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The objective of this study is to obtain a mechanistic insight into the NH3 effects 

on hydrogen embrittlement (HE) in order to enable the safety of NH3 utilization for 

carbon-neutral purposes. Transitioning to a hydrogen-powered society is one of the 

promising directions to decrease carbon dioxide emissions. However, steels and alloys 

used for hydrogen gas containment systems can suffer from hydrogen embrittlement, 

which is the degradation of material strength due to the hydrogen. Ammonia (NH3) has 

been considered a hydrogen carrier and non-CO2 fuel. It is expected that NH3 will play 

an essential role in a carbon-neutral society. 

In this study, fracture toughness tests of SCM440 low-alloy steel were carried out 

in H2 and NH3-added H2 gases to characterize the HE mitigation effect by NH3. In 

addition, the experiments in the N2 and NH3-added N2 gases were also performed to 

examine the interaction of NH3 with the Fe surface. As a result, we determined two NH3 

effects conflicting with each other, which are HE mitigation and HE induction. Regarding 

the HE mitigation effect, it was more pronounced by increasing the NH3 concentration. 

Regarding the HE induction effect, an inverse NH3 concentration dependence that the HE 

was reduced by the increase in the NH3 concentration was found. The mechanisms were 

elucidated by theoretical considerations using the density functional theory (DFT). For 

the Fe (110) surface, the NH3 adsorption rate, NH3 decomposition rate, H2 dissociation 

rate, and hydrogen atom coverage were calculated. 

In chapter 1, the background and objective of this thesis were described. First, the 

role of NH3 in the recent world energy situation was explained following introduction of 

the physical properties of NH3. Second, general trends in the HE during the fracture 

toughness test and state-of-the-arts of the mitigation of HE by impurities mixed in 

hydrogen gas were introduced. Third, applications of DFT calculations regarding the 

interaction of gaseous species and solid surfaces were described. Finally, the motivation 

and objective of this study were identified. 

In chapter 2, fracture toughness tests of JIS SCM440 low-alloy steel were 

conducted in H2 and 1,000 volume ppm (vppm) or 10,000 vppm NH3-added H2 gases. As 

a result, it was confirmed that NH3 had a mitigation effect on the HE. According to the 



DFT calculations, the NH3 reaction rate on the Fe (110) surface was 2.77 × 1019 s-1 at 

11.11% NH3 coverage, while the H2 reaction rate on the Fe (110) surface was 5.88 × 109 

s-1. As the result that NH3 has a significantly higher reaction rate, NH3 was preferentially 

adsorbed on the Fe surface. According to the Langmuir adsorption model, when 25.00% 

of the Fe surface is covered by NH3, only 0.01% of the Fe surface is available for 

hydrogen atoms. These are the mechanisms by which NH3 mitigates the HE.  

In chapter 3, fracture toughness tests were conducted in N2 and 1,000 vppm NH3 

added H2 gases. In the NH3-added N2 gas, a significant reduction in the fracture toughness 

was found. The cause was determined as HE by examination of the fracture surface. This 

NH3 effect of the HE induction was strongly affected by the loading rate. For its 

expression, a 2 × 10-5 mm/s loading rate, which is extremely low, was required. By 

comparing the NH3 adsorption rate coefficient (k = 3.14 × 1020 s-1) with the NH3 

decomposition rate coefficient (k = 1.36 × 108 s-1), which were obtained by the DFT 

calculations, it was found that the NH3 decomposition was a relatively very slow reaction. 

Therefore, NH3 induces the HE only if the loading rate is sufficiently low.  

In chapter 4, 10,000 vppm NH3 in N2 gas was added to the fracture toughness test 

in order to investigate the NH3 concentration dependence on the HE induction effect. 

Interestingly, the HE by NH3 decomposition diminished as the NH3 concentration 

increased. This was opposite to the prediction based on the theoretical result that atomic 

hydrogen coverage on the Fe surface increased with an increase in the NH3 concentration. 

The main reason for this reverse trend was the change in the NH3 decomposition rate with 

the NH3 concentration. The DFT revealed that NH3 can achieve (NH2 

following (NH3 2 + H) when the NH3 concentration was sufficiently low, whereas 

it can achieve only (NH3 2 + H) when the NH3 concentration was high because the 

NH3 decompositions require vacant sites on the Fe surface. A higher NH3 concentration 

limits the NH3 decomposition resulting in a reduction of the hydrogen supply.  

Furthermore, for the NH3 and H2 competitive coadsorption on the Fe (110) surface, 

a kinetic model, which can quantitatively determine the coverage of each species on the 

Fe surface, was established. It was revealed that the hydrogen atom coverage on the Fe 

(110) surface was 8.42% for the H2 + 1,000 vppm NH3 gas and 15.20% for the H2 + 

10,000 vppm NH3 gas, if NH3 can undergo total decomposition. However, the NH3 



decomposition rate decreased as the NH3 concentration increased resulting in hindering 

the NH3-derived hydrogen supply. As a result, the hydrogen atom coverage on the Fe 

(110) surface was 8.42% for the H2 + 1,000 vppm NH3 gas and 4.37% for the H2 + 10,000 

vppm NH3 gas. This was the reason for the NH3 concentration dependence on the NH3 

mitigation effect. 

In chapter 5, the obtained results of this study were summarized and conclusions 

listed. 
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1 Introduction 

 

1.1 Ammonia and its properties 

 

Ammonia occurs in nature, primarily produced by anaerobic decay of plant and 

animal matter, and it also has been detected in outer space [1 - 1]. Some plants, mainly 

legumes, combine with rhizobia to fix atmospheric nitrogen to produce ammonia [1 - 2]. 

Ammonia has been known by its odor since antiquity. Gaseous ammonia was first isolated 

in 1774 by the English chemist, Joseph Priestly [1 - 3]. Its composition was determined in 

1785 by the French chemist, Claude Louis Berthollet [1 - 4]. The commercial production of 

ammonia was developed in 1909 by German chemists, Fritz Haber and Carl Bosch, over 

Fe/Ni catalyst the reaction of nitrogen and hydrogen at high temperatures and pressure. The 

Nobel Prize in chemistry 1918 was awarded to Fritz Haber for the synthesis of ammonia from 

its elements and Bosch in 1931[1 - 5]. The fundamental Haber Bosch process is still in use 

today.  

NH3 is a compound of nitrogen and hydrogen with chemical formula NH3. It is a 

colorless, toxic gas with a pungent noxious odor at room temperature [1 - 6]. NH3 is an irritant 

and the irritation increases with concentration; the permissible exposure limit is 25 ppm, and 

lethal is above 500 ppm [1 - 7]. A solution of NH3 is alkaline and NH3 can be used as a 

cleaner because of dissolves grease [1 - 8]. NH3 is easily soluble in water and lighter than air. 

Gaseous NH3 is neither combustible nor a supporter of combustion [1 - 9]. The properties of 

NH3 as shown in the Table. 1.1 [1 - 10]. 

 

Table. 1.1 The properties of NH3 [1 - 10] 

Molar mass Boiling point Melting point Water solubility Density 

17.03 g/mol -  -  530 g/L (20  
0.73 kg/m3 (1.013 

 



Chapter 1: Introduction 
 

2 
 

The global NH3 capacity was 176 million metric tons by 2016 [1 - 11]. NH3 is a key 

ingredient in fertilizer production and is one of the world's most prolific synthetic chemicals 

[1 - 12]. Most NH3 production (about 85%) is directly or indirectly used in agriculture, such 

as ammonium nitrate or ammonium sulfate. These provide nitrogen to the soil, and NH3 can 

be injected directly into the soil as fertilizer. NH3 is also used in the production of plastics, 

fibers, explosives, nitric acid, and intermediates in dyes and pharmaceuticals [1 - 13]. NH3 

already had complete production conditions in the world, which provide completely produce.  
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1.2 Recent world energy situation and ammonia role in the world energy

Before the Covid-19, several world energy scenarios published in 2019 [1 - 14 - 1 -

18] described three feasible paths for transforming the energy sector by 2040 and gave a 

quantitative outlook to 2060. The development of the past 40 years before 2019 are outlined 

as below: (1) The global population in 2018 is increased by 77% compared to the level of 

4.30 billion in 1978, and the global energy demand surged; (2) Global primary energy 

consumption has more than doubled from 270.5 Exajoule (EJ, 1018 J) in 1978 to 580 EJ in 

2018, fossil fuels have always been the main feedstock. In 2018, although the share of fossil 

fuels in global primary energy consumption was 7% lower than in 1978, the oil and natural 

gas still accounted for 85% of total primary energy consumption; (3) The CO2 emission 

increased from 18.0 billion tonnes (bn tonnes) in 1978 to 33.7 bn tonnes in 2018, the 

environmental problems are becoming more and more serious.

Fig. 1.1 BP Statistical Review of World Energy June 2019 [1 - 17]. Redrawn by the author
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As Fig. 1.1 shows, although the renewable energy sources are increasing, the main 

contents of the global primary energy consumption are still oil, coal, and natural gas. Fossil 

fuels are non-renewable at the present and produces CO2. Considering we will run out of 

fossil fuel one day and the CO2 has already brought us severe global climate change, the 

world health organization (WHO) calls climate change the greatest threat to global health in 

the 21st century [1 - 19-1 - 21]. The impacts of climate change include sea level rise, global 

warming, and more acidic oceans [1 - 22]. Under the 2015 Paris agreement, nations 

. The USA broke away from this agreement 

in 2019, however, they have been back to the Paris agreement from January 2021. It is 

critically important to develop renewable energy for protecting the whole world and our 

future generations. As Fig. 1.2 shows, if we do nothing, it will bring us more serious 

environmental problems due to CO2 emissions.

The Covid-19 pandemic had profound impacts on energy demand in 2020, reducing 

the global CO2 emission by 5.2%. However, the world has experienced an extremely rapid 

Fig. 1.2 Global greenhouse gas emission pathways [1 - 23]. Redrawn by the author
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economic recovery since then, driven by unprecedented fiscal and monetary stimulus [1 - 24]. 

The recovery in energy demand in 2021 will be exacerbated by worsening environmental and 

energy market conditions. Coal burning remains at a high level of growth despite the largest 

ever annual increase in renewable power generation. That puts energy-related CO2 emissions 

in 2021 ahead of 2010 as the largest on record. The CO2 emission in 2021 is about 180 

Megattones (Mt) higher than pre-pandemic levels in 2019. Based on the International 

renewable energy agency data publication, fossil fuels 

complex [1 - 24]. Considering the fossil fuel-based non-renewable energy infrastructure, and 

has severe environmental effects, it is imperative to accelerate the establishment of a carbon-

neutral society. 

Hydrogen is a clean energy source having high energy content (122 kJ/g) [1 - 25] 

when it is produced in a green way. One of the potential paths to a carbon-neutral economy 

is hydrogen energy. However, issues associated with hydrogen storage and distribution are 

currently one of the most serious barriers leading to high cost of H2 to its implementation. 

Hence, other indirect storage media storage is needed.  

