-D3 approach [96]. 

To examine the water absorption and dissociation processes over Zr surface, we 

constructed a Zr (0001) slab model with the vacuum along z direction, as shown in Figure 

3.1. The unit cell was expanded to a 2 × 2 supercell along x and y directions, respectively, 

so that the top surface contains four Zr atoms to interact with a water molecule. Five atomic 

Zr layers were adopted in the slab model with the bottom two layers fixed and three top 

layers are free to relax in simulations. The 5-layers model is enough to study the water 

dissociation mechanism on Zr (0001) surface [68]. A 20 Å vacuum region was applied in 

the slab model to avoid the interaction between replicated images. The water molecule is 

placed on the slab and a dipole correction is applied to compensate for the induced dipole 

moment. The configurations of the adsorption system will be explained in detail. 
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Integrations over the Brillion Zone is performed using the Monkhorst–Pack [97] scheme 

with 7 × 7 × 1 k-points in the slab calculations. Spin polarization calculations were 

performed for all the doping elements. 

 

Figure 3.1. Structure of the adsorption system, one H2O molecule on the top of Zr 

(0001) surface. The blue and brown spheres represent the top and the second layer, 

respectively. 

 

3.2 Quantum Mechanics Molecular Dynamics 

QM-MD simulations have been demonstrated to be a reliable method to predict the 

properties of molten salts [25], All QM-MD calculations in the present study were 

performed using the Vienna Ab-Initio Simulation Package (VASP) [95], [98], [99]. The 

Perdew–Burke–Ernzerhof (PBE) GGA exchange-correlation functional was applied, 
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accounting for the electronic exchange-correlation interactions [96]. The PAW-PBE 

potentials were used for Li, Cl, K, Ni, and Cr by treating 2s1, 3s23p5, 3p64s1, 3s23p63d84s2 

and 3d54s1 as valence electrons, respectively. The cutoff energy and convergence criterion 

for the electronic relaxation were set to be 400 eV and 10-4 eV, respectively. A 1 × 1 × 1 

k-point mesh was used for sampling the first Brillouin zone. Spin polarization was 

considered for systems including the Ni and Cr elements, utilizing a magnetic moment, 

obtained by calculation, of 2.0 and 3.0 for Ni and Cr, respectively. We tested various 

dispersion corrections methods including PBE-D2 [100], PBE-D3 (Becke-Johnson) [101], 

and PBE-D3 (Grimme) [102]. PBE-D3 (Grimme) was found to give the closest density to 

that determined by experimental methods [103], as shown in Figure 3.2 and Table 2. 
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Figure 3.2. NPT volume changes of LiCl-KCl supercell for PBE-D2, PBE-D3 Becke 

Johnson, and PBE-D3 Grimme dispersion corrections. 

Table 2. The density of LiCl-KCl salt system for vdW corrections compared with 

experimentally measured data.   

Functional Density (g/cm3) Atomic Volume (Å/atom) 

PBE 1.5149 30.39 

PBE-D2 1.6438 28.01 

PBE-D3_Grimme 1.6062 28.67 

PBE-D3_Becke Jonson 1.6363 28.14 

Experiment 
1.6213 [22] 

1.6189 [25] 
28.67 [25] 

 

The initial structure of LiCl-KCl molten salt was constructed as a 64-atom supercell, 

which was proven suitable for studying the structure and thermokinetic properties by the 

previous study [25]. The composition of eutectic LiCl-KCl molten salt is 59.4 mol% LiCl, 

40.6 mol% KCl, therefore the supercell was designed to match this composition by 

containing 19 Li atoms, 13 K atoms, and 32 Cl atoms, randomly distributed in the box, as 

shown in Figure 3.3 (a). The initial supercell was then heated up to 2000K, which is well 

above the melting point of eutectic LiCl-KCl, in order to obtain the well-equilibrated liquid 

structure. The system was equilibrated for 20 picoseconds using the isothermal–isobaric 

(NPT) ensemble. In the NPT ensemble, the pressure is controlled using the Parrinello-

Rahman [104], [105] method where the fictitious mass and the friction coefficient are 30 

amu and 10 ps-1, respectively, for the lattice degrees-of-freedom. The temperature is 

controlled using the Langevin thermostat [106] with the friction coefficients of 10 ps-1 for 
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atomic degrees-of-freedom. We used a timestep of 1.0 femtosecond in integrating the 

equations of motion. 

For the LiCl-KCl molten salt with Ni solute, one Li atom and one K atoms were removed 

to keep the charge balance for the addition of Ni2+. Similarly, for the LiCl-KCl system with 

Cr solute, a single Cr3+ was introduced in the LiCl-KCl system by the replacement of one 

K and the removal of two Li atoms. After the equilibration process at 2000 K, the liquid 

was quenched to the target temperature using an ultrafast cooling rate of 3.5 × 1013 (K/s) 

to examine the structural and thermophysical properties at various temperatures.  

 

Figure 3.3. QM-MD models of LiCl-KCl molten salt at 773 K. (a) eutectic LiCl-KCl 

system with 64 atoms, a trinclinic crystal cell with a = 11.74 Å, b = 13.16 Å, c = 12.63 

Å, α = 93.18°, β = 73.46°,  γ = 101.06°; (b) NiCl2-LiCl-KCl with one Ni in the 63-

atom supercell, a = 11.70 Å, b = 11.99 Å, c = 13.46 Å, α = 78.12°, β = 83.39°, γ = 

74.22°; (c) CrCl3-LiCl-KCl with one Cr in the 62-atom supercell, a = 14.59 Å, b = 

11.93 Å, c = 12.65 Å, α = 58.35°, β = 92.67°, γ = 107.26°. The blue, purple, green, 

magenta, and orange spheres represent Li, K, Cl, Ni, and Cr atoms, respectively. 
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Due to the working temperature of eutectic LiCl-KCl molten salt in reactors and pyro-

processing applications (500 ºC and above), the temperature range of our simulation was 

selected from 673 to 1073 K [107]. The timestep for integrating the equation of motion in 

QM-MD was set to 1.0 fs. The liquid salt was quenched from 2000 K to these temperatures 

and equilibrated at the target temperature for another 20 ps using the NPT ensemble. The 

last 10 ps trajectory in the equilibrium NPT simulations was adopted to determine the 

density at various temperatures. Figure 3.3 displays the equilibrated atomistic structure of 

three LiCl-KCl systems at 773 K after 20 ps MD simulations, with cell parameters provided 

in the figure caption. Additionally, a trajectory was obtained from a subsequent 20 ps 

canonical (NVT) ensemble simulation from which structural and thermodynamic property 

analysis was performed. The average pressure of the NVT simulations for all temperatures 

is close to zero. Figure 3.4 exhibits one example of eutectic LiCl-KCl at 973 K and the 

average pressure is ~ 0.06 kbar after equilibrium. 
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Figure 3.4. The pressure curve of the 20 ps NVT simulation for eutectic LiCl-KCl salt 

at 973K. The average pressure of the last 10 ps NVT simulation is 0.06 kbar. 

 

3.3  Deep-Learning Force Field Molecular Dynamics 

Machine learning (ML) methods have been applied to describing the PES of atomistic 

systems with many successful applications [108]–[114], demonstrating the accuracy of 

using ML methods, particularly neural network models, to represent the PES. For example, 

the bonds-in-molecules neural network method (BIM-NN) uses empirical information on 

the chemical bonds as input [113]. Another example is the Gradient domain machine 

learning (GD-ML) scheme using a global descriptor for the whole molecular pattern [112]. 

In addition, the Behler-Parrinello neural network (BP-NN) model uses hand-crafted local 

symmetry functions as descriptors [114], requiring human intervention. The recent studies 
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using ML-FF on molten salt systems [30], [115]–[117] proved the local structure, 

thermophysical properties, and transport properties of some alkaline chlorides predicted by 

ML developed deep potentials agree well with AIMD and experimental results, suggesting 

that these properties can be accurately predicted using the ML-FF based MD simulations.  

Accurately describing the interatomic potential energy surface (PES) is essential to 

effectively apply MD simulation techniques to investigate the structural and 

thermophysical properties of molten salt systems. QM-MD simulations based on the PBE 

functional have been widely used to investigate various molten salt compositions [25], 

[118], [119]. However, the spatial- and time- scales of QM simulations are limited to 

hundreds of atoms and within 100 picoseconds time frames, making it impractical to 

simulate the thermophysical properties that rely on either larger system scales or longer 

timespans, such as viscosity and thermal conductivity. Here we apply the recently 

developed deep potential model that represents the PES as a sum of "atomic" energies 

[110], [111]. The atomic energy depends on the coordinates of the atoms in each atomic 

environment in a symmetry-preserving way. The potential energy of each atomic 

configuration is a sum of “atomic energies” 𝐸 =  ∑ 𝐸𝑖𝑖 , where Ei is determined by the local 

environment of atom i within a cutoff radius Rc [110].  The environmental dependence of 

Ei is complex and nonlinear, and the neural network (NN) is able to capture the analytical 

dependence of Ei on the coordinates of the atoms in the environment in terms of the 

composition of the sequence of mappings associated with the individual hidden layers. The 

smooth edition of this deep potential (DeepPot-SE) uses a smooth cutoff parameter that 

allows the interactions within the cutoff region to smoothly go to zero at the boundary of 
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the local region defined by cutoff radius Rc [120].  By training the energy, atomic force, 

and viral stress of the systems from the QM-MD simulations, this DeepPot-SE has been 

successfully applied to various systems such as H2O [110], small organic molecules, metal, 

metal oxide, as well as high entropy alloys [120]. 

To develop the DP-FF, we trained the NN parameters using a training set of QM-MD 

simulations on the liquid salts from 673 to 2000 K, which are generated using VASP 

software. In the QM-MD simulations, the energy of the supercell, the force on each atom, 

and the viral stress tensor of the supercell were saved at every timestep (1.0 fs) for a total 

of 20 ps run. Then we trained the DP-FF parameters to match the energy and the viral stress 

of the supercell, as well as the force on each atom from QM-MD simulations. The liquid 

salts include single compound systems: LiCl, and KCl; binary systems: LiCl-KCl, LiCl-

NiCl2, and KCl-NiCl2, LiCl-CrCl3, and KCl-CrCl3; and the ternary system: LiCl-KCl-

NiCl2, and LiCl-KCl-CrCl3. The QM-MD trajectories (20 ps) of liquid salts were generated 

at 673 K, 773 K, 873 K, 973 K, 1073 K, 1200 K, 1400 K, and 2000 K using NPT ensemble. 

We also generated the heating trajectory from 673 to 2000 K, as well as quenching 

trajectory from 2000 K to 300 K, both within 20 ps. As metal ions Cr and Ni are 

incorporated into these systems, the QM data on the crystalline phase (300 K) and liquid 

phase (2000 K) of these metal salt systems, e.g., NiCl2 and CrCl3, were also included in 

the training set. 

In the DP-FF training process, we set up the cut-off radius for neighbor searching as 6.0 

Å and the smoothing starting from 5.8 Å. Three layers of neural networks were applied, 

and the size of each hidden layer was 120, 120, and 120 respectively in the fitting. We used 
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a varying learning rate starting from 0.001 and ending at 3.51e-8 with exponential decay. 

A total of 1,000,000 steps were set up in the training process. The loss function in the 

training process is composed of energy error, force error, and virial error, and they are 

shown in Figure 3.5. These loss functions for the validation dataset are displayed in Figure 

3.6, which is consistent with the training dataset. We also tested our force field by directly 

comparing the DFT data using 100 data points. We find that the differences between DFT 

and DP-FF for energy, force, and virial stress are ~ 2.1 × 10-3 eV/atom, ~ 3.6 × 10-2 eV/Å, 

and ~ 9.8 × 10-3 kbar, respectively, demonstrating the accuracy of the developed force field. 

 



 

 

35 

Figure 3.5. The loss function in the training process of DP-FF. (a) loss function, (b) 

root mean square (RMS) energy error, (c) RMS force error, and (d) RMS virial stress 

error. 

 

Figure 3.6. The loss function for the validation dataset. (a) loss function, (b) root mean 

square (RMS) energy error, (c) RMS force error, and (d) RMS virial stress error. 

 

After the DP-FF was well trained, we performed the MD simulations using this force 

field on a much larger system than QM-MD simulations. The supercells have 4096, 4032, 
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and 3968 atoms with dimensions of ~ 4.8 nm along with three directions for LiCl-KCl, 

NiCl2-LiCl-KCl, and CrCl3-LiCl-KCl systems, respectively.   The concentrations of Ni and 

Cr in eutectic composition are the same as the QM-MD simulations for consistent 

comparison. The periodic boundary condition was applied to eliminate the surface effects 

and a timestep of 1.0 fs was used in the integration of motion.  The NPT ensemble was 

used to equilibrate the liquid phases at target temperatures from 673 to 1073 K.  The Nose-

Hoover thermostat and barastat were applied to control the temperature and pressure in the 

simulations with the coupling constant of 100 fs and 1000 fs, respectively.  To compute 

the viscosity, the NVE ensemble was used with a total of trajectory corresponding to 1 

nanosecond.   

3.4 Analysis Methods 

3.4.1 Climbing Image Nudged Elastic Band and Dimer 

The water dissociation mechanism was determined using the climbing image nudged 

elastic band (CI-NEB) approach that simulates the minimum energy path between the 

initial and final minimum energy states and finds out the saddle point along this path [121], 

[122]. The CI-NEB simulations were carried out to determine the reactions pathways, 

transition states, and reaction barriers. In CI-NEB calculations, eight images were 

generated for the undoped system, and four images were used for the doped systems. The 

energy and force criteria for the convergence of CI-NEB calculations were set to 1  10-5 

eV and 2  10-3 eV/Å, respectively.  
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The transition state (TS) structure is essential to determine the energy barrier of a 

chemical reaction, which is the energy difference between the stable state and the transition 

state [123]. In order to get a more accurate TS of the reaction path, the dimer method was 

applied and the initial structure for the dimer calculation was generated from the CI-NEB 

calculations. In the dimer calculation, the saddle point was achieved by rotating the TS 

structure until it find the lowest curvature mode of the potential energy [123], [124]. The 

maximum number of rotation steps was set to 10, and the convergence criteria for dimer 

calculations were set to 1  10-7 eV for the energy and -0.01 eV/Å for the force, 

respectively. 

To examine the temperature effect, we computed the free energy correction at reactor 

working conditions (633 K). The free energy correction was computed from the phonon 

modes assuming the harmonic approximation. The phonon modes were derived from the 

density functional perturbation theory (DFPT) [125]. Then the energy (E) of phonon 

systems can be derived from the phonon frequency. Using the thermodynamic relations, 

entropy (S), and Helmholtz free energy (F = E – TS) can be computed as functions of 

temperature. Our results showed that the energy barrier at 633 K is just 0.0089 eV higher 

than that at 0 K (0.1686 eV). Therefore, the temperature effect on DFT simulations is small 

in the water dissociation reaction on Zr and it will not be considered for the alloy systems. 

3.4.2 Reaction Mechanism Based High Throughput Screening Approach 

High throughput screening (HTS) is in general a materials design strategy that combines 

the computational thermodynamic methods and data analysis [126]. So far, the HTS 
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approach has been already applied in biological areas, such as drug discovery. Whereas the 

application of HTS is not limited to a certain area, and the benefits of HTS have been 

demonstrated in various research fields, for example, high-throughput DFT is an effective 

tool that makes the computational test of thousands of compounds possible. In 

computational materials science, previous HTS studies consist of three main stages: i) 

materials collection; ii) materials calculation; iii) characterization and selection [127]–

[131]. Here we extended the traditional HTS approach and proposed a reaction mechanism 

based HTS approach. The key steps for our HTS are displayed in Figure 3.7. 

 

Figure 3.7. Four stages of HTS approach criterion. 

 

In order to sift out qualified alloyed elements to improve the resistance of water 

oxidation for Zr alloys, we proposed the reaction mechanism based HTS approach 

consisting of the following stages in a decreasing order of importance: (1) Determining the 
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water dissociation reaction mechanism and calculating the energy barrier of water 

dissociation; (2) Using energy barrier of water dissociation to screen out the doping 

elements that can increase the dissociation barrier; (3) Applying neutron absorption cross-

section (σ) criterion on the elements from step (2) to screen the elements have low neutron 

absorption cross-sections to minimize the neutron loss in nuclear reactors; and (4) 

Checking the stability of the alloying systems from previous steps to make sure the alloy 

can be synthesized experimentally. 

It is worth noting that neutron absorption cross-section is a measurement of the 

possibility of a nuclear reaction occurring or not. In nuclear reactors, the lower the 

absorption cross-section of nuclear cladding, the less neutron loss, so that the chain 

reactions in nuclear reactors are sustainable. The fuel cladding material is an intermediate 

layer between the nuclear fuel and coolant to prevent the direct contact of these two parts, 

and to keep the radioactive fission products isolated. Therefore, a proper cladding is 

supposed to minimize the neutron loss [46]. A potential doping element should have a 

similar neutron absorption cross-section to zirconium.  

3.4.3 Local Orbital Basis Suite Towards Electronic-Structure 

Reconstruction  

To illustrate the physical origin of the modified water dissociation barrier from dopants, 

we analyzed the Zr-O bond strength in the most promising system and compared it with 

the undoped Zr system. The chemical interaction between the water molecule (O atom) 

and the surface metal atoms is analyzed using LOBSTER (Local Orbital Basis Suite 
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Towards Electronic-Structure Reconstruction) based on periodic plane-wave (PAW) 

output [132].  LOBSTER is a program that extracts the projected crystal orbital Hamilton 

population (pCOHP) based on the projected plane waves achieved from the DFT 

simulations to reveal the orbital-pair interactions  [132]–[135]. Projected COHP gives the 

bonding information in terms of band structure energy, and the integrated pCOHP 

(IpCOHP) indicates the bond strength by integrating the band structure energy to the Fermi 

energy [136]–[139]. A larger absolute value of IpCOHP indicates a stronger bond 

interaction [137], [140], [141].  