As the previous section mentioned, NH3 is the most well-known nitrogen feedstock 

for agriculture or as a refrigerant. It is the second-largest chemical (after sulfuric acid) 

produced in the world. Recently, NH3 has been considered as a fuel because of its carbon-

free substance, high octane number, and good economic benefits, for example, NH3 is the 

cheapest fuel per 100 km driving range [1 - 26]. It is shown that a medium-size hydrogen car 

converted to NH3 became more effective per range cost and fuel tank compactness. The 

reason can be considered as follows: Firstly, NH3 has a high-octane rate of 110 -130 [1 - 27], 

thus it is a good fuel for internal combustion engines. Secondly, it can be thermally cracked 

into hydrogen and nitrogen using low energy, 12% from the higher heating vale (HHV) to 

produce hydrogen for fuel-cells [1 - 28]. Thirdly, the distribution infrastructure already exists 

for ammonia to deliver in amounts larger than 100 million tons yearly or more [1 - 29]. 

However, using the combustion of NH3 as car fuel can cause another problem, as the 

production, NOx can be produced. The term NOx describes a mixture of nitric oxide (NO) 
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and nitrogen dioxide (NO2), which can cause damage to the human respiratory tract pollution 

problems, decreasing growth or reducing crop yields [1 - 30]. On the other hand, considering 

the toxicity of ammonia gas at very low concentrations can cause harm to humans. As a result, 

it is an important research field for forwarding to a carbon-neutral society regarding correctly, 

reasonably, safely, and effectively using NH3. 
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1.3 Hydrogen-assisted degradation of fracture toughness  

 

Fracture toughness tests measure the resistance ability of a material to further crack 

growth and propagation to failure. The construction of aircraft, buildings, and bridges are 

usually suffering from both high and low cycle fatigue, which can cause the initiation of 

fatigue cracking, crack is everywhere in our daily life. Engineers use fracture toughness tests 

to determine the load capacity of structural components. This allows the establishment of 

component lifespans, along with inspection and maintenance criteria. The well-known 

metallic material strength properties such as ductility loss, decreased fracture toughness, and 

degradation of fatigue properties [1 - 31, 1 - 32]. Therefore, the fracture toughness test was 

conducted in this study. In this thesis, the effects of ammonia in the presence of hydrogen 

and the absence of hydrogen on fracture toughness were studied. Therefore, the state-of-arts 

on the hydrogen effect on fracture toughness is summarized in the following, which has many 

factors, for example, gas pressure, loading rate, material strength, and so on [1 - 33-1 - 43].  

Firstly, fracture toughness can be reduced in hydrogen gas. The stress-intensity factor 

is used to represent the fracture toughness of most materials. The hydrogen effect is 

pronounced by an increase in hydrogen gas pressure [1 - 33-1 - 37]. Walliams and Nelson 

reported that the crack growth (ductile stable) rate increased with increased hydrogen gas 

pressures from 100 torr to 1000 torr [1 - 33]. Birenis et al. reported that gaseous hydrogen-

induced embrittlement in the pure iron at room temperature during elastic-plastic fracture 

toughness tests [1 - 34]. As shown in Fig. 1.3, the crack-growth resistance curves in air 

occupied a higher position than that in hydrogen gas, which represents the degradation of 

crack growth resistance in the hydrogen gas environment. They also reported that with 

increasing the gas pressure from 0.7 MPa to 90 MPa, the resistance of the material further 

decreased. In other words, an increase in gas pressure enhances HE. Loginow and Phelps 

reported that the stress intensity factor (K H) decreased as hydrogen gas pressure decreased 

[1 - 35]. The gas pressure dependence has been considered by  [1 - 36], which 
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expresses the thermodynamic equilibrium between hydrogen gas and dissolved atomic 

hydrogen. The equation is as below: 

, 

Where C is the concentration of dissolved H atom, f is the fugacity, and S is the solubility. 

Thus, as the pressure increased, the fugacity increased resulting in an increase in the quantity 

of H atom dissolved in material [1 - 37].  

Secondary, Matsumoto et al reported that the hydrogen affects carbon steel (SM490B) 

had a loading rate dependence under 0.7 MPa gas pressure. The results showed that the 

fracture toughness of the material decreased with a decrease in the loading rate from 2.0 × 

10-3 mm/s to 2.0 × 10-5 mm/s [1 - 38]. The same tendency is also reported by Komoda et al. 

The fracture toughness of the ASTM A333 grade 6 pipelines in 0.6 MPa hydrogen gas was 

significantly reduced when the loading rate was decreased from 2.0 × 10-3 mm/s to 2.0 × 10-

5 mm/s because of sufficient time for hydrogen entering material [1 - 39].  

Thirdly, HE by fracture toughness degradation is more pronounced with the increased 

yield strength of the material. Sandoz reported that the threshold (crack initiation) stress 

intensity factors of martensitic AISI 4340 steel decreased with an increased yield strength of 

the material in hydrogen gas [1 - 40]. Nibur found the same tendency and reported that the 

threshold stress intensity factors of HY-130, Ni-Cr-Mo steels, and Cr-Mo steel in 103 MPa 

hydrogen gas decreased with an increased yield strength of the material [1 - 41]. 

There are a lot of researchers who reported that the fracture surface was changed in 

hydrogen gas. S. Matsuoka et al. reported that the fracture toughness of austenitic stainless 

steels (Types 304, 316) was decreased in hydrogen gas as shown in Fig. 1.4. The fracture 

surface during the J  test in the air at room temperature was covered with dimples (D). In 

contrast, the fracture surface in hydrogen gas was covered with quasi-cleavages (QC) [1 - 

42]. G. Alvarez et al. have investigated the effect of the displacement rate on the fracture 

surface of two different structural steels (S355 steel and H8 steel). They reported that 
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decreased displacement rate reduced the fracture toughness of the material and enhanced 

hydrogen embrittlement as shown in Fig. 1.5. The decreased displacement rate gives rise to 

a modification of the fracture micromechanics from ductile micromechanics (microvoid 

coalescence) in the absence of hydrogen to brittle micromechanics (cleavage or plasticity 

related hydrogen induced cracking) due to hydrogen induced decohesion of interphases when 

a certain hydrogen concentration is achieved. The fracture surface was changed as shown in 

Fig. 1.6. [1 - 43]. 
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Fig. 1.3 The corresponding crack-growth resistance curve for specimens tested 
in air and in 0.7 MPa and 90 MPa hydrogen gas at room temperature 

by D. Birenis et al. [1 - 34]

Fig. 1.4 J- a curves in air and in hydrogen gas at room temperature 
by S. Matsuoka et al. [1 - 42]
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Fig. 1.5 Fracture toughness versus crack growth J- a curves by G. Alvarez et al. [1 - 43]

(a)

(b)

Fig. 1.6 Fracture surface (a) S355 fracture surface of uncharged specimens
(b) S355 fracture surface of hydrogen pre-charged specimens by G. Alvarez et al. [1 - 43]
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1.4 Past study on impurities contained in hydrogen gas and their mitigation effect 

on hydrogen embrittlement in H2 gas 

 

Hydrogen embrittlement (HE) firstly requires hydrogen uptake from the environment 

into the material. As Nagao et al. experimentally demonstrated that exposure of the SCM435 

low-alloy steel, whose surface is covered by a natural oxide layer, to 120 MPa H2 gas at room 

temperature caused no increase in the hydrogen concentration in the material [1 - 44]. It 

implies that hydrogen uptake from H2 gas into steel at room temperature requires a fresh iron 

(Fe) surface, which can act as a catalytic site for the dissociation of molecular hydrogen into 

atomic hydrogen, which is created by crack propagation [1 - 45]. Staykov et al. explained the 

role of the Fe surface as a catalyst for the dissociation of H2 molecules by density functional 

theory (DFT) simulations [1 - 46]. The Fe surface should be clean in order to act as a catalyst 

for the H2 dissociation. In other words, preadsorbed oxygen (O2) on the Fe surface hinders 

the catalytic action. Somerday et al. considered that the hydrogen uptake from hydrogen gas 

occurs at the newly created surfaces during crack propagation. They experimentally 

confirmed both the hydrogen uptake through the surfaces created during crack propagation 

and the blocking of hydrogen uptake by preadsorbed O2 based on their crack propagation 

tests of X52 steel as shown in Fig. 1.7 [1 - 47].  

Gas impurities contained in H2 gas can work as a poison for the catalytic action of Fe 

surfaces when the impurity gases have a higher affinity with the Fe surface than the H2 

molecule. Carbon monoxide (CO) is one of the gas species that can act as a mitigator of the 

HE [1 - 48, 1 - 49]. Komoda et al. clarified the mitigation effects of CO and O2 on the HE 

focusing on their reaction rates with the Fe surface. Staykov et al. theoretically calculated the 

ratio of the impurity-occupied site and impurity-free site on the Fe surface in order to interpret 

the result of the fracture toughness tests were conducted as shown in Fig. 1.8 [1 - 48]. They 

showed that O2 coverage is 100% and the CO one is at most 75% [1 - 48, 1 - 49]. These 

results are useful to understand the different HE mitigation properties between the O2 and 

CO impurities. 
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Regarding the effect of NH3, NH3 induces stress corrosion cracking, which is one 

of the forms of hydrogen embrittlement [1 - 50]. Also, degradation of the tensile strength 

properties is induced in the NH3 environment [1 - 51]. On the other hand, NH3 added to H2

gas significantly mitigated the hydrogen-assisted crack growth of 4340 steel as shown in Fig.

1.9 [1 - 52]. 

Fig. 1.7 Fatigue crack growth rate (da/dN) vs. stress intensity factor range ( K) 
relationships for X52 line pipe steel in mixed H2 and O2 by BP Somerday et al. [1 - 47]
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Fig. 1.8 Inhibitory effect of CO on hydrogen embrittlement and its loading rate 
dependency by R. Komoda et al. [1 - 48]
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Fig. 1.9 Crack extension vs. time for hydrogen-oxygen mixture by Srikrishnan, V. et al. [1 - 52]
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1.5 Density functional theory calculation and theoretical understanding 

 

1.5.1 Density functional theory history and applications 

 

Modern computational modeling of materials from first principles relies on a variety 

of theoretical and computational techniques, which is called density functional theory (DFT) 

[1 - 53]. The first principle DFT is the main tool for modern materials simulations and it is a 

very effective method for studying molecules, nanostructure, solids, surfaces, and interfaces 

by directly solving approximate versions of the Schrodinger equation. The essence of the 

DFT method is to take the electron density as the carrier of all the information in the ground 

state of the molecule (atom), rather than the wave function of a single electron so that the 

multi-electron system can be transformed into a single-electron problem for solving. 

Assuming that the number of electrons is N, the number of variables in the wave function is 

3N, and the density functional theory reduces the number of variables to three spatial 

variables, which not only simplifies the calculation process but also ensures the calculation 

accuracy.  

The development of density functional theory can be divided into three stages. The 

first stage was in 1927. Thomas and Fermi proposed the Thomas-Fermi model based on the 

assumption of the uniform electron gas in an ideal state [1 - 55]. The concept of density 

functional was introduced for the first time, which became the prototype of the later DFT 

method. The starting point of the Thomas-Fermi model is to assume that there is no 

interaction between electrons and no external force interference, then the Schrödinger 

equation of electron motion can be expressed as: 

 

Solved as: 
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Considering the electron arrangement law at 0 K, the electron density, the total energy 

of a single electron and the kinetic energy density of the system are respectively: 

 

 

 

Considering the description of the Coulomb potential between electrons and the 

external field, the total energy expression of the electron system can be deduced only by the 

electron density function. Although this model simplifies the calculation form and process, 

it does not consider the interaction between electrons and does not accurately describe the 

kinetic energy term, so it is not applicable in many systems. However, inspired by this novel 

research idea, related scholars basically perfected the content of density functional theory in 

the 1960s after years of hard work, and finally established a strict density functional 

calculation theory. 