3.4.4 Radial Distribution Function 

Radial distribution function (RDF) analysis was applied to investigate the structures of 

LiCl-KCl salt and the influence of Ni and Cr solutes on the structure. RDF is normally used 

for describing a liquid phase, which is defined as: 

𝑔𝛼𝛽(𝑟) =
1

4𝜋𝜌𝛽𝑟2
[
𝑑𝑁𝛼𝛽(𝑟)

𝑑𝑟
]        (1) 

where, 𝜌𝛽  is the number density of species 𝛽, and 𝑁𝛼𝛽(𝑟) is the mean number of β-type 

ions lying in a sphere of radius r centered on an 𝛼-type [23], [142]–[144]. To obtain better 

statistics in the QM-MD simulations, the trajectory average of over 2000 snapshots was 

used to obtain the RDF. 
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3.4.5 Green-Kubo Formalism 

Diffusion constant and viscosity are important transport properties for molten salts. For 

MD simulations, the Green-Kubo (GK) equation based on the velocity autocorrelation 

functions (VAF) is an accurate method to calculate these transport properties [106], [145]–

[148].  

Diffusion is a kinetic process that describes the movement of atoms in materials that is 

related to phase transformations. In MD simulations, the diffusion constant D can be 

calculated by integrating the velocity autocorrelation functions  𝑉𝐴𝐹(𝑡)  using the GK 

formula below: 

𝐷 =
1

3
∫ 𝑉𝐴𝐹(𝑡)𝑑𝑡

∞

0

            (2) 

As another important transport property of molten salts, viscosity shows a reverse 

relationship with the diffusion constant. The shear viscosity can be calculated by the shear 

stress autocorrelation function (SACF) 〈∏𝛼𝛽(𝑡)∏𝛼𝛽(0)〉 using the GK formula: 

𝜂 =
Ω

𝑘𝐵𝑇
∫ 〈∏𝛼𝛽(𝑡)∏𝛼𝛽(0)〉𝑑𝑡

∞

0

       (3) 

where ∏𝛼𝛽(𝑡) represents the off-diagonal part (𝛼 ≠ 𝛽) of the stress tensor that contains 

the dynamical variables of all particles, KB is the Boltzmann constant, T is the temperature, 

and  is the volume [149].  
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3.4.6 Two-Phase Thermodynamics Analysis 

The Two-Phase Thermodynamics (2PT) is designed to accurately calculate the entropy 

and free energy of complex liquid systems using an MD trajectory [150]. The 2PT method 

obtains the vibrational density of states (DoS) from the Fourier transform of the velocity 

autocorrelation functions from short 20-picoseconds segments of the QM-MD. 2PT 

analysis partitions the system into a solid-like component (with 0 states at zero frequency) 

leading to the partition function used for the thermodynamics of the system plus a phase 

with diffusional modes at zero frequency that is damped at a higher frequency. Finally, the 

thermodynamic properties are obtained by applying quantum statistics to the solid 

component and hard-sphere thermodynamics to the diffusional component. The 2PT 

method is capable of calculating thermodynamic properties of equilibrated and metal-

stable systems, as well as their absolute entropies, quantum effects, thermal effects, and 

quantum specific heat capacities [150]–[152].  

In the present work, the MD trajectories used for 2PT analysis were obtained from the 

equilibrium NVT ensemble simulation (20-ps), and the output frequency of the MD 

snapshots was set to every 4 fs. Thermophysical properties of LiCl-KCl molten salt 

including zero-point energy, total energy, entropy, free energy, heat capacity, and fluidicity 

were calculated using the 2PT method. The fluidicity represents the proportion of 

diffusional components to the overall thermal properties.  
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Chapter 4.  Enhancing Corrosion Resistance of Zirconium 

Alloys 

4.1  Introduction 

Zirconium (Zr) based cladding materials are widely used in commercial nuclear reactors 

and it is essential to prevent them from water oxidation to avoid serious safety issues in 

nuclear power plants such as Fukushima nuclear accident. To provide guidelines to design 

novel Zr alloys with enhanced water oxidation resistance, we performed a first-principles 

high-throughput screening (HTS) search that is based on the water dissociation mechanism 

over Zr basal plane. We apply this HTS approach to 53 metal dopants, including transition 

and non-transition metals, to determine the promising dopants in Zr-X binary alloys with 

significantly improved resistance to water oxidation. Firstly, the adsorption and 

dissociation properties of a water molecule on zirconium basal (0001) surface are 

determined using the density functional theory (DFT) calculations. Then the water 

dissociation barrier is used as a descriptor for the HTS approach. Next, the neutron cross-

section is considered for the realistic applications of Zr-X alloys as cladding materials in 

nuclear reactions. Finally, the stability is checked for the possibility of processing these 

binary Zr-X alloys experimentally. According to this study, eight elements Al, Zn, Ge, As, 

Sn, Sb, Pb, and Bi are screened out as realistic dopants to enhance the water oxidation 

resistance of Zr-based cladding materials. Particularly, Bi-doped Zr alloy exhibits excellent 

water oxidation by improved reaction barrier by ~ 0.36 eV. 
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4.2  Results and Discussion 

4.2.1 Water adsorption on Zr (0001) surface 

To examine the interaction between water and Zr, we first constructed the water 

molecule and bulk Zr and then optimized their structures using the PBE-D3 approach. The 

structure of a free water molecule was optimized in a 10 Å × 10 Å × 10 Å cubic box. The 

optimize O-H bond distance and H-O-H angle are 0.97 Å and 104.4°, which agree very 

well with the experimental values of 0.96 Å and 104.4°, respectively [153]. For the 

hexagonal closest packed (hcp) Zr, the calculated lattice constants are a = 3.16 Å and c = 

5.45 Å, which are consistent with the experimental data of a = 3.23 Å and c = 5.15 Å, 

respectively [154]. Then the Zr (0001) slab model was constructed, as shown in Figure 4.1, 

with 20 Zr atoms in the slab model. 

We first determine the most plausible water adsorption sites on Zr (0001) surface. Both 

physical and chemical adsorptions are considered for water adsorption. The physical 

absorption represents the undissociated H2O molecule on Zr surface while the chemical 

adsorption means that H and OH species are adsorbed on the surface. Four possible 

adsorption sites are shown in Figure 4.1(a) are considered for the physical adsorption: (1) 

top-b, (2) top-h, (3) top-f, and (4) bri (the bridge site between two neighboring Zr atoms). 

The three top sites represent that an H2O molecule is located just above a Zr atom, lying 

flat and facing to the bridge site (top-b), to the hcp stacking site (top-h), and to the fcc 

stacking site (top-f), respectively, as shown as Figure 4.1 (c-e). For the bri site, the H2O 

molecule is standing upright between two Zr atoms, as illustrated in Figure 4.1(b). 
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Figure 4.1. (a) Four possible adsorption sites for H2O molecule showed by the red 

spheres. The blue and brown spheres represent the top and the second layer, 

respectively. The two atoms circled by yellow lines indicate the two doping sites that 

applied to check the favorable adsorption sites of the system; (b-e) The most plausible 

H2O molecule configurations on the bridge and top adsorption sites: (b)bri, (c) top-
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bri, (d) top-hcp, (e) top-fcc. Water molecules are circled using dashed lines, and the 

red and white spheres represent O and H atoms, respectively. 

 

The adsorption energy of a water molecule on Zr (0001) surface is defined as 

Ead = EH2O/Zr(0001) - EH2O - EZr(0001)                   (4) 

where, EH2O is the energy of a free H2O molecule in vacuum, EZr(0001) is the energy of the 

zirconium slab, and EH2O/Zr(0001)  represents the total energy of the whole adsorption 

system. According to the definition, a negative value of Ead indicates that the adsorption 

is exothermic (stable), and a system with a lower Ead  should be more stable. On the 

opposite, if Ead is positive, then the absorption reaction is endothermic and not favorable 

thermodynamically. For the physical adsorption, no O-H bond breaks in the water molecule, 

leading to a small Ead from -0.650 to -0.634 eV for 4 possible adsorption sites, as listed in 

Table 3. The structure parameters for different absorption sites are also listed in Table 3.  

Table 3. The calculated structural parameters and adsorption energy for a water molecule 

physically adsorbed on Zr (0001) surface. Ead (eV) represents the physical adsorption energy, zO 

(Å), dO-H (Å), and  () are the vertical height of the O atom from the surface, the O-H bond length, 

and the bond angle of the adsorbed water molecule, respectively. 