Hohenberg-Kohn Theorem and Kohn-Sham equation play a key role in the formation 

and improvement of DFT method, and are known as the two cornerstones of DFT [1 - 56]. 

(1) Hohenberg-Kohn Theorem 

The main concept of Hohenberg-Kohn theorem is that all physical quantities in the 

system can be uniquely determined by the variable containing only the electron density, and 

the realization method is to obtain the ground state of the system through the variational 

principle. The theory is mainly aimed at the non-uniform electron gas model and consists of 

two sliver theorems. ) a spin - ignoring electron system in an external potential (except for 
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the potential of electron interaction) whose external potential can be uniquely determined by 

electron density; ) For a given external potential, the ground state energy of the system is 

the minimum value of the energy functional. Thus, the energy functional of the system can 

be described as:  

 

Where the right side of the equation are electron potential energy, kinetic energy term, 

coulomb interaction between electrons and exchange associated potential energy in the outer 

field respectively. However, this theorem does not give the specific expression of electron 

density function, kinetic energy function and exchange correlation function, so the specific 

solution cannot be carried out. 

(2) Kohn-Sham equation 

Until 1965, the Kohn-Sham equation was established and gave the specific 

description of each term, which made the density functional theory enter the stage of practical 

application. For the kinetic energy functional, they propose to use the particle kinetic energy 

functional without mutual influence to approximate the replacement, and the difference 

between the two is included in the unknown term of the exchange correlation functional. The 

density function is defined as: , 

variation of , and the Lagrange multiplier is replaced by Ei. Thus, the single-electron 

equation is: 

 

Where, 

 

 



Chapter 1: Introduction 
 

19 
 

This is the Kohn-Sham equation. 

Kohn-sham equation gives explicit expression to all the items (independent particle 

model, Hartree potential and exchange correlation) except exchange correlation functional, 

and also merges the complex items in this item. At this point, the difficulty of calculation has 

been greatly simplified, and all the work began to focus on how to describe the exchange 

correlation functional. At the same time, the approximate form of exchange correlation 

potential also directly determines the precision of density functional theory. 

The Local Density Approximation (LDA) method was also proposed by Kohn et al 

in 1965. The purpose of LDA is to approximate the unknown exchange correlation item so 

that DFT method can be used in practical calculation. LDA uses the density function of 

uniform electron gas to calculate the exchange correlation item of non-uniform electron gas. 

Assuming that the electron density in the system changes very little with space, the exchange 

correlation item of non-uniform electron gas can be expressed as: 

 

The corresponding exchange correlation potential can be expressed as: 

 

In order to calculate the actual material system more accurately, Becke, Perdew and 

Wang et al. proposed the Generalized Gradient Approximation (GGA) in 1986, which is also 

the most widely used method in density functional calculation and performed in this study. 

GGA is to rewrite the original representation term into a functional form containing 

electron density and gradient function, plus the description of spin, and the obtained exchange 

correlation functional is as follows: 
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In GGA, exchange correlation potential can also be disassembled into exchange 

energy and correlation energy. Beckc et al. argued that the concrete functional form could be 

constructed arbitrarily in principle without considering the actual physical meaning, such as 

GGA-PW91; However, Perdew et al. advocated to return to pure quantum mechanical 

calculation theory as far as possible, and all physical quantity calculation should only start 

from basic constants such as electronic static mass, Planck constant and speed of light, and 

functional expressions should not contain too many empirical parameters. For example, 

GGA-PBE (Perdew-Burke-Enzerhoff) is commonly used in condensed matter physics and 

other fields. Past studies by GGA-PBE have shown well agreement with experiments [1 - 57-

1 - 59] and the block diagram of DFT program as shown in Fig. 1.10. 

The popularity of density functional theory has significantly increased in the recent 

20 years as shown in Fig. 1.11 [1 - 55]. The density functional theory is an incredible success 

story. The application of DFT calculation is rapidly becoming a great tool to investigate the 

mechanism and reveal the property of the material. Plenty of researchers study the surface 

reaction between gaseous species and the solid surface by DFT [1 - 45, 1 - 47, 1  56 - 1 - 

59]. 
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Fig. 1.11 Number of publications per year on topics of DFT according to the Web of Science 
Core Collection [1 - 55]
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1.5.2 Methods of investigation: Basic setting 

 

Periodic, DFT was performed with the Linear Combination of Atomic Orbitals 

(LCAO), which is built from quantum mechanics principles and can be used to investigate 

the structural and electronic properties of materials [1 - 65]. The GGA Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional was applied using Fritz-Haber-Institute 

(FHI) pseudopotentials. Electron energies were converged to 10-6 eV and using Fermi 

smearing with sigma = 0.1 eV, which is suitable accuracy for geometry optimization. The 

calculations were performed with a 400eV cutoff energy (largest amount of energy, necessary 

to describe orbitals) and Monkhorst-Pack k-point mesh of 8×8×8 (properly describe 

properties of one unit cell for the BCC bulk iron lattice and 4×4×1 for the (110) terminated 

iron slab. The relaxation was performed until the forces converged to values below 0.05 eV/A, 

which is suitable accuracy for geometry optimization. For bulk systems, relaxation was 

performed for the cell volume, cell shape, and atomic positions. For slab models, relaxation 

was performed for the atomic positions only. Slabs were constructed using 6 alternating iron 

layers. The coordinates of the atoms in the middle two layers were fixed, while the 

coordinates of the top two and bottom two were fully relaxed. Activation barriers for various 

reaction mechanisms were obtained using the climbing image-nudged elastic band method 

(CI-NEB). In the process of NEB calculations, eight to ten images were used between the 

starting and the ending geometries of reactions. Throughout this study, we used the graphical 

visualization Quantum ATK [1 - 66].  
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1.5.3 Kinetic derivation of the Langmuir Theory  

 

A finish of a chemical reaction does not mean there are no reactants left, the reaction 

might just achieve equilibrium and there are some remaining reactants: the reaction is said to 

have reached equilibrium. The concept of chemical equilibrium was developed in 1803 [1 - 

67]. For any reaction mixture to exist at equilibrium, the rates of the forward and backward 

(reverse) reactions must be equal. In the following chemical equation, arrows point both ways 

to indicate equilibrium.  

For molecules in contact with a solid surface at a fixed temperature, the Langmuir 

Isotherm, developed by Irving Langmuir in 1916 [1 - 68], describes the partitioning between 

the gas phase and adsorbed species as a function of applied pressure. Langmuir was awarded 

the Nobel Prize in 1932 for his work concerning surface chemistry. The basic assumption of 

this theory is: 1) assume the surface is homogeneous (no corrugations); 2) All sites are 

energetically equivalent and the energy of adsorption is equal for all sites; 3) The adsorbing 

gas adsorbs into an immobile state; 4) mono-layer coverage only; 5) No interactions between 

adsorbate molecules on adjacent sites. He published two papers to confirm that the adsorbed 

films do not exceed one molecule in thickness [1 - 69, 1 - 70]. 

The Langmuir theory consisted of different adsorption models, in which basic model 

with only one adsorbed species, the competitive model, the dissociative model, and the most 

complicated one competitive and dissociative model. In this study, the competitive and 

dissociative model was studied for investigating the NH3 competitive with H2 on the Fe (110) 

surface. 

For the single adsorbate case, the model assumes adsorption and desorption as being 

elementary processes, where the rate of adsorption rad and the rate of desorption rd are given 

by  

rad = kadpA[S] 
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rd = kd[Aad] 

Where pA is the partial pressure of A over the surface, [S] is the surface concentration 

of the free site, [Aad] is the surface concentration of adsorbed specie A, and the kad and kd are 

the constants of forward adsorption reaction and backward desorption reaction in the above 

reaction.  

At equilibrium, the rate of the adsorption equal to the rate of desorption. Setting rad = 

rd, thus, the equilibrium constant 

                         (1.1) 

In eqs 1.1, the rate is given by the Arrhenius equation. The equilibrium constant is 

the independence of the pressure of the system, or of the concentration of the reacting 

substance. Adding a catalyst will affect both the forward reaction and the backward reaction 

in the same way and will not have an effect on the equilibrium constant. The catalyst will 

speed up both reactions thereby increasing the speed at which equilibrium is reached. 

Considering the entire surface is covered by adsorbed specie A and free site, applied 

to the previous equation that combined site balance and equilibrium, yields the Langmuir 

adsorption isotherm,  

 

For the competitive adsorption, there are two distinct adsorbates present in the system 

(species A and B) that compete for the same adsorption sites. The assumption of this model 

is: all sites on the surface are equivalent; each site can hold one molecule A or B, however it 

not both simultaneously; there are no interactions between adsorbate molecules on adjacent 

sites. Based on kinetic consideration, the equilibrium constant for A and B are given by 

equations as below: 
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And  

 

The surface is covered by A, B, and free sites, therefore, the expressions for  and 

 are as below: 

                           (1.2) 

                           (1.3) 

However, in the case of dissociation adsorption, the molecule D2 will dissociate into 

two adsorbed atoms. The 1/2 exponent on  arises because one gas phase molecule 

produces two adsorbed species. 

In this study, we have performed surface coverage estimation based on the Langmuir 

theory. The H2 molecule dissociates into two H atoms can be solved by the 1/2 exponent on 

. The full NH3 decomposition on the Fe surface is into a N atom and three H atoms, the 

processing on the surface is way more complicated than in H2. The Kinetic derivation of NH3 

decomposition on the Fe surface, and NH3 decomposition competitive with H2 dissociation 

on the Fe surface are studied in chapters 3 and 4, respectively. 
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1.5.4 Arrhenius equation and Transition-state theory  

 

In this study, we analyzed the reaction rate using the Arrhenius equation [1 - 71]. In 

the Arrhenius equation, k is the reaction rate constant, A is the pre-exponential factor which 

represents the frequency that atoms and molecules collide in a way that leads to a reaction, 

Ea is the activation energy barrier for the reaction, R is the universal gas constant, and T is 

the absolute temperature. The equation is commonly given as in equation 1.4, 

                            (1.4) 

The equation is named after the Swedish chemist Svante Arrhenius. His research 

shows that the relationship is applicable to almost all kinds of reactions. He also provided a 

theoretical basis for the equation by an analogy with the expression for the thermodynamic 

equilibrium constant. The collision and transition state theories of chemical reactions showed 

numerical constants A and Ea to represent quantities indicating the fundamental process of 

chemical reactions.  

Collision theory is used to predict the rate of chemical reactions, especially of gases. 

Collision theory assumes that a reaction occurs when the reacting substances (atoms or 

molecules) come together or collide with each other. But not all collisions bring about 

chemical changes. Collisions can effectively produce chemical changes only if the specie has 

a certain minimum internal energy equal to the activation energy of the reaction. Furthermore, 

the colliding species must be oriented in a way that favors the necessary rearrangement of 

atoms and electrons. Therefore, according to collision theory, the rate at which chemical 

reactions proceed is equal to the frequency of effective collisions. 

Transition-state theory also known as activated-complex theory or absolute reaction 

rate theory, deals with chemical reactions and other processes as occurring through 

continuous changes in the relative positions and potential energies of constituent atoms and 

molecules. In the reaction path between the initial and final arrangement of an atom or 
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molecule, there exists an intermediate configuration that has the maximum value of potential 

energy, which is referred to as the transition state. The difference in energy between the 

transition state and the initial state is closely related to the experimental activation energy of 

the reaction. It represents the minimum energy that must be obtained for a reaction system 

or flow system to occur. Transition-state theory can also be formulated in thermodynamic 

terms. The transition state can be calculated by CI-NEB. Transition-state theory is directed 

to the calculation of the one-way rate constant at equilibrium. 
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1.5.5 Pre-exponential factor 

 

In chemical kinetics, the pre-exponential factor or A factor is the pre-exponential 

constant in the Arrhenius equation, an empirical relationship between temperature and rate 

coefficient. According to transition state theory, A is the entropy of activation of the reaction. 

In this study, the vibrational frequencies of normal modes of the decomposition 

reaction of NH3 and dissociation reaction of H2 were calculated by combining dynamical 

matrix and vibrational mode calculation of Quantum ATK. Initial and transition geometry 

were converged to 10-8 eV to ensure that the vibrational frequency calculation yield proper 

results because vibrational frequency calculation require well converged electron density. 

a Hessian matrix was constructed from the force which shows how atoms react to 

displacement. Force derivative tolerance is set to 10-3 

vibrational frequencies of the system were obtained, I multiplied all data (excluding the 

imaginary one) and divide the data from initial to transition frequency to get the attempt 

frequency.  

                              (1.5) 

Where  is multiplying all vibrational frequencies at initial configuration, 

 is multiplying all vibrational frequencies at transition state configuration (has one 

more imaginary frequency). Vibrational frequency from finite difference. 

And the vibrational frequency is calculated by constructing a matrix from the force exerted 

by a very small displacement of atoms going back to equilibrium. 
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1.6 Objective of this study 

 

As described in the previous subsections, NH3 can lead to the degradation of the 

mechanical properties of materials, and HE is one of the great obstacles to our transition to a 

carbon-neutral society. Meanwhile, it is significant to point out that NH3 is considered a 

hydrogen carrier due to its higher hydrogen density than liquid hydrogen. Therefore, 

characterization and elucidation of the effect of NH3 on HE plays a vital role to forward to a 

carbon-neutral society. It is critically important to note that in the past studies the mechanism 

of NH3 mitigation and induction effect on HE is still unclear up to now. However, considering 

the practical application of NH3 soon, such kind of research is indispensable.  

Based on those reasons, the objective of this study is to characterize the effect of NH3 

added to H2 gas as an impurity on the HE of the SCM440 low-alloy steel during a fracture 

toughness test and elucidate the mechanism by density functional theory. Particularly, this 

study elucidated the mechanism of the coadsorption of NH3 and H2 on an iron surface, NH3 

itself on an iron surface, and both their implication on the HE and the effect of loading rate 

and NH3 concentration on it.  

The material used in this study was JIS SCM440 Cr-Mo low-alloy steel. SCM440 is 

similar to the material used for the hydrogen cylinder at the hydrogen station (for example, 

SCM435), and also SCM440 is a kind of low-alloy steel that is also used for high-strength 

pipeline steel. Considering the impurity mitigation strategy on HE, the most economic benefit 

is it allows us to use the current equipment as hydrogen equipment, and the wide application 

area of SCM440 similar material, SCM440 was investigated in this study.   
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2 Mitigation effect of ammonia on hydrogen-assisted degradation of fracture 

toughness  

 

2.1 Introduction 

 

In the reduction of CO2 emissions through the increase of renewable energies, the use 

of hydrogen energy is one of the promising solutions and NH3 is vital for a carbon-neutral 

society as described in the previous chapter [2 - 1, 2 - 2]. However, hydrogen causes 

degradation of material strength properties, which is generally termed hydrogen 

embrittlement (HE), such as ductility loss in tensile test, fatigue crack growth acceleration, 

and fracture toughness reduction [2 - 3-2 - 5]. In the gaseous hydrogen environment, 

hydrogen uptake from the environment into the material is the first step for HE. In the process 

of hydrogen uptake at room temperature, dissociation of hydrogen molecules into hydrogen 

atoms assisted by catalysis of iron (Fe) surface is necessary [2 - 6]. In this context, if the 

catalysis of the Fe surface is deactivated, it mitigates HE.  

When some specific impurities that are having a higher affinity for Fe surface than 

hydrogen are contained in hydrogen gas, they preferentially adsorb on the Fe surface. The 

adsorbed impurities localize the electron density on the Fe surface resulting in the 

deactivation of catalysis of the Fe surface for the hydrogen dissociation [2 - 7, 2 - 9]. 

Consequently, hydrogen uptake is suppressed and then HE is mitigated [2 - 7 - 2 - 12]. 

Oxygen (O2) and carbon monoxide (CO) are well known as the mitigator of HE [2 - 7, 2 - 8, 

2 - 13]. Somerday et al. studied the mitigation effect of O2 on hydrogen-accelerated fatigue 

crack growth of line pipe steel [2 - 7]. They clarified that the O2 mitigation effect is governed 

by the competition between the rate of bare Fe surface creation by the crack growth and the 

rate of passivation of the bare Fe surface by O2. They established an analytical predictive 

model of the onset of the hydrogen-accelerated fatigue crack growth in the presence of O2. 

This is the first quantitative and predictive model for hydrogen embrittlement in the presence 

of O2. It was known that CO has mitigation of hydrogen effect [2 - 8]. Komoda et al. carried 

out systematic experiment
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on the result, they discussed the difference between the mitigation effects of O2 and CO [2 - 

8, 2 - 11, 2 - 12, 2 - 16]. Thanks to the computational experiment, they clarified that the 

difference in the reaction rate of the impurities with the Fe surface is the key factor that 

controls the mitigation behavior. Staykov et al. showed that the CO mitigation effect 

decreased with a decrease in the loading rate [2 - 10]. They conducted density functional 

theory (DFT) calculations and elucidated that CO can suppress the hydrogen uptake but 

cannot completely prevent it due to its imperfect coverage (75% Max) of the Fe (110) surface. 

Decreasing the loading rate increases the time for hydrogen uptake. It results in HE even if 

CO reduces hydrogen flux.  

Other than O2 and CO, SO2 [2 - 14], COS, C2H6, C2H4, CH3SH, and CF2CFCl [2 - 

13] are reported to mitigate HE. On the other hand, H2S induces HE by producing H atoms 

by its dissociation into S and 2 H atoms when an aqueous environment coexists [2 - 14]. The 

H-S bonding energy of the H2S molecule is lower than the H-H one of the H2 molecule [2 - 

15]. Therefore, more amount of hydrogen can be provided to the material by H2S than by H2.  

Regarding the mitigation effect of HE by NH3, the number of studies is very limited. 

Srikrishnan et al. reported that NH3 mitigated hydrogen-assisted crack growth of iron [2 - 

14]. They carried out the crack growth experiment of 4340 steel under H2 gas and H2 gas 

mixed with 50 ppm in volume (vppm) NH3 at 330 Pa of gas pressure, The result showed that 

the 50 vppm NH3 significantly reduced the crack growth speed compared with that in the 

pure H2. In this work, however, the NH3  induction effect was not found.  

The objective of this chapter is to characterize the effect of NH3, which was added to 

H2 gas as an impurity, on the HE of low-alloy steel and to elucidate the mechanism of NH3 

mitigation on HEE. To fulfill it, the fracture toughness tests of JIS SCM440 Cr-Mo low alloy 

steel were carried out in nitrogen (N2), hydrogen (H2), and NH3 mixed H2 gases at 0.1 MPa. 

The first-principal calculation on the molecular coadsorption of NH3 and H2 on the Fe (110) 

surface was carried out to examine the mechanism. 
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Furthermore, to gain a better understanding of NH3, the effect of NH3 itself on the 

fracture toughness was investigated by the fracture toughness test in N2 + NH3 mixture in the 

next chapter. 
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2.2 Experimental procedure

2.2.1 Material

The material used in this study was JIS SCM440 Cr-Mo low-alloy steel. The chemical 

composition is shown in Table 2.1. The heat treatments were quenching following heating at 

1143 K for 2 h, sub-zero treatment, and tempering at 842 K for 5 h. The mechanical properties 

after the heat treatments are shown in Table 2.2. The microstructure of the material is shown 

in Fig. 2.1. It exhibits the tempered martensite microstructure.

Table 2.1. Chemical composition of SCM440 (mass %)

C Si Mn P S Cu Ni Cr Mo

0.40 0.22 0.63 0.008 0.004 0.02 0.02 0.94 0.15

Table 2.2. Mechanical properties of SCM440

0.2% proof strength 

(MPa)

Ultimate tensile 

strength (MPa)
Elongation

Reduction of 

area

Vickers Hardness

841 971 20% 54% HV329

Fig. 2.1 Microstructure of the material
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2.2.2 Fracture toughness test method and test environment

Fracture toughness tests were carried out in accordance with the ASTM E 1820 

standard.  Figure 2.2 shows the shape and sizes of the compact tension (CT) specimen. The 

CT specimen had a 30-mm width and 8-mm thickness. Side grooves, which are 1 mm in 

depth, 0.3 mm in root radius, and 60 degrees in opening angle, were machined in order to 

ensure a straight crack front. The effective thickness calculated in accordance with the 

standard was 7.5 mm. A pre-crack was introduced by a fatigue test in the air. The pre-crack 

length including the machined notch was 17 mm. 

Figure 2.3 shows the testing system. The test environments were H2, N2, and NH3

added H2 gases. The amount of NH3 in the mixed gases was 1,000 and 10,000 vppm. The 

purity of the environment of gases was measured by a gas chromatograph installed at the 

outlet of the gas chamber. Since 1 vppm O2 can work as a mitigator of the HEE [2 - 12], the 

amount of O2 in these gases was limited to 0.1 vppm or less. The high purity gas condition 

Fig. 2.2 Shape and sizes of CT specimen (dimensions are in mm)
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in the gas chamber was carefully produced by five sets of evacuation and N2 gas purge. The 

measurement of impurity amount in the gas stored in the gas chamber was measured 

immediately before and after the test. Meanwhile, the gas flow was kept during the test to 

maintain gas purity. The continuous supply of high-purity gas is critically important. The 

load cell was installed inside the gas chamber to measure the load accuracy. 

The total absolute gas pressure at which the fracture toughness tests were carried out, 

pT, was 0.1 MPa. The gas temperature was controlled at 293 K by a thermocouple installed 

near the CT specimen and a heater and cooler system. The crosshead speed, V, was 2.0 × 10-

3 mm/s.