Adsorption site Ead (eV) zO (Å) dO-H (Å)  () 

top-b -0.638 2.32 0.988 106.0 

top-h -0.638 2.32 0.988 106.0 

top-f -0.634 2.32 0.988 106.1 
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bri -0.650 1.99 0.987 110.8 

 

 

The energetic differences among these four adsorption states are very small with the Ead 

of -0.638 eV, -0.638 eV, -0.634 eV, and -0.650 eV for top-b, top-h, top-f, and bri sites, 

respectively. Therefore, the bridge site is the most stable adsorption site for the water 

molecule. For the bridge site, the bond angle of the H2O molecule is 110.8°, which is much 

larger than that of a free H2O molecule of 104.4º. This indicates that there is a charge 

redistribution between the water molecule and the zirconium surface. The O-H bond 

lengths (0.988 Å) and bond angle (106°) of the H2O molecule on other sites are relatively 

close to that of a free H2O molecule, which is consistent with the relatively small Ead. 

Previous DFT study [68] without considering van der Waals correction indicated that the 

top-h adsorption site is more stable than other possible sites. The difference between our 

simulations and previous studies may arise from the consideration of van der Waals 

interactions. 

Chemical absorption can be divided into two types depending on breaking one or two 

OH bonds. If one OH bond breaks, the water molecule will break into two parts, an H atom 

and an OH group, leading to a much larger Ead ~ - 3.0 eV. For the 2nd type of chemical 

adsorption, the hydroxyl group could be decomposed into one additional hydrogen atom 

and one oxygen atom. Therefore, it is essential to determine the H and OH binding sites to 

understand the water dissociation process over Zr surface. Several possible combinations 

of the binding sites for H and OH are considered to determine the most stable structure 

after the water dissociation process. As listed in Table 4, the H and OH prefer to occupy 



 

 

48 

the fcc and hcp sites, respectively. Here we focus on the first type of chemical adsorption, 

where only one OH bond breaks. The adsorption energy for three adsorption sites are 

calculated to be - 3.069 eV, - 3.115 eV, and - 3.069 eV for top-h, top-f, and bri sites, 

respectively. There is no difference in the adsorption energy of top-h and bri sites because 

the final positions of H and OH for top-h and bri are the same: H atom moves to the fcc 

hollow site and OH group moves to the hcp site. This is consistent with previous study 

[69]. The H and OH configuration of the top-f site is different from the other two sites, 

leading to a more energy release on the top-f site.  

Table 4. Adsorption energy for the final H + OH configurations (chemical adsorption) 

and the dissociation barriers of a water molecule on Zr (0001) surface. Ead is the 

chemical adsorption energy for the first type of chemical adsorption (H + OH); Ebarrier 

(eV) represents the energy barrier of water dissociation; H Site and OH site indicate 

the plausible adsorption positions for H atom and OH group, respectively. 

site Ead (eV) Ebarrier (eV) H site OH site 

top-h -3.069 0.1667 fcc hcp 

top-f -3.115 0.2564 hcp fcc 

bri -3.069 0.1686 fcc hcp 

 

 

4.2.2 Water dissociation on Zr (0001) surface 

For the water dissociation process, only the first step H2O → H+ + OH- is considered. 

According to the adsorption energies of H2O, OH, and H species, three dissociation paths 

of the H2O molecule on the Zr (0001) surface are calculated. The initial states are the H2O 
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molecule adopted on three possible sites, top-h, top-f, and bri sites, respectively, as shown 

in Figure 4.1. After the water molecule is dissociated, the H atom and OH group could 

occupy the hollow fcc or hcp sites around the surface Zr atom. For the top-h and bri path, 

the H atom and OH group end up at fcc and hcp sites, respectively. Whereas H atom moves 

to hcp site and OH group moves to fcc site for the top-f path. CI-NEB method is used to 

determine the minimum energy paths that can reveal the movement and dissociation of a 

water molecule on zirconium (0001) surface. Figure 4.2 demonstrates the energy profile of 

the water dissociation process for three different paths. The energy barriers of water 

dissociation on bri, top-h, and top-f sites are 0.1686 eV, 0.1667 eV, and 0.2564 eV, 

respectively. The top-h path has the lowest reaction barrier among these three possible 

paths. However, the water adsorption energy on the top-h site is 0.0119 eV higher than the 

ground state bri H2O adsorption configuration, leading to an overall energy barrier of 

0.1786 eV. Therefore, the bri dissociation path is the lowest in energy and the top-h site is 

the second lowest dissociation barrier of 0.1786 eV. This agrees well with the previous 

DFT study which suggested that the lowest energy path is the bri site dissociation [68]. 



 

 

50 

 

Figure 4.2. CI-NEB energy profile of water dissociation along bri, top-h, and top-f 

paths. The dissociation energy barriers of bri, top-h and top-f are 0.1686 eV, 0.1667 

eV and 0.2582 eV, respectively. Eight images were used in the CI-NEB calculations. 

 

The structure images of the CI-NEB paths are plotted in Figure 4.3 – 4.5. For the bri 

path, the H2O molecule first slightly moves towards the hcp site and tilts, as shown in 

Figure 4.3 (a-c). Then the H2O molecule reaches the transition state (TS) and starts to 

decompose (Figure 4.3 (d,e)). Finally, the broken H and OH move to fcc hollow site and 
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hcp site, respectively (Figure 4.3 (f-j)). For the transition state, the bond length of the longer 

OH is 1.11 Å and the H-O-H bond angle is 109.83º. At the same time, the distance between 

the O atom and three nearest surface Zr atoms are 2.44 Å, 2.45 Å, and 2.93Å, respectively. 
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Figure 4.3. CI-NEB images of water dissociation process for bri path. (a-c) The 

movement of the water molecule toward the hcp site and tilts a little bit with the 
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increase of one OH bond; (d-e) It reaches the transition state, and the H2O molecule 

starts to break into an H atom and an OH group; (f-j) The OH group moves to the hcp 

site while the H atom moves to the fcc hollow site. 

 

Figure 4.4 displays the CI-NEB path along the top-h path. Firstly, the H2O molecule 

moves towards the nearby bri site and rotates around the O atom from a flat-lying 

configuration to an upright configuration, as shown in Figure 4.4 (a-d). Then the H2O 

molecule reaches the TS and starts to dissociate, as shown in Figure 4.4 (f).  For the TS 

structure shown in Figure 4.4 (f), the bond length of the breaking OH bond is 1.02 Å and 

the H-O-H bond angle is 111.84º. The OH bond length in the TS state is smaller than that 

in the bri path, while the H-O-H bond angle is larger, leading to a slightly smaller energy 

barrier. The bond lengths of three Zr-O bonds are 2.34 Å, 2.93 Å, and 3.05 Å, which are 

less than the corresponding Zr-O bond lengths in the bri path. 
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Figure 4.4. CI-NEB images of water dissociation process for the top-h path. (a-d) The 

movement of H2O molecule from top-h towards bri site; (e-f) It reaches the transition 
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state, and the H2O molecule starts to break; (g-j) The broken H atom and OH group 

move to the fcc and hcp site, respectively. 

 

The dissociation path of the top-f path is similar to that along the top-h path, as shown 

in Figure 4.5. In the TS structure, the bond length of the breaking OH bond is 1.01 Å and 

the H-O-H bond angle is 112.18º, leading to the highest energy barrier of 0.2564 eV. 

According to the above analyses, the TS structures of top-h and top-f are similar. However, 

the distance between the O atom and Zr surface for top-h and top-f are approximately 1.95 

Å and 1.98 Å, respectively, suggesting that the H2O molecule on top-f has a weaker 

interaction with the surface. This leads to a higher energy barrier for water dissociation on 

the top-f site.  
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Figure 4.5. CI-NEB images of the water dissociation process for the top-f path. (a-d) 

similar to the top-h path, the H2O molecule firstly moves towards the nearest bri site; 
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(e-f) It reaches the transition state, and the H2O molecule starts to break; (g-j) The H 

atom and OH group move to the hcp and fcc sites, respectively. 

 

4.2.3 High throughput screening (HTS) 

The HTS approach, displayed in Figure 3.7, was applied to examine the doping effect 

aiming to screen out a better composition of zirconium alloys that can improve their 

corrosion resistance. The candidate elements for HTS are 53 non-radioactive metal 

elements listed in Figure 4.6. One of the Zr atoms on the top layer is substituted by an atom 

of the doping element, and then the energy barrier of H2O dissociation was used as the 

criterion for HTS. The doping strategy is illustrated in Figure 4.7 in which one of the 

surface Zr atoms is replaced by a Bi atom.  

As shown in Figure 4.6, the doping elements chosen for this project are all the metal 

and metalloid elements from the periodic table, and most of them are transition metals that 

have similar properties to zirconium. Two doping sites are considered to identify the most 

stable structure of the doped system: one is the atom right under the H2O molecule, the 

other is the surface Zr atom next to it, as shown in Figure 4.1 (a). 
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Figure 4.6. A portion of the periodic table selected for HTS. The screening criteria 

are indicated in colors, the elements are highlighted using the color of the criterion 

that has sifted them out. 