Load

Thermocouple

G
as

 c
yl

in
de

r

Circulator 
(Temperature 

control)

Gas chromatograph

exhaust

Pressure gauge

Load

2.0 × 10-3 and

Loading rate

0.1MPa

Gas pressure

293K

Gas temperature

N2

H2

H2 + NH3

Environment

Fig. 2.3 Fracture toughness testing system
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2.3 Test results  

2.3.1 Test results 

 

The results of the fracture toughness tests in the H2, N2, and NH3 added H2 gases are 

shown in Fig. 2.4. The elastic-plastic fracture toughness values, JIC, for each condition are 

shown in Table 2.3. Figure 2.4 shows the J- a curves under the testing conditions of pT = 

0.1 MPa and V = 2.0 × 10-3 mm/s. The J- a curve in the H2 gas (  ) was located at a lower 

level than that in the N2 gas (  ). As a result, the JIC value in the H2 gas was lower than that 

in the N2 gas. The J- a curves in the NH3 added H2 gases (  ,  ), were initially almost the 

same as that in N2 or located slightly lower level than that in the N2 gas. Consequently, the 

JIC values in both the 1,000 and 10,000 vppm NH3 added H2 gases. It was found that the 

addition of NH3 to the H2 gas effectively prevented the HE under the testing conditions of pT 

= 0.1 MPa and V = 2.0 × 10-3 mm/s. The J- a curve in the NH3 added H2 gases approached 

the J- a curve in the H2 gas after the start of the stable crack propagation. The effect of NH3 

addition to the H2 gas during crack propagation should be separately investigated.  
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Environment N2 H2

H2 + 

1,000 ppmNH3

H2 + 

10,000 ppmNH3

pT = 0.1 MPa,

V = 2.0 × 10-3 mm/s

217 (1.0 MPa)

[1]

128

[0.59]

202

[0.93]

197

[0.91]

pT : Total environmental gas pressure 

V : Cross head displacement rate

Table 2.3. JIC value in each condition. [---]: Relative value to JIC in N2

Fig. 2.4 Effect of NH3 addition to H2 environment on 
J- a curve at pT = 0.1 MPa and V = 2.0 × 10-3 mm/s.
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2.3.2 Fracture surface 

 

Figure 2.5 shows the fracture surfaces created during the fracture toughness test. The 

photographs show the fracture surfaces at the middle of the specimen thickness and at the 

crack length corresponding to JIC. Dimple fracture was observed in the N2 as shown in Fig. 

2.5 (a) and quasi-cleavage (QC) fracture was observed in the H2 as shown in Fig. 2.5 (b). 

Similar results were observed in the same kind of low alloy steel having a comparable 

material strength [2 - 16, 2 - 17]. In the case when NH3 fully mitigated the HEE, e.g., the 

fracture toughness test in the 1,000 vppm NH3 added H2 gas at pT = 0.1 MPa with V = 2 × 

10-3 mm/s, a dimple fracture surface was observed as shown in Fig. 2.5 (c). The morphology 

of the dimple was very similar to that in the N2 gas. The change in the fracture surface in the 

H2 gas by the addition of NH3, which was from the QC to dimple, suggested that NH3 

prevented hydrogen entry followed by the deactivation of the catalytic action of the Fe 

surface for the dissociation of molecular H2 into atomic hydrogen.  
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Fig. 2.5 Fracture surfaces

10 m

(a) In N2, pT = 1.0 MPa,
V = 2.0 × 10-3 mm/s, JIC = 217 N/mm

(b) In H2, pT = 0.1 MPa,
V = 2.0 × 10-3 mm/s, JIC = 128 N/mm

10 m

10 m

(c) In 1,000 vppm NH3 + H2, pT = 0.1 MPa, 
V = 2.0 × 10-3 mm/s, JIC = 202 N/mm
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2.4 Discussion on the mechanism of ammonia mitigation of hydrogen 

embrittlement based on density functional theory calculations 

 

From the result of the fracture toughness test and fracture surface observation, it was 

found that NH3 added to H2 gas mitigated HE. By considering the mitigation effect of O2 and 

CO [2 - 7 - 2 - 12], the mitigation effect of gas impurities on HE is achieved by deactivation 

of catalysis of Fe surface for hydrogen dissociation. In detail, gas impurities having a higher 

affinity for the Fe surface than H2 molecules, such as O2 and CO, preferentially adsorb on 

the Fe surface and then suppress electron donation from the Fe surface to the hydrogen 

molecule that is necessary for its dissociation [2 - 18]. Therefore, whether or not the 

mitigation effect of impurity appears depends on the competition of affinities between H2 

and impurity on the Fe surface.  

As shown in Fig. 2.4, the mitigation effect of NH3 at 0.1 MPa with the crosshead 

speed of 2.0 × 10-3 mm/s was not changed with the increase in the NH3 concentration from 

1,000 to 10,000 vppm. The same trend has been reported that the increase in the impurity 

concentration not increased the mitigation effect in O2 [2 - 12] and CO impurities [2 - 8] after 

it reaches the maximum coverage on the surface. During material strength tests involving 

crack extensions, such as fracture toughness test and fatigue crack growth test, the mitigation 

effect of gas impurities is governed by the competition between the rate of fresh Fe surface 

creation by the crack extension and the rate of surface coverage by the impurity [2 - 7]. Thus, 

a higher adsorption rate of impurity brings a higher mitigation effect. The result that 1,000 

vppm NH3 completely prevented the HE at 0.1 MPa indicates that the adsorption rate of NH3 

was sufficiently higher than that of H2. Thus, the increase in the NH3 concentration had no 

effect on the NH3 mitigation effect at 0.1 MPa even though the increase in the NH3 

concentration may increase NH3 adsorption rate.  

Above all, investigation of the competitive coadsorption reaction between H2 and 

NH3 with Fe (110) surface is the key to understanding NH3 effects. Then, I investigated the 
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adsorption energy, electron density, and reaction rate of NH3 and H2 molecules adsorption 

by theoretical calculations, respectively. In addition, I calculated the coverage of competitive 

molecular coadsorption of NH3 and H2 on the Fe (110) surface by the computational 

experiment by DFT.  
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2.4.1 Adsorption site and adsorption energy of ammonia and hydrogen on Fe (110) 

surface  

 

I optimize the lattice of Fe (110) surface and obtain a lattice constant of 2.63Å, which 

agrees with previous reports in the literature [2 - 20]. The surface optimization yields a 

slightly shorter distance between the first and second later and a slightly longer distance 

between the second and third layers.  

I first investigate the surface geometry and surface occupation by NH3 molecules. 

The Fe (110) surface offers three distinct adsorption positions for the NH3 molecules as 

shown in Fig. 2.6 (a), (b), (c), and all the initial geometry end on the top site of the Fe (110) 

surface as shown in Fig. 2.6 (d) after optimizing the geometry. Those are the top position (as 

shown in Fig. 2.6(a)), bridge position (as shown in Fig. 2.6(b)), and hollow position (as 

shown in Fig. 2.6(c)). The NH3 molecule interacts with the Fe (110) surface in an end-on 

configuration with the nitrogen atom facing-exposed Fe atoms on the top site (as shown in 

Fig. 2.7(d)). I examined the adsorption energy of NH3 on Fe (110) to determine the effect of 

surface coverage. The adsorption energy of different coverage NH3 on Fe (110) is shown in 

Table 2.4. The adsorption energy of NH3 on the Fe (110) surface is decreased with NH3 

coverage increasing, therefore, NH3 adsorbed on the Fe (110) surface is harder. The main 

reason for this phenomenon can be considered for two reasons: 1) previous adsorbed NH3 

withdrawn and localized the electron density of the Fe surface, thus the electron density of 

the adjacent site is no longer enough for the following NH3 adsorption; 2) the repulsive 

interactions between the NH3 molecules. The most stable surface geometry is NH3 molecules 

occupying top sites from 11.11% coverage to 33.33% coverage. Thus, each NH3 molecule 

interacts with one iron atom on the surface, while H2 interacts with two iron atoms.  

I further investigate the H2 dissociation process on the pure Fe (110) surface and Fe 

(110) surface preferentially covered by NH3 with different coverage, the geometry as shown 

in Fig. 2.7. The activation energy barrier and dissociation energy of H2 on the Fe (110) 

surface is shown in Table 2.5. Without NH3 pre-adsorbed on the Fe (110) surface, the H2 

directly dissociates on Fe (110) surface without an activation energy barrier. The dissociation 
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energy of H2 is -1.56 eV. At 11.11% coverage, the activation energy barrier for H2 

dissociation on Fe (110) surface is 0.04 eV, and the dissociation energy of H2 is -1.54 eV. 

Though the dissociation energy slightly increased, the activation energy barrier changed from 

0.00 eV to 0.04 eV, which indicates that even at low coverage NH3 can hinder the effect on 

H2 dissociation. With the increase of NH3 coverage on the Fe (110) surface from 11.11% to 

33.33%, the activation energy barrier of H2 dissociation is increased, and the dissociation 

energy of H2 is decreased. The activation energy barrier would reduce the H2 dissociation 

reaction rate. Decreasing the dissociation energy of H2 would make H2 molecule desorption 

on the Fe surface easier. As a result, an increased activation energy barrier and decreased 

dissociation energy would lead to a decrease in the hydrogen atom concentration on the 

surface. In the other words, the higher the coverage rate of NH3 on Fe (110), the more difficult 

for the Fe surface to dissociate H2, fewer hydrogen atoms permeate to Fe, and less HEE. 
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Table 2.4 Adsorption energy of NH3

Coverage 

11.11% NH3

Adsorbed on

Fe (110)

25.00% NH3

Adsorbed on 

Fe (110)

33.33% NH3

Adsorbed on 

Fe (110)

Adsorption energy (eV) -1.01 -0.94 -0.93

Fig. 2.6 Adsorption geometry of NH3 molecule at top (a), bridge (b), and 
hollow (c) as initial position.  The top site is the end position (d).

(a) Top (b) Bridge 

(c) Hollow (d) Optimized end-on Top
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Fig. 2.7 Molecular hydrogen dissociation on the Fe (110) surface with 
(a) 0.00% NH3 coverage, (b) 11.11% NH3 coverage, (c) 25.00% NH3

coverage, (d) 33.33% NH3 coverage

(c) H2 dissociation on 
25.00% NH3 preferentially 
adsorbed Fe (110) surface

(a) H2 dissociation on 
Fe (110) surface

(b) H2 dissociation on 11.11% 
NH3 preferentially adsorbed Fe 

(110) surface

(d) H2 dissociation on 
33.33% NH3 preferentially 
adsorbed Fe (110) surface
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Table 2.5 Dissociation energy of H2 

Coverage 

0.00% NH3  

pre-adsorb  

Fe (110) 

11.11% NH3  

pre-adsorb  

Fe (110) 

25.00% NH3  

pre-adsorb  

Fe (110) 

33.33% NH3  

pre-adsorb  

Fe (110) 

Activation 

energy (eV) 
0.00 0.04 0.06 0.07 

Dissociation 

energy (eV) 
-1.56 -1.54 -1.22 -1.17 
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2.4.2 Electron density of ammonia and hydrogen on Fe (110) surface

I investigate the electron density of NH3 and H2 on the Fe (110) surface, respectively. 

The electron density is an intuitive measure of the probability that an electron exists in an 

infinitesimal element around any point in space [2 - 21]. The electron density is the key to 

the bonding and geometry because the force holding the nuclei together in a molecule is the 

attractive force between the electron and nuclei. Thus, the higher electron density represents 

the higher attractive force. The electron density of NH3 on the Fe (110) surface is 0.5 eV/Å3, 

while the electron density of H2 is 0.1 eV/Å3. Therefore, the Fe (110) surface has a 

significantly higher electronic interaction for NH3 than H2.

   

Fig. 2.8 Electron density of H2 (a) and NH3 (b) on Fe (110) surface.

(a) H2 (b) NH3

Fe (110) surface
Fe (110) surface

Low electron density High electron density

H2

NH3
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2.4.3 The Langmuir adsorption model for competitive adsorption of ammonia and 

hydrogen on Fe (110) surface 

 

As described in chapter 1.5.3, I performed the Langmuir adsorption model, which 

assumes the adsorbate behaves as an ideal gas under isothermal conditions [2 - 10, 2 - 22]. 

According to the Langmuir competitive adsorption model in eqs 1.2 and 1.3, and because H2 

is dissociative adsorption on the Fe surface, a molecule of H2 is dissociated into two hydrogen 

atoms. The 1/2 exponent on H2 arises because it produces two species on the surface. I used 

the data in Tables 2.4 and 2.5 to modify the Langmuir competitive adsorption model for the 

competitive NH3 and H2 coadsorption on the Fe (110) surface. The surface coverage equation 

for NH3 adsorption and H2 dissociative adsorption is given below (eqs 2.1 and 2.2, 

respectively). In those equations,  and  are denoted the fractional occupancy on the 

surface by NH3 or atomic hydrogen, respectively. The activation barriers for different NH3 

coverage are taken from the DFT calculations, the temperature is set to 293K, and high-purity 

H2 was considered with 1,000 ppm and 10,000 ppm of NH3 to match the experiment 

conditions. I used two different coverage models to represent the different NH3 

concentrations on H2 gas because increased partial pressure would increase the coverage [2 

- 23]. Thus, 1 NH3 on the 9 Fe model represents 1,000 ppm NH3 in H2, and 1 NH3 on the 4 

Fe model represents 10,000 ppm NH3 in H2.  

                          (2.1)   

                            (2.2) 

In eqs 2.1 and 2.2  and  denote the NH3 and H2 adsorption/desorption 

equilibrium constants for activation barriers listed in Tables 2.4 and 2.5, which were 

calculated by DFT. The equilibrium constants are computed as the ratio between the 

adsorption and the desorption rate constants.  and  denote the partial pressure of 

NH3 and H2, respectively. The rate constants were estimated using the Arrhenius relation in 

eq 1.4, where A is a preexponential factor, R is the gas constant, T is the temperature, and the 

Ea is the activation barrier taken from Table 2.4 and 2.5 and computation with DFT.  
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From my cooperative adsorption/desorption/dissociation model in eqs 2.1 and 2.2, I 

calculated the NH3 and atomic hydrogen coverage on the Fe surface with different NH3 

concentrations, the result is shown in Table 2.6. The hydrogen atom coverage on the Fe (110) 

surface is decreasing with increasing the NH3 coverage, which is achieved by increasing NH3 

concentration. Though there is no study related to the threshold hydrogen atom coverage on 

the iron surface is able to induce HE. Prof. Staykov et al. reported that hydrogen atom 

coverage on the iron surface is 0.60%, which is a chained by CO 75.00% coverage at 2.0×10-

3 mm/s loading rate, is able to mitigate the HE. For NH3, when NH3 achieved 25.00% 

coverage on the Fe (110) surface, atomic hydrogen coverage is 0.01%, which is less than 

0.60%. Therefore, I can conclude that NH3 is able to mitigate HE at 2.0 × 10-3 mm/s based 

on the condition that NH3 has a faster adsorption rate than H2. The reaction rate will be 

calculated in the next section. 

 

Table 2.6 Coverage of NH3 and atomic hydrogen on Fe (110) surface  

Condition H2 + 1,000ppm NH3 H2 + 10,000ppm NH3 
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2.4.4 Reaction rate of ammonia and hydrogen on Fe (110) surface 

 

Surface reactions can be classified into two generic types. The first includes reactions 

between two adsorbed species or between an adsorbed species and a vacant site (Langmuir-

Hinshelwood process), which is fitting for my consideration of coadsorption between NH3 

and H2. The second reaction is called the Eley-Rideal process, which is considering an 

adsorbed species to form a product.   

Based on the Langmuir-Hinshelwood process, for randomly distributed adsorbates on 

a surface in the absence of adsorbate-adsorbate interactions, the rate of reaction is given by 

eq 2.3.  

                                                  (2.3) 

Where k is the rate coefficient,  is the surface coverage of species A (B), and  is the 

fraction of the vacant sites. If k follows an Arrhenius expression (eq 1.4), then I calculated 

the pre-exponential factor (frequency factor) of NH3 and H2 using DFT for calculating their 

reaction rate of them respectively (eq 1.5). Table 2.7 is shown the pre-exponential factor of 

NH3 and H2 on the Fe (110) surface. Table 2.8 is shown the reaction rate coefficient of NH3 

and H2 on the Fe (110) surface based on equation 1.4. According to table 2.6, 2.8, and 

equation 2.3, the value of reaction rate of NH3 and H2 adsorption in Table 2.9. 

  

Table 2.7 Pre-exponential factor of NH3 and H2 

 NH3 H2 

A (Hz) 3.18×1020 3.90×1011 

 

Table 2.8 Reaction rate coefficient k of NH3 and H2 adsorption  

 NH3 H2 

k ( ) 3.14×1020 3.92×1011 
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Table 2.9 Reaction rate of NH3 and H2 adsorption  

 NH3 H2 

   

   

 

With increasing the coverage of NH3 from 11.11% to 25.00%, the reaction rate of H2 

with the Fe (110) surface is decreasing from 5.85 × 109 to 2.92 × 107 . It is indicated 

that the H2 probability of hydrogen entry into the Fe was declined by NH3 coverage increase. 

On the other hand, the reaction rate of NH3 is significantly faster than H2, which indicates 

that NH3 preferentially adsorbs on the Fe (110) surface more than H2. Considering the 

coverage calculation result in the previous section, in conclusion, NH3 can mitigate HE. 
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2.5 Conclusion 

 

 Fracture toughness tests of low-alloy steel SCM440 were conducted in an NH3 

added H2 gas environment in order to characterize the effect of the NH3 addition to H2 gas 

on the HE. To understand the mechanism that NH3 mitigated HE, the adsorption site, 

adsorption energy, the electron density, the reaction rate, and the coverage of NH3 and H2 

were calculated by DFT. The main results achieved in this chapter are as follows: 

 

1. The electron density of NH3 on the Fe (110) surface was 0.5 eV/Å3, while the electron 

density of H2 on the Fe (110) surface was 0.1 eV/Å3. Therefore, the attractive force of 

the Fe (110) surface for NH3 is higher than H2, NH3 has a stronger affinity with Fe (110) 

than H2. 

2. The reaction rate of 11.11% NH3 on the Fe (110) surface is 2.77 × 1019 , while the 

reaction rate of H2 on the Fe (110) surface is 5.88 × 109 . Therefore, the reaction rate 

of NH3 on the Fe (110) surface is significantly higher than H2 on Fe (110) surface, which 

indicates that NH3 is preferentially adsorbed on the Fe (110) surface compared with H2. 

3. When coverage of NH3 on Fe (110) surface is reached 25.00%, the atomic hydrogen 

coverage on Fe (110) surface is 0.01%. Therefore, NH3 can mitigate the HE at the loading 

rate was 2.0×10-3 mm/s by preferentially adsorbed on the Fe surface and hindering 

Hydrogen uptake. 

4. The reaction rate of H2 on the Fe (110) surface was decreased from 5.88 × 109  to 2.92 

× 107  by increasing NH3 concentration from 11.11% to 25.00%.  
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3 Induction effect of ammonia on hydrogen-assisted degradation of fracture 

toughness  

 

3.1 Introduction 

 

For a long time since the discovery of the NH3 compound, scientists have focused 

on the synthesis of NH3. Because NH3 has a wide range of applications as described in 

chapter 1. While in recent years, with the need to transition to a carbon-neutral society and 

the development of hydrogen energy, NH3 is considered an important carrier of hydrogen 

production by its decomposition in a hydrogen economy [3 - 1 - 3 - 5]. Therefore, catalytic 

performance and surface chemistry of NH3 decomposition on Fe surface have derived 

attention [3 - 6 - 3 - 9]. 

As described in chapter 2, NH3 can mitigate the HE, simultaneously according to 

the past studies [3 - 6 - 3 - 10] on the NH3 decomposition on the Fe surface, NH3 produced 

hydrogen with Fe surface catalytic action. Walerian Arabczyk et al. reported that the reaction 

rate of Fe catalyst NH3 decomposition is a proportional relationship with the concentration 

of NH3, which indicates that the reaction of gaseous NH3 decomposition on the Fe surface is 

the first-order reaction [3 - 6]. Jian Ji et al reported that Fe (111) surface is more active than 

Fe (110) and Fe (100) surface for catalyst NH3 decomposition [3 - 10]. Considering the role 

of NH3 mixed with gaseous H2, both HE mitigation and HE induction can be present at the 

same time. However, based on the current status of the study on the NH3 effect on HE the 

mechanism remain unclear. For example, the reaction rate of NH3 on the Fe surface and the 

coverage of NH3-derived hydrogen coverage on the Fe surface, which are salient factors to 

determine the NH3 effect, are unclear yet. Hence, my motivation in this chapter is to 

investigate the effect of NH3 on HE itself on the Fe (110) surface. 

In this chapter, the fracture toughness test of the Cr-Mo steel SCM440 was carried 

out at 293K in N2 and NH3 mixed N2 gaseous environments to characterize the role of NH3. 

As a result, HE was observed even in NH3 mixed N2 gas. It was presumed that the source of 

hydrogen was the decomposition of NH3 with the assistance of the Fe surface. Therefore, the 

process of NH3 decomposition on the Fe (110) surface was investigated with first-principle 
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calculations. In addition, I divided free gaseous NH3 decomposition into nitrogen atoms and 

hydrogen atoms on Fe (110) surface into four steps, and calculated NH3-derived hydrogen 

atom coverage on Fe (110) surface for each step to investigate the mechanism of NH3 

inducing HE.   
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3.2 Experimental procedure 

 

3.2.1 Material  

 

 The material used for this section was JIS SCM440 Cr-Mo low-alloy steel, which is 

the same material used in chapter 2. The heat treatment conditions are the same as that in 

chapter 2. The chemical composition and mechanical properties are shown in Tables 2.1 and 

2.2 in chapter 2, respectively. The microstructure of the material exhibits the tempered 

martensite microstructure is shown in Fig. 2.1 in chapter 2. 

 

3.2.2 Fracture toughness test method and test environment  

  

The fracture toughness tests were conducted in the accordance with the ASTM E 

1820 standard with the same fracture toughness test system in chapter 2. The fracture 

toughness test method and the CT specimen were the same as that used in chapter 2.  

The test environments were N2, H2 and NH3 added N2 gases. The amount of NH3 in 

the mixture was 1,000 vppm. The purity measurement of the testing environment and the 

method for keeping the high purity gas condition in the gas chamber were the same as 

described in chapter 2.  