 

Criterion – 1: Energy barrier of water dissociation 

A qualified dopant should be able to prevent the water molecule from reacting with the 

alloy, in other words, increasing the energy barrier of the water dissociation process. A 

higher dissociation energy barrier means the system needs more energy to overcome, which 

makes the O-H bond harder to break. The overall dissociation energy barrier for pure 

zirconium system is 0.1686 eV, so the first screening criterion can be expressed as 

Criterion 1: E barrier ≥ 0.1686 eV 
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Figure 4.7. The reaction path, the energy barrier, and structures of water dissociation 

of the best binary doped system Zr-Bi. The green spheres represent dopant Bi atoms. 

 

The dissociation energy barriers of the doped system are calculated for both bri and top-

h dissociation paths. The top-f site is not considered here since it has a much higher barrier 

for pure Zr. Firstly, we determine the most stable water adsorption site (bri vs top-h) by 

computing the adsorption energy on both bri and top-h adsorption sites. In this process, the 

water molecule is directly decomposed after being added to the top-h site of Ir- and Pt-

doped system, or to the bri site of Ca-, Ba-, W-, and Rh-doped systems, suggesting that the 

water dissociation barrier is less than zero for these doped systems and these elements are 

eliminated. Some elements, such as Cs, are not stable on the Zr surface and move to the 
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vacuum. Therefore, element Cs is also eliminated. Except for these seven eliminated 

elements, the water molecule is stable on the other 46 elements. However, one site is much 

preferable to the other site for some elements and the water molecule moves to the 

preferable site even it is added to the other site. Particularly, the H2O molecule moves to 

the top-h adsorption site even it was added to the bridge site for Ga-, Si-, Hg- and Te-doped 

systems. The H2O molecule is reversely moved to the bri dissociation site from the initial 

top-h site for the 13 elements La, Rb, Zn, Sr, K, Mn, Re, Ni, Co, Tc, Ru, Ti, and Mo. 

Therefore, we only consider the dissociation path along with the favorable adsorption site 

for these 17 doped systems.  

For the left 29 elements in which the water molecule is stable at both sites, we will 

consider both reaction paths, but the lowest overall barrier of water dissociation will be 

used in criterion – 1. However, a more efficient approach is applied here for fast screening. 

For the preferable doping site that has a lower water adsorption energy, we first examined 

the reaction barrier of water dissociation at this site. If the energy barrier does not satisfy 

criterion – 1, this element will be eliminated directly. The water dissociation on the higher 

adsorption site will only be considered if the dissociation on its preferable site satisfies 

criterion – 1. For example, we first consider the dissociation barrier the at bri site for the 

doped systems that have lower desorption energy at the bri site. If the energy barrier of the 

bri dissociation path is smaller than 0.1686 eV, these elements are screened out directly. If 

it is higher than 0.1686 eV, the water dissociation on the top-h site will be computed. For 

the doped elements that need to consider two dissociation paths, we will use the overall 

barrier that is the lowest barrier for the water dissociation. When comparing the barriers on 
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these two sites, it is worth noting that the energy difference between bri and top-h sites 

should be added to the reaction barrier. 

According to the computed energy barriers, we excluded 32 elements including Tl, Gd, 

Y, Be, V, Ga, Sc, In, Cu, Fe, Mn, Au, Si, Nb, Ta, Mo, Cr, K, Re, Ni, Co, Tc, Ru, Ti, Nd, 

Te, Cd, Na, Hf, Li, Pd, and Os that are all have a lower overall barrier than 0.1686 eV. This 

left out 14 promising elements that have a higher overall energy barrier for water 

dissociation than pure Zr. These 14 remaining elements are plotted in Figure 4.8 as a 

function of atomic number and their overall energy barriers for water dissociation are listed 

in Table 5. The 38 elements highlighted with yellow in Figure 4.6 are sifted out, and this 

leaves 14 elements including Hg, Pb, Sb, La, Sr, Rb, Mg, As, Sn, Bi, Ag, Al, Ge, and Zn. 
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Figure 4.8. Energy barriers of water dissociation for the doped system as a function 

of atomic number. The Energy barrier for pure zirconium is 0.1686 eV is shown as the 

horizontal dotted line. 

 

Criterion – 2: Neutron absorption cross-section 

Since the designed zirconium alloys will be used as the cladding materials, neutron 

absorption cross-section is an important criterion to determine the proper doping elements. 

Cladding materials in a nuclear reactor are supposed to separate the radioactive fission 

products and surrounding coolants, which means they should absorb thermal neutrons as 

little as possible to prevent neutron losses.  The pure Zr has a small neutron absorption 

cross-section of 0.184 barn at 0.025 eV neutron energy [155].  The neutron absorption 

cross-section of other cladding materials currently used in nuclear power plants is lower 

than 50 relatives to zirconium [46].  Therefore, the second screening criterion is to use the 

relative neutron absorption cross-section (σ) over pure Zr.  

Criterion 2: Relative σ ≤ 50 

Neutron absorption cross-section data for the elements are retrieved from Wolfram 

Research, Inc [155] and are listed in Table 5. As a result, elements Hg and Ag, colored in 

blue in Figure 4.6, are excluded because of their large neutron absorption cross-sections. 

This leaves 12 elements including Pb, Sb, La, Sr, Rb, Mg, Sn, As, Bi, Al, Ge, and Zn. 

Table 5. The overall energy barriers of water dissociation for the 14 elements pass 

Criterion-1, as well as their neutron absorption cross-section relative to Zr. 



 

 

63 

Elements 
Overall energy barrier of 

water dissociation (eV) 

Relative neutron 

absorption cross-section 

La 0.3694 48.80 

Bi 0.3634 0.18 

Pb 0.3449 0.93 

Rb 0.2896 2.07 

Sb 0.2855 29.35 

As 0.2653 22.83 

Mg 0.2598 0.34 

Ge 0.2253 11.96 

Ag 0.2246 345.65 

Sn 0.1982 3.37 

Al 0.1920 1.27 

Hg 0.1869 2032.61 

Zn 0.1866 5.98 

Sr 0.1862 6.52 

 

Criterion – 3: Stability 

This step is to test the stability of the Zr-X alloys in which the dopant elements pass the 

previous screening steps. This criterion is to determine whether these alloys are stable or 

have phase separation in binary systems. Therefore, we used the below equations for the 

stability test.  

Criterion 3: E formation = E Zr-X − E Zr − E X ≤ 0 
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where E Zr-X , E Zr , and E X  represent the energies of the doped structure, the electronic 

energy per atom in HCP Zr crystal, and the crystal phase of dopants, respectively. The 

formation energy is calculated based on the bulk unit cell so that the dopants could be 

inserted into bulk Zr experimentally. If E formation is positive, the phase separation between 

Zr and dopant is preferable, and the system will not be stable. Otherwise, the binary Zr-X 

alloys are stable and are likely to be synthesized experimentally.   

The derived E formation  was listed in Table 6 for the stability test. It was found that 

elements La, Sr, Rb, and Mg are eliminated based on this criterion. Therefore, the 

remaining elements, such as Pb, Sb, Sn, As, Bi, Al, Ge, and Zn are qualified elements 

passing all these screening criteria and could be applied to design new zirconium-based 

cladding materials with improved resistance of water oxidation. Compare with Nie’s [69] 

conclusion that Ge, Sn, Sb, Zn, Ga, Ru, Rh, Pd, Ag, Cr, Mn, Fe, Co, Ni, Cu, Nb, and Mo 

can increase the oxidation resistance, the difference may result from several aspects: (1) 

they only considered transition metal as dopants instead of all metallic elements; (2) they 

compared the water adsorption energy while we compared the dissociation energy barrier; 

(3) the vdW correction is accounted in our DFT calculations; (4) neutron adsorption cross-

sections, an important property of fuel cladding materials, are included in our screening 

process.  

Table 6. Criteria data for the eight promising alloying elements. E barrier is the overall 

dissociation barrier; Relative σ is the relative neutron adsorption cross-sections 

compared to zirconium, and E formation represents the results of the stability test. 
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Elements E barrier (eV) Relative σ E formation (eV) 

Bi 0.3634 0.18 -0.97 

Pb 0.3449 0.93 -0.61 

Sb 0.2855 29.35 -1.83 

As 0.2653 22.83 -1.61 

Ge 0.2253 11.96 -1.35 

Sn 0.1982 3.37 -1.51 

Al 0.1920 1.27 -0.88 

Zn 0.1866 5.98 -0.29 

 

 

4.2.4 The best dopant Bi 

Based on the HTS process, binary Zr-Bi has the highest water dissociation barrier of 

0.3634 eV. The TS search of water dissociation on the Zr-Bi system was illustrated in 

Figure 4.7 and one can find the initial structure, the TS structure, and the final structure. 