The total gas pressure at which the fracture toughness tests were carried out, pT, was 

0.1 MPa. The gas temperature was controlled at 293K by a thermocouple installed near the 

CT specimen and a heater and cooler system. It can be considered that NH3 decomposition 

is a time-dependence phenomenon, a slower crosshead speed, which was 2.0 × 10-5 mm/s, 

was added to the crosshead speed used in chapter 2 (2.0 × 10-3 mm/s). 
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3.3 Test results 

 

3.3.1 Test results  

  

The results of the fracture toughness tests in the H2, N2, and NH3 added N2 gases are 

shown in Figs. 3.1 and 3.2. The elastic-plastic fracture toughness values, JIC, for each 

condition are shown in Table 3.1.  

Figure 3.1 shows the J- a curves under the testing conditions of pT = 0.1 MPa and 

V = 2.0 × 10-3 mm/s. The J- a curve in the H2 gas (  ) was located at a lower level than that 

in the N2 gas (  ). As a result, the JIC value in the H2 gas was lower than that in the N2 gas. 

The J- a curve in the 1,000 ppm NH3 added N2 gases (  ) was initially almost the same as 

that in the N2. As a result, the JIC value in the NH3 added to N2 was almost the same as the 

JIC value in the N2, although the curve gradually shifted lower than that in the N2. It was 

found that the addition of NH3 to the N2 gas had no effect on HE under the testing conditions 

of pT = 0.1 MPa and V = 2.0 × 10-3 mm/s.  

Figure 3.2 shows the J- a curves under the testing conditions of pT = 0.1 MPa and 

V = 2.0 × 10-5 mm/s. The J- a curve in the H2 gas with V = 2.0 × 10-5 mm/s was located at 

an even lower level than that in the H2 with V = 2.0 × 10-3 mm/s. As a result, the reduction in 

JIC became more significant by the decreased loading rate. These trends are consistent with 

past studies [3 - 11 - 3 - 13]. The J- a curve in the 1,000 ppm NH3 and N2 mixture is located 

higher than H2 and significantly lower than that in the N2. As described later, this significant 

reduction in the J  in the NH3 added N2 gas was due to HE. That is, the HE induction effect 

by NH3 was significantly enhanced by decreased loading rate. 
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Fig. 3.1 Effect of NH3 addition to N2 environment on 
J- a curve at pT = 0.1 MPa and V = 2.0 × 10-3 mm/s.
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Fig. 3.2 Effect of NH3 addition to N2 environment on 
J- a curve at pT = 0.1 MPa and V = 2.0 × 10-5 mm/s.
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Table 3.1. JIC value in each condition. [---]: Relative value to JIC in N2 

Environment N2 H2 
N2 +  

1,000 ppmNH3 

pT = 0.1 MPa, 

V = 2.0 × 10-3 mm/s 

217 (1.0 MPa) 

[1] 

128 

[0.59] 

211 

[0.97] 

pT = 0.1 MPa, 

V = 2.0 × 10-5 mm/s 
 

28 

[0.13] 

67 

[0.31] 

       pT : Total environmental gas pressure  

       V : Cross head displacement rate 
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3.3.2 Fracture surface 

 

Figure 3.3 shows the fracture surfaces created during the fracture toughness test. 

The photographs show the fracture surfaces at the middle of the specimen thickness and at 

the crack length corresponding to JIC. Dimple fracture was observed in the N2 as shown in 

Fig. 2.5 (a) and quasi-cleavage (QC) fracture was observed in the H2 as shown in Fig. 2.5 (b). 

Similar results were observed in the same kind of low alloy steel having a comparable 

material strength [3 - 14, 3 - 15]. In the case when NH3 was not induced HE, e.g., during the 

fracture toughness test in the 1,000 vppm NH3 added H2 gas at pT = 0.1 MPa with V = 2 × 

10-3 mm/s, a dimple fracture surface was observed as shown in Fig. 3.3 (a). The morphology 

of the dimple was very similar to that in the N2 gas. That is, there was no effect of the NH3 

addition to N2. On the other hand, the fracture surface in the NH3 added N2 gas with the 

decreased loading rate V = 2 × 10-5 mm/s were QC and dimple (Fig. 3.3 (b)). This transition 

of the fracture surface morphology in the NH3 added N2 due to the decrease in loading rate, 

suggesting that NH3 provided hydrogen entry followed by the decomposition reaction of NH3 

on the Fe surface. 
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10 m

(a) In 1,000 vppm NH3 + N2, pT = 0.1 MPa, 
V = 2.0 × 10-3 mm/s, JIC = 211 N/mm

Fig. 3.3 Fracture surfaces

(b) In N2 + 1,000 ppm NH3, pT = 0.1 MPa, 
V = 2.0 × 10-5 mm/s, JIC = 67 N/mm

10 m
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3.4 Discussion of mechanism of ammonia induction effect on hydrogen 

embrittlement on Fe (110) surface by density functional theory 

 

The JIC value in the 0.1 MPa NH3 added N2 gas agreed with that in the N2 gas when 

V = 2.0 × 10-3 mm/s, however, the JIC value was significantly reduced when V = 2.0 × 10-

5mm/s. Although this environment initially did not contain hydrogen, this reduction is 

considered to be HE based on the examination of the fracture surface. It is presumed that 

hydrogen came from the decomposition of NH3 on the Fe (110) surface, a body-centered 

cubic lattice, by the catalytic action of the Fe (110) surface [3 - 16 - 3 - 18].  

The JIC value in the 1,000 ppm NH3 and N2 mixture at V = 2.0 × 10-3 mm/s (J  = 211 

N/mm) was significantly decreased when V = 2.0 × 10-5 mm/s (J  = 67 N/mm) at 0.1 MPa. 

One of the reasons why there was no reduction in the JIC in the NH3 and N2 mixture when 

the loading rate was higher was the small amount of hydrogen produced by NH3 due to the 

test duration was not enough for NH3 further decomposition (NH3 2 may occur 

but NH2  occur). The rate of NH3 decomposition is slow [3 

- 19], which will be calculated by DFT. Thus, the amount of NH3-derived hydrogen was 

small. Therefore, in the fracture toughness test with V = 2.0 × 10-3 mm/s, no HE occurred. 

On the other hand, the decrease in the loading rate to V = 2.0 × 10-5 mm/s provided sufficient 

times for the 1,000 ppm NH3 decomposition (NH2  H + NH and NH  H + N may 

occur) and for hydrogen diffusion to the crack tip to cause the HE. Hence, the JIC in the NH3 

and N2 mixture was significantly reduced with the loading rate decreasing. Therefore, 

calculations for the reaction rate coefficient of NH3, NH2, and NH are necessary to investigate 

the decomposition reaction rate, which is significantly important to investigate the HE 

induction effect by NH3 that has the lading rate dependence. On the other hand, it is also 

important to calculate the NH3-derived hydrogen atom coverage on the Fe (110) surface to 

understand the mechanism of NH3 inducing HE. 

The NH3 decomposition process is investigated with DFT. I considered the 

processing of NH3 decomposition on the 

shown below: 
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NH3 +  3                             

NH3  +  2  + H                        

NH2  +   + H                        

NH  +   + H                         

Where NH3 is the free gaseous status,  denote the vacant site on Fe (110) surface, 

NH3 , NH2 , NH , N , and H  denote the adsorbed species on Fe (110) surface.  
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3.4.1 Ammonia decomposition with Fe (110) surface catalysis

Based on the result of the investigation for the NH3 adsorption site in chapter 2, the 

NH3 molecule was adsorbed on the top site of the Fe (110) surface. In this section, I 

investigate the occupied site on Fe (110) surface and the activation energy (Ea) for NH3

decomposition in each step ( , , ). For the first step ( ), the adsorbed NH3 decomposes

one hydrogen atom on the Fe (110) surface. To investigate the occupied site for NH3-derived 

hydrogen atom, I put the hydrogen atom to the top site, bridge site, and the hollow site to 

calculate the Ea, respectively. The initial geometry, transition geometry, and end geometry is 

shown in Figs. 3.4 - 3.6.

  

(a) Initial

Fig. 3.4 NH3-derived hydrogen atom on Top site. (a) Initial, (b) 
Transition, (c) End.

(b) Transition (c) End
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Fig. 3.6 NH3-derived hydrogen atom on Hollow site. (a) Initial, (b) 
Transition, (c) End.

(a) Initial (b) Transition (c) End 

Fig. 3.5 NH3-derived hydrogen atom on Bridge site. (a) Initial, (b) 
Transition, (c) End.

(a) Initial (b) Transition (c) End 
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The Ea for NH3 decomposes hydrogen atom on the top site, bridge site, and hollow 

site is 0.94 eV, 0.71 eV, and 0.94 eV, respectively. The site which has the minimum Ea is the 

site the hydrogen atom prefers. Because it required the lowest energy barrier to overcome for 

reaction. Therefore, for NH3 decomposing to NH2 and H atom, the H atom occupied the 

bridge site, and the NH2 occupied the bridge as well. The different occupied site represents 

different Fe atoms number for interacting with adsorbed species. The top site indicates 

adsorbed species interact with one Fe atom. The bridge site indicates adsorbed species 

interact with two Fe atoms. The hollow site indicates that adsorbed species interact with three 

Fe atoms.   

Then I used the same method to investigate the NH, N, and H atoms occupied the site 

on Fe (110) surface respectively. The geometry of the minimum Ea site as shown in Figs. 3.7 

and 3.8. The decomposition occupied the site of species and the Ea as shown in Table 3.2. In 

chemical kinetics, the overall rate of a reaction is approximately determined by the slowest 

step, and the step is named the rate-limiting step. Based on Table 3.2, the rate-limiting step 

of NH3 decomposition is the last step (NH ), which agrees with the previous report in 

the literature [3 - 21]. 
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.

Fig. 3.7 NH2-derived hydrogen atom on bridge site. (a) Initial, (b) 
Transition, (c) End.

(a) Initial (b) Transition (c) End 

(a) Initial (c) End (b) Transition 

Fig. 3.8 NH-derived hydrogen atom on bridge site. (a) Initial, (b) 
Transition, (c) End.
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Table 3.2 Decomposition and desorption Ea of NH3  

 
Decomposition activation 

barrier  

NH3 2 + H 0.72 eV (Exo)  

NH2  0.45 eV (Exo)  

 0.99 eV (Exo)  

 Exo = Exothermic reaction 

 Endo = Endothermic reaction 

 

Table 3.3 Occupied site of different adsorbed species on Fe (110) surface 

Adsorbed species Occupied site 

NH3  Top 

NH2 Bridge 

H atom derived by NH3 Bridge 

NH Hollow 

H atom derived by NH2 Bridge 

N Hollow 

H atom derived by NH Bridge 
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3.4.2 Reaction rate coefficient of ammonia decomposition in each step 

 

In eq 1.4, the A is taken from Table 3.4, the Ea is taken from Table 3.2, R is the 

universal gas constant, and T is 293K for fitting with the fracture toughness test condition. 

Using eq 1.4, the reaction rate coefficient of NH3 decomposition in each step can be 

calculated as shown in Table 3.5. The reaction rate coefficient of NH3, NH2, and NH is 

decreasing, which indicates that the reaction rate of NH3 decomposition is decreasing and 

decreasing. There is a great reduction in the reaction rate coefficient from NH2 to NH, which 

demonstrates that the last step of NH3 decomposition (NH N + H) is the slowest step, 

which is difficult to occur during the fracture toughness test. However, the first two 

decomposition steps (NH3  NH2 + H; NH2  NH + H) are possible to occur during the test.  