The critical OH bond length for H2O molecule dissociation at TS state is 1.22 Å which is 

larger than that in the pure Zr system. In addition, the Bi has a relatively low neutron 

absorption cross-section of 5.4 barns (0.184 barns for Zr). Furthermore, the Bi prefers to 

be mixed with Zr according to the stability calculation. Our prediction that Bi can be 

inserted into Zr alloy is consistent with the phase diagram shown in Figure 4.9. At the 

working temperature of zirconium cladding (360°C), the solubility of Bi in Zr is about 3 

at% (the most right-side part of the phase diagram). The phase diagram indicated that the 

Zr can not be inserted into Bi, but Bi can be inserted into Zr. Therefore, our stability 

criterion is consistent with the phase diagram. In conclusion, Zr-Bi alloy is the best 
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candidate for the Zr-based cladding materials, and it is worth to be tested experimentally 

in the future. 

 

Figure 4.9. The assessed phase diagram of Bi-Zr binary system [156]. 

 

4.3  Bonding analysis 

In order to illustrate the physical mechanism that why the selected dopants improve the 

resistance of water oxidation, we characterized the bonding interactions between the water 

molecule and the zirconium alloy surface using the LOBSTER. Here we select the most 

promising Zr-Bi alloy to perform the bonding analysis and compare it with pure Zr. Here 

we compared the IpCOHP value of the two systems, because the absolute value of IpCOHP 

is a measure of bonding energy [136], [140]. The absolute value of IpCOHP up to the Fermi 
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energy for Zr-O bond in Bi-doped system is 0.8293 eV, which is smaller than that of the 

pure Zr system (1.0197 eV). Therefore, the interaction between the surface Zr atom and 

the O atom is weaker in the Zr-Bi system. That may explain why Bi can improve the 

oxidation resistance of zirconium alloys.  

To further validate the relatively weaker Zr-O bonding interaction in the Zr-Bi system, 

we plotted the charge density isosurfaces of the Bi-doped system and compared them with 

the pure Zr system, as shown in Figure 4.10. Compared with pure Zr, fewer charges are 

localized along the Zr-O bond center in the Zr-Bi system, suggesting that the Zr-O bond in 

the Bi-doped system is weaker than the undoped system. This is consistent with the 

IpCOHP analysis. Therefore, the desired dopants in Zr alloys need to weaken the 

interaction between water and alloys surfaces to suppress the water oxidation. 
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Figure 4.10. The charge density isosurfaces of pure Zr system (a) and Zr-Bi system (b) 

at a -0.053899 eV-3 isosurface level. 

 

4.4  Summary 

To investigate the oxidation mechanism of zirconium alloy, we proposed and tested a 

reaction mechanism-based HTS approach to single out the best binary Zr-X alloy for the 

cladding materials used in nuclear reactions that use water as coolant. Firstly, the 

adsorption properties of a water molecule on zirconium (0001) surface are examined using 

first-principles calculations with vdW correction. The bridge site is the most stable site for 

water adsorption and dissociation. Then we apply HTS on most metal elements in the 

periodic table by considering the water dissociation, the neutron absorption cross-section, 

and the stability. As a result of the HTS process, Al, Zn, Ge, As, Sn, Sb, Pb, and Bi are 

singled out as promising doping elements that could improve the oxidation resistance of 

zirconium alloys. The best binary alloy is the Zr-Bi system with the largest water 

dissociation barrier. Our prediction could be tested experimentally in the future. The 

reaction mechanism-based HTS approach could be extended to other types of nucleation 

reactors such as the fourth-generation molten salts reactions. The reaction between 

cladding materials with molten salts should be considered in this extension. 
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Chapter 5.  Coordination and Thermophysical Properties of 

Transition Metal Chlorocomplexes in LiCl-KCl Eutectic 

5.1 Introduction 

Eutectic LiCl-KCl molten salt is often used in molten salt reactors as the primary coolant 

due to its high thermal capacity and high solubility of fission products. Thermophysical 

properties, such as density, heat capacity, and viscosity, are important parameters for 

engineering applications of molten salts, but may be significantly influenced by metal 

solute from corrosion of metallic structural materials. The behavior of the LiCl-KCl 

eutectic composition is well-researched, yet the effects on these properties due to 

chlorocomplex formation from metals dissolved in the salt are less well known.  These 

properties are often difficult to accurately measure from experimental methods due to 

issues arising from the dissolved species such as volatility. Here we applied a combination 

of quantum mechanics molecular dynamics (QM-MD) and deep machine learning force 

field (DP-FF) molecular dynamics simulations to investigate the structure and 

thermophysical properties of LiCl-KCl eutectic as well as the influence of dissolved 

transition metal chlorocomplexes NiCl2 and CrCl3 at low concentrations. We find that the 

dissolution of Ni and Cr in the LiCl-KCl system forms the local tetrahedral (NiCl4)2- and 

octahedral (CrCl6)3- chlorocomplexes, respectively, which do not have a significant impact 

on the overall liquid salt structures. In addition, the thermodynamic properties including 

diffusion constant and specific heat capacity are not significantly affected by these 

chlorocomplexes. However, the viscosity is significantly changed in the temperature range 
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of 673 ~ 773 K. This study thus provides essential information for evaluating the effects of 

dissolved metals on the thermophysical and transport properties of molten salts. 

5.2  Results and Discussion  

5.2.1 Density     

Density is a basic yet important structural parameter for materials. The relationship 

between density and temperature is essential for predicting the thermal expansion of molten 

salt systems. Experimentally, the density of molten salts is measured by the Archimedean 

technique [157]. In order to validate our QM-MD and DP-FF simulation approaches, the 

calculated density of the eutectic LiCl-KCl salt is compared with experimental data 

obtained in this manner. The equation used for the density calculation from simulations is    

𝜌 =
∑ 𝑁𝑖𝑀𝑖

𝑁𝐴𝑉
          (5)      

where 𝑁𝑖  is the moles of component 𝑖, 𝑀𝑖  is the molar mass of component 𝑖, 𝑁𝐴  is the 

Avogadro’s constant, and 𝑉  is the equilibrium volume of the salt systems from NPT 

simulations. 

The calculated densities from QM-MD simulations are plotted in Figure 5.1 (a) as a 

function of temperature and it is compared with experimental data [107],[158]. The 

calculated densities decrease from 1.64 g/cm3 to 1.43 g/cm3 when temperature increases 

from 673 to 1173K, as a result of thermal expansion. The QM-MD simulation results agree 

well with the National Bureau of Standards (NBS) database measured by the Archimedean 

technique [157].  However, the overall experimental densities measured by Ito et al. [107] 
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are ~ 3% higher than our simulations, which may be caused by the composition difference 

(58.8 mol% LiCl in the experiment by Ito et al.). Nevertheless, the slope of the density-

temperature curve from our simulations is almost identical to experimental measurements. 

From the density-temperature relationship, we predicted that the thermal expansion 

coefficient (𝛼𝑉) is 2.96 × 10-4 K-1 at 1073 K, which agrees with the experimental value of 

2.96 × 10-4 K-1 at 1096 K [147]. We conclude that the QM-MD simulations are accurate to 

predict the density of eutectic LiCl-KCl molten salt. It is worth mentioning that for high 

temperatures (> 950 K), a larger eutectic salt system containing 128 atoms (38 Li, 64 Cl, 

26 K) was used to obtain more accurate densities because of less statistical fluctuation in a 

larger system.  

Figure 5.1 (b) indicates the influence of Ni and Cr solutes on the density of LiCl-KCl 

eutectic salt. As 3.28 wt% Ni or 2.93 wt% Cr are added, the salt density increases by ~ 

3.4% compared to the eutectic salt at the same temperature since both Ni and Cr atoms are 

heavier. At 773K, the densities of eutectic LiCl-KCl, NiCl2-LiCl-KCl and CrCl3-LiCl-KCl 

are 1.61 g/cm3, 1.67 g/cm3 and 1.66 g/cm3, respectively. It is interesting to notice that the 

density of NiCl2-LiCl-KCl is slightly larger than CrCl3-LiCl-KCl at temperatures below 

973 K, while it becomes slightly lower at 1073 K. This may arise from the local structure 

changes of Ni cation at a higher temperature which will be discussed in the next section. 

To compare with the QM-MD simulations and experiments, DP-FF simulations were 

performed for obtaining the densities at the same temperature, and the results are plotted 

in Figure 5.1 (c). The DP-FF results agree very well with the QM-MD results and are more 

linear because of the large simulation cell. The densities of eutectic LiCl-KCl in QM-MD 



 

 

72 

and DP-FF simulations are almost the same, and the differences for NiCl2- LiCl-KCl or 

CrCl3-LiCl-KCl salt systems are within 2%. The density difference between NiCl2-LiCl-

KCl or CrCl3-LiCl-KCl becomes less as temperature increases which is consistent with 

QM-MD, although the density of NiCl2-LiCl-KCl remains larger at 1073 K. For DP-FF 

MD calculation, the thermal expansion coefficients for NiCl2-LiCl-KCl and CrCl3-LiCl-

KCl are 2.90 × 10-4 K-1 and 2.93 × 10-4 K-1, respectively, agreeing very well with QM-MD 

calculation (3.35 × 10-4 K-1 for NiCl2-LiCl-KCl and 2.75 × 10-4 K-1 CrCl3-LiCl-KCl). It is 

worth noting that small simulation systems (~100 atoms) were used in QM-MD 

simulations, leading to a relatively larger fluctuation in the volume. This may cause a 

relatively large difference in thermal expansion coefficient between NiCl2-LiCl-KCl and 

CrCl3-LiCl-KCl from QM-MD simulations. We consider that the simulation results from 

DP-FF are more accurate because of the much larger supercells in the simulations. The 

thermal expansion coefficient is very close for NiCl2-LiCl-KCl and CrCl3-LiCl-KCl 

systems from our DP-FF MD simulations. 

 

Figure 5.1. Densities (𝜌) vs. temperature (T) for LiCl-KCl eutectic with/without metal 

solutes. (a) QM-MD derived 𝜌 vs. T for LiCl-KCl eutectic and the comparison with 

experimental data and NBS database. (b) QM-MD derived 𝜌  vs. T for LiCl-KCl 
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eutectic, 3.28 wt% Ni solute, and 2.93 wt% Cr solute. (c) DP-FF derived 𝜌 vs. T for 

LiCl-KCl eutectic, 3.28 wt% Ni solute, and 2.93 wt% Cr solute. Dashed lines represent 

the linear fitting of various datasets. 

 

5.2.2 Structure Characterization 

Radial distribution function (RDF) analysis was applied to investigate the structures of 

LiCl-KCl salt and the influence of Ni and Cr solutes on the structure. RDF is normally used 

for describing a liquid phase, which is defined as: 

𝑔𝛼𝛽(𝑟) =
1

4𝜋𝜌𝛽𝑟2
[
𝑑𝑁𝛼𝛽(𝑟)

𝑑𝑟
]        (6) 

where, 𝜌𝛽  is the number density of species 𝛽, and 𝑁𝛼𝛽(𝑟) is the mean number of β-type 

ions lying in a sphere of radius r centered on an 𝛼-type. To obtain better statistics in the 

QM-MD simulations, the trajectory average of over 2000 snapshots was used to obtain the 

RDF. 

Figure 5.2 (a) displays the QM-derived total RDF curves of LiCl-KCl eutectic from 673 

K to 1173 K, and the partial RDFs of Li-Cl and K-Cl are plotted in Figure 5.2 (b) and 

Figure 5.2 (c) respectively. The position of the first RDF peaks barely moved as 

temperature increased, indicating the mean distance of these ion pairs did not change 

significantly. From the RDF, we determined the average Li-Cl and K-Cl distances are ~ 

2.3 and 3.2 Å (the peak of partial RDF), respectively, which are close to experimental 

values (2.31 and 3.08 Å) at 668 K [159]. The RDF peaks become broader when temperature 
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increases, which indicates a larger bond function between anion-cation pairs. As 3.28 wt% 

Ni or 2.93 wt% Cr solute is added, the total RDF and partial RDFs do not change 

significantly due to the small concentration of formed NiCl2 and CrCl3, as shown in Figure 

5.2 (d–f) and Figure 5.2 (e–f), respectively. Therefore, the dissolved Ni and Cr have no 

significant influence on the overall structure of molten LiCl-KCl. 

 

Figure 5.2. RDF curves of the total, Li-Cl, and K-Cl ion pairs for LiCl-KCl based 

molten salt systems calculated by QM-MD. (a-c) are for LiCl-KCl eutectic 
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composition, (d-f) are for 3.28 wt% Ni solute in LiCl-KCl, and (g-i) are for 2.93 wt% 

Cr solute in LiCl-KCl. 

 

Figure 5.3 (a, b) shows the partial RDF of Ni-Cl and Cr-Cl in the salts, respectively, 

derived from the QM-MD trajectory. For comparison, the RDF was also computed from 

DP-FF MD simulations. The overall characters and peak positions from DP-FF are close 

to the QM-MD results, suggesting that the DP-FF can accurately describe the structure of 

the molten salts. 
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Figure 5.3. RDF analysis of Ni-Cl (a,c) and Cr-Cl (b,d) from QM-MD trajectories 

and DP-FF MD trajectories, respectively. 

 

The coordination number, the number of anions surrounded at a certain distance near 

the cations, is a useful parameter to study the local structures of ions. The coordination 

number is the integration of RDF 𝑔𝛼𝛽(𝑟), which can be calculated using the following 

equation, 

𝑁𝛼𝛽(𝑟) = 4𝜋𝜌𝛽 ∫ 𝑔𝛼𝛽(𝑟)𝑟2𝑑𝑟
𝑟𝑚𝑖𝑛

0

     (7)      

where, 𝑟𝑚𝑖𝑛 is the equilibrium distance where RDF reaches the first valley, as shown in 

Figure 5.4 (a). The 𝑟𝑚𝑖𝑛  values are then located in the coordination curve to find the 

coordination number, as shown in Figure 5.4 (b). For example, the 𝑟𝑚𝑖𝑛 of Li-Cl, K-Cl, 

and Cr-Cl in CrCl3-LiCl-KCl at 773K are 3.3 Å, 4.4 Å, and 3 Å, respectively (Figure 5.4 

a). We then used the 𝑟𝑚𝑖𝑛 value to determine the coordination numbers of Li-Cl, K-Cl, and 

Cr-Cl in Figure 5.4 (b), which are around 4, 7.2, and 5.6, respectively, consistent with 

previous MD simulations [28]. The previous MD simulations suggested that a larger 

coordination number of K-Cl results from a longer K-Cl bond combined with fast cation 

diffusion in the eutectic compared to pure KCl [28].   
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Figure 5.4. QM-MD calculated RDF and coordination number curves of CrCl3-LiCl-

KCl at 773K. 

 

The coordination numbers of Li-Cl, K-Cl, Ni-Cl, and Cr-Cl at different temperatures 

are calculated and shown in Figure 5.5 for both QM-MD and DP-FF MD. The change of 

coordination numbers as a function of temperature is overall consistent between QM-MD 

and DP-FF MD. The coordination number decreases a little bit as temperature increases 

for all ion pairs. From Figure 5.5 (a) and Figure 5.5 (d), the coordination number of Li-Cl 

and K-Cl in eutectic LiCl-KCl are around 4 and 7, respectively, and they slightly decrease 

as temperature increases. It is interesting to note that the Ni-Cl coordination number 

decreases from ~ 4.4 to 4 between 673 K and 773 K; this supports prior observations in 

ZnCl2 molten salt systems that NiCl2 (in the form of NiCl4
2- that is typically observed in 

chloride melts) adopts a distorted tetrahedral local coordination at lower temperatures 

[160]. Sundheim and Harrington [161] proposed that this tetrahedral distortion should 

correlate to a more typical tetrahedral structure as temperature increases, which agrees well 
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with our results here. The coordination number of K-Cl decreases from 7.5 to 7 for both 

QM-MD and DP-FF simulations. As for CrCl3-LiCl-KCl, the coordination of K-Cl 

decreases even more (~ 1) for QM-MD and DP-FF when heated to 973K. Moreover, the 

coordination number of Cr-Cl pairs also decreases from 6 to 5.5 as temperature increases 

for QM-MD, and from 5.8 to 5.2 for DP-FF. For the CrCl3-LiCl-KCl system, the slight 

increase of the Cr coordination number at 773 K may relate to the significant decrease of 

the K coordination number when Cr attracts more Cl atoms from K. 
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Figure 5.5. The coordination number of Li-Cl, K-Cl, Ni-Cl, Cr-Cl as a function of 

temperature. (a)-(c) represent results of QM-MD simulations; (d)-(f) represent results 

of DP-FF MD simulations. 
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5.2.3 Thermodynamic Properties 

The thermodynamic properties of eutectic LiCl-KCl molten salt at different 

temperatures were analyzed using the 2PT method based on the QM-MD simulations. In 

Table 7, the diffusion constant, specific heat capacity, Helmholtz free energy, and fluidicity 

of the molten salt are listed for temperatures ranging from 673 to 1073 K. The diffusion 

constant describes the mobility of ions, which increase from 1.19 × 10-5 cm2/s to 5.38 × 10-

5 cm2/s as temperature increases from 673 K to 1073 K. Similarly, fluidicity, a 

measurement of the percentage of the gas phase density of state (DOS) in the overall DOS, 

also increases with temperature. The specific heat capacity of each atom calculated by MD 

simulations is ~ 22.3 J/mol·K, which is consistent with the Dulong–Petit law of ~ 3R (24.9 

J/mol·K), where R is the gas constant [162].  Based on the Dulong-Petit method, the 

specific heat capacity at constant volume (Cv) calculated by our MD simulations is 21.65 

J/mol·K at 973K, and the experiment measured heat capacity of LiCl-KCl (59 - 41 mol%) 

at constant pressure (Cp) is 31.87 J/mol·K at 973K [12]. Considering the fact that Cp is 

normally larger than Cv by ~ R, our simulation results are close to the experimentally 

measured value. 

 

Table 7. Thermodynamic properties of eutectic LiCl-KCl molten salt at different 

temperatures. T, D, Cv, and F represent temperature, diffusion constant, specific heat 

capacity, and Helmholtz free energy, respectively.  
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T (K) D (×10-5 cm2/s) Cv (J/mol·K) F (kJ/mol) Fluidicity (%) 

673 1.19 22.90 -379.70 14.82 

773 2.40 22.30 -385.12 20.47 

873 3.12 22.11 -393.19 22.55 

973 4.62 21.65 -397.78 26.59 

1073 5.38 21.52 -402.44 27.79 

 

Thermodynamic properties of the NiCl2- and CrCl3-LiCl-KCl salt systems were also 

calculated. To better visualize the influence of Ni and Cr solutes on thermodynamic 

properties of the LiCl-KCl molten salt, the Helmholtz free energies, specific heat capacities, 

diffusion constants, and fluidicity are plotted in Figure 5.6 as a function of temperature. 

Similar to the eutectic LiCl-KCl, Helmholtz’s free energy, and specific heat capacity 

decrease when temperature increases, while diffusion constant and fluidicity increase as 

temperature increases. As indicated in Figure 5.6, Cr decreases the Helmholtz free energy 

of the LiCl-KCl salt system, while Ni increases the energy a small amount. The specific 

heat capacity, diffusion constant, and fluidicity of the system are not significantly affected 

by the dissolution of Ni and Cr at the low concentration used in this study. 
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Figure 5.6. Thermodynamic properties of eutectic LiCl-KCl, NiCl2-LiCl-KCl, and 

CrCl3-LiCl-KCl molten salt systems. 

 

5.2.4 Viscosity  

Viscosity describes the resistance to the flow of a liquid, which is a very important 

thermophysical parameter of molten salts. Viscosity is highly dependent on the temperature 

of the fluid, and shows an exponential relationship with temperature expressed by the 

Vogel-Fulcher-Tammann (VFT) equation: 
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𝜂 = 𝜂0 exp (𝐷
𝑇0

𝑇 − 𝑇0
)            (8) 

where 𝜂0  is the high-temperature limit of viscosity, 𝑇0  is the VFT temperature, and D 

represents the fragility parameter. We expect that the viscosity of the molten salt decreases 

exponentially as temperature increases.  

Here, the viscosity of LiCl-KCl molten salt at various temperatures were calculated 

using the DP-FF MD simulations and compared with experimental data. The viscosity of 

LiCl-KCl eutectic salt increases exponentially as temperature decreases, as shown in 

Figure 5.7 (a). Compared with experiment measurement, the average viscosity of LiCl-KCl 

eutectic salt at 973 K is ~ 1.4 centipoise (cP), which is 20% higher than the measured value 

of 1.15 cP (59.5 mol% LiCl) [163].  The viscosity measured for 58 mol% LiCl-KCl salt at 

773 K is 2.2 cP, while the DP-FF MD calculation is 3.5 cP [103]. Overall, the MD 

simulation results of the viscosity of LiCl-KCl are consistent with experimental 

measurement. By fitting the VFT equation, we obtained parameters 𝜂0, D, and T0 of 0.04 

cp, 21.2, and 185 K, respectively, for eutectic LiCl-KCl. 

Figure 5.7 (b) shows the effects of Ni and Cr solute on the viscosity of eutectic LiCl-

KCl. At higher temperatures above 773 K, the viscosity does not significantly change with 

the addition of Ni (3.28 wt%) and Cr (2.93 wt%). However, the viscosity is significantly 

increased as temperature decreases to 673 K. By fitting the VTF equation, the 𝜂0, D, and 

T are 0.2 cP, 2.7, and 370 K for NiCl2-LiCl-KCl; and are 0.44 cP, 0.82, and 507 K for 

CrCl3-LiCl-KCl. The addition of Ni and Cr makes the eutectic LiCl-KCl salts more 

viscous. This may influence the MSRs significantly at low working temperatures. It is well 
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known that the self-diffusion coefficient and viscosity are coupled through the well-known 

Stokes-Einstein relationship [164], [165].  The self-diffusivity and viscosity correlate very 

well at high temperature ( >= 773K), while at 673 K, the viscosity significantly increases 

with Ni/Cr while the self-diffusion coefficient does not change significantly. This may be 

related to the high-temperature Arrhenius behavior to low-temperature non-Arrhenius 

behavior in the molten salt systems. The local heterogeneity of salt systems may be 

increased due to the addition of Ni/Cr at low temperature, leading to the unusual viscosity 

behavior at 673 K. Future study is required to illustrate the physical origin of this interesting 

phenomenon. 

 

Figure 5.7. (a) Average viscosity of eutectic LiCl-KCl molten salt calculated by DP-

FF MD simulations comparing with experiment measurements [103], [163]; (b) DP-

FF MD calculated viscosity of LiCl-KCl, NiCl2-LiCl-KCl, and CrCl3-LiCl-KCl salt 

systems. Dashed lines represent the exponential fit of different datasets.  
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5.3  Summary 

In summary, we applied QM-MD and DP-FF MD simulations to determine the density, 

structural properties, and thermophysical properties of eutectic LiCl-KCl molten salt, as 

well as the influence of Ni/Cr solutes on these properties. We found that the overall 

structure of eutectic LiCl-KCl has no significant changes with a lower concentration of 

Ni/Cr (< 4%), yet the density of the salt systems increases with Ni or Cr solute. For the 

thermodynamic properties, the dissolution of Ni/Cr in the LiCl-KCl system does not have 

a remarkable influence on the specific heat capacity, diffusion constant, and fluidicity, yet 

the Ni/Cr solute significantly increases the viscosity of the eutectic LiCl-KCl salt at 673 K. 

Our simulation results suggest that the low concentration of Ni or Cr has no significant 

effect on molten salt systems at high working temperature, but will significantly increase 

the viscosity at low working temperature, influencing the performance of salt systems at 

the lower range of working conditions. 
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Chapter 6.  Conclusions 

In this dissertation, the corrosion mechanism of metallic materials in nuclear reactors is 

investigated by combining first-principles calculations and molecular dynamics 

simulations, including the oxidation of zirconium alloys in a high temperature water 

environment, and the influence of Ni/Cr solute on the thermodynamic properties of eutectic 

LiCl-KCl molten salt.  

For the enhancement of corrosion resistance of zirconium alloy, we proposed and tested 

a reaction mechanism based HTS approach to single out the best binary Zr-X alloy for the 

cladding materials used in nuclear reactions that use water as coolant.  

1. The adsorption properties of a water molecule on zirconium (0001) surface are 

examined using first-principles calculations with vdW correction. It turns out the 

bridge site is the most stable site for water adsorption and dissociation. The energy 

barriers of water dissociation are calculated for pure zirconium and Zr-X alloy.  

2. 53 transition metal elements are applied to examine the doping effect aiming to 

screen out a better composition of zirconium alloys that can improve their corrosion 

resistance. As a result of the HTS process considering the water dissociation, the 

neutron absorption cross-section, and the stability, Al, Zn, Ge, As, Sn, Sb, Pb, and 

Bi are singled out as the promising doping elements that could improve the 

oxidation resistance of zirconium alloys. The best binary alloy is the Zr-Bi system 

with the largest water dissociation barrier.  
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The prediction above could be tested experimentally in the future. In addition, the 

reaction mechanism based HTS approach could be extended to other types of nucleation 

reactors such as the fourth-generation molten salts reactions. The reaction between 

cladding materials with molten salts should be considered in this extension. 

For the coordination and thermophysical properties of transition metal chlorocomplex 

in eutectic LiCl-KCl, QM-MD and DP-FF MD simulations are applied to determine the 

density, structural properties, and thermophysical properties of eutectic LiCl-KCl molten 

salt, as well as the influence of Ni/Cr solutes on these properties.  

1. The DP-FF MD results agree very well with the QM-MD results and are more linear 

because of the large simulation cell. The densities of eutectic LiCl-KCl in QM-MD 

and DP-FF simulations are almost the same, and the differences for NiCl2- LiCl-

KCl or CrCl3-LiCl-KCl salt systems are within 2%. 

2. The overall structure of eutectic LiCl-KCl has no significant changes with a lower 

concentration of Ni/Cr (< 4%), yet the density of the salt systems increases with Ni 

or Cr solute. For the thermodynamic properties, the dissolution of Ni/Cr in the LiCl-

KCl system does not have a remarkable influence on the specific heat capacity, 

diffusion constant, and fluidicity, whereas the Ni/Cr solute significantly increases 

the viscosity of the eutectic LiCl-KCl salt at 673 K.  

3. The simulation results suggest that the low concentration of Ni or Cr has no 

significant effect on molten salt systems at high working temperature, but will 
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significantly increase the viscosity at low working temperature, influencing the 

performance of salt systems at the lower range of working conditions. 
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