 

Table. 3.4 Pre-exponential factors (frequency factor) of nitrogen hydrides 

 NH3 NH2 NH 

A (Hz) 3.18×1020 2.14×1013 1.35×1016 

 

Table. 3.5 Reaction rate coefficient k of NH3 decomposition 

 NH3 NH2 NH 

k (s-1) 1.36×108 7.28×105 2.13×10-1 
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3.4.3 Equation establish of calculation NH3-derived hydrogen atom coverage on   

Fe (110) surface: kinetic modeling of ammonia decomposition 

 

 The acknowledged decomposition mechanism of NH3 includes the chemisorption 

of NH3 on the catalyst surface [3 - 26 - 3 - 30]. Continuous dehydrogenation of NH3 and 

nitrogen and hydrogen binding desorption. The adsorption of all the species follows the 

Langmuir isotherm model, therefore it is assumed that the surface sites are energetically 

equivalent and each site can hold at most one adsorbed species molecule. The mechanism 

can be described according to the following sequence of elementary reactions: 

3 +   NH3  

3  +  NH2  + H  

2  +   NH  + H  

 +   N  + H  

The term  denotes a vacant site, and NH3 , NH2 , NH , N , and H  are the 

adsorbed species. If all the above reactions are equilibrium that the constants of equilibrium 

can be expressed in terms of concentration of adsorbed species as: 

 =                            (3.1) 

Where the  and  represent the rate constant coefficient  of forward 

reaction and backward reaction, respectively. K1 is the equilibrium constant of reaction I. 

                           (3.2) 

Where the  and   represent the rate constant coefficient 

reaction and backward reaction, respectively. K2 is the equilibrium constant of reaction . 
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                             (3.3) 

Where the  and  represent the rate constant coefficient 

reaction and backward reaction, respectively. K3 is the equilibrium constant of reaction . 

                             (3.4) 

Where the  and  represent the rate constant coefficient of the reaction  of forward 

reaction and backward reaction, respectively. K4 is the equilibrium constant of reaction . 

The reaction rate coefficient k ( , , , , , , , ) in each step is given by 

Arrhenius equation (eq 1.4). There is one thing that needs to be noted is that the model of 

coverage calculation elides the computation of the preexponential factor A (eq 1.5), while it 

will be calculated in the next section for calculating the reaction rate coefficient. Such an 

approximation is only partially justified in coverage calculation because the preexponential 

factors for adsorption and desorption (opposite reaction) processes would cancel. 

The use of NH3 as indirect hydrogen storage material is obviously entirely dependent 

on the process of efficiently converting NH3 to hydrogen. In order to calculate the NH3-

derived hydrogen atom coverage on the Fe (110) surface. Establishing the equation is 

significantly important for it. Due to the fracture toughness test duration is limited, and we 

3 decomposition is able to occur during the test. Therefore, I 

investigate the hydrogen atom coverage on Fe (110) surface step by step and assumed I can 

reach each step and have equilibrium at this moment. The reaction rate coefficient of each 

step will be investigated in the next section.  

Case A: The reaction of NH3 decomposition reaches the state which has the NH2 and 

). Therefore, the 

equilibrium equations will be given by the following eqs 3.5 and 3.6. 

3 +  3  
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( ) NH3  +  2  + H  

 =                       (3.5) 

 =                  (3.6) 

Where , ,  denotes fractional coverage of NH2, NH2, and NH adsorbed 

species on the Fe (110) surface respectively.  equal to  as equilibrium.  

is denote the partial pressure of NH3.  and  are the reaction rate coefficient for 

decomposition and desorption, which is given by the Arrhenius equation (eq 1.4). The 

temperature is 293K to fit my test condition.  

Based on the assumption that reactions 

species on the Fe (110) surface in Case A are NH3 , NH2 , and H  atom, and the 

remaining sites are vacant. Therefore, the entire surface can be considered into four parts, 

 represents the fractional coverage of NH3,  represents the fractional coverage 

of NH2,  represents the fractional coverage of hydrogen atom,  represents the 

fractional coverage of the vacant site. Thus, the entire surface will be given by the following 

equation 3.8.  

 + + = 1               (3.7) 

From eqs 3.5 - 3.7, the fractional coverage of all adsorbed species can be calculated 

as equations as follows: 

                       (3.8) 

                     (3.9) 

                (3.10) 
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Based on equations 3.8 - 3.10, the coverage of adsorbed species on the Fe (110) 

surface in Case A can be calculated. The coverage of adsorbed species in Case A is shown 

in Table 3.6. 

 

Table 3.6 Adsorbed species coverage on Fe (110) in Case A  

 

Case B: The reaction of NH3 decomposition reaches the state which has the NH and 

H atom as products and has equilibrium was considered ). Therefore, the 

equilibrium equations will be given by the following eqs 3.11 - 3.13. 

3 +  3  

( ) NH3  +  2  + H  

( ) NH2  +   + H  

 =                        (3.11) 

 =                   (3.12) 

 =                    (3.13) 

Where , , , ,  denotes fractional coverage of NH3, NH2, 

NH, hydrogen atom (from NH3 and NH2 decomposition) adsorbed species on the Fe (110) 

 Coverage 

 9.51   

 0.79  

 0.79  
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surface respectively.  equal to  as equilibrium.  equal to  as 

equilibrium.  is denote the partial pressure of NH3. , , ,   and  are 

the reaction rate coefficient for decomposition and desorption, which is given by Arrhenius 

equation (eq 1.4). The temperature is 293K to fit my test condition.  

Based on the assumption that reactions , , and  are achieved the equilibrium, the 

adsorbed species on the Fe (110) surface in Case B are NH3 , NH2 , NH , and H  atom, 

the remaining sites are vacant. We have to note that the Hydrogen atom source in Case B, 

which is come from two sources (NH3 and NH2). Therefore, the entire surface can be 

considered into six parts,  represents the fractional coverage of NH3,  

represents the fractional coverage of NH2,  represents the fractional coverage of NH, 

 represents the fractional coverage of hydrogen atom,   represents the fractional 

coverage of the vacant site. Therefore, the entire surface will be given by the following 

equation 3.14.  

 + + +  +  = 1      (3.14) 

From eqs 3.11-3.14, the fractional coverage of all adsorbed species can be calculated 

as equations as follows:  

              (3.15) 

             (3.16) 

             (3.17) 

             (3.18) 
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            (3.19) 

Based on eqs 3.15-3.19, the coverage of adsorbed species on the Fe (110) surface in 

Case B can be calculated. The coverage of adsorbed species in Case B is shown in Table 3.7. 

 

Table 3.7 Adsorbed species coverage on Fe (110) in Case B 

 3.00  

 0.25  

 3.80  

 4.06  

 

Case C: The reaction of NH3 decomposition reaches the state which has the N and H 

). So, the 

equilibrium equations will be given by the following eqs 3.20 - 3.23. 

3 +  3  

( ) NH3  +  2  + H  

( ) NH2  +   + H  

( ) NH  +   + H  

 =                     (3.20) 
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 =                 (3.21) 

 =                 (3.22) 

 =                  (3.23) 

Where , , , , , ,  denotes fractional 

coverage of NH3, NH2, NH, nitrogen and hydrogen atom (from NH3 and NH2 decomposition) 

adsorbed species on the Fe (110) surface respectively.  equal to  as 

equilibrium.  equal to  as equilibrium.  equal to  as 

equilibrium.  is denote the partial pressure of NH3. , , , , , ,  and 

 are the reaction rate coefficient for decomposition and desorption, which is given by 

Arrhenius equation (eq 1.4). The temperature is 293K to fit my test condition.  

Based on the assumption that reactions , , and  are achieved equilibrium, the 

adsorbed species on the Fe (110) surface in Case C are NH3 , NH2 , NH , N , and H  

atom, the remaining sites are vacant. We have to note that the hydrogen atom source in Case 

C, which is come from three sources (NH3, NH2, and NH). Therefore, the entire surface can 

be considered into eight parts,  represents the fractional coverage of NH3,  

represents the fractional coverage of NH2,  represents the fractional coverage of NH, 

 represents the fractional coverage of nitrogen atom,  represents the fractional 

coverage of hydrogen atom,   represents the fractional coverage of the vacant site. 

Therefore, the entire surface will be given by the following equation 3.24.  

 + + +  +  +  + = 1  (3.24) 

From eqs 3.20 - 3.24, the fractional coverage of all adsorbed species can be calculated 

as equations as follows:  
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     (3.25) 

    (3.26) 

    (3.27) 

    (3.28) 

      (3.29) 

 

         (3.30) 

Based on equations 3.25 - 3.30, the coverage of adsorbed species on the Fe (110) 

surface in Case C can be calculated. The coverage of adsorbed species in Case C is shown in 

Table 3.8. 
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Table 3.8 Adsorbed species coverage on Fe (110) in Case C 

 Coverage  

 3.00% 

 0.25% 

 3.80% 

 9.70×10-6% 

 4.06% 

 

From Case A to Case B, following the process of NH3 decomposition, the hydrogen 

atom coverage on Fe (110) significantly increased from 0.79% to 4.06%. According to Table 

, which indicates that once 

the reaction occurred, the reaction  can occur. On the other hand, from Case B to Case 

C, the hydrogen atom coverage on Fe (110) surface is almost not increased and considering 

the reaction rate coefficient significantly decreased from Case B to Case C, which is indicated 

that the last step of NH3 is very hard to occur under the test condition. Meanwhile, the last 

step of NH3 decomposition is the rate-limiting step as shown in Table 3.2. 

Though there is no investigation related to hydrogen atom coverage on Fe (110) 

surface to HE occurred or not. The past study of CO mitigation effect on HE released that 

with decreased the loading rate from 2.0  10-3 to 2.0  10-5 mm/s in fracture toughness 

test, even 0.60% hydrogen atom coverage is able to lead to HE [3 - 31]. Since the NH3 

decomposition derived hydrogen coverage in each case is greater than 0.60%, NH3 can 

induce HE by its decomposition at the 2.0  10-5 mm/s loading rate.   
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3.5 Conclusion 

 

Fracture toughness tests of low-alloy steel SCM440 were conducted in an NH3 added 

N2 gas environment in order to characterize the effect of the NH3 on the HE. To understand 

the mechanism of the HE induction effect by NH3, the DFT calculations were also conducted. 

The main results achieved in this chapter are as follows: 

1. NH3 induced the HE by its decomposition.  

2. The rate-limiting step of NH3 , which has 

almost no contribution to hydrogen coverage on Fe (110) surface. 

3. Compared with the NH3 adsorption rate (k = 3.14×1020 s-1), the NH3 decomposition rate 

(k = 1.36×108 s-1) was very slow. Therefore, NH3 had no effect on HE at a relatively high 

loading rate (2.0×10-3 mm/s), however, NH3 significantly decreased fracture toughness 

from 211 N/mm to 67 N/mm and induced HE at a relatively low loading rate (2.0×10-5 

mm/s). 

4. With 1 NH3 adsorbed on 9 Fe (110) surface (11.11% NH3 coverage), NH3-derived 

hydrogen coverage on Fe (110) surface was 4.06% at a relatively slow loading rate 

(2.0×10-5mm/s). 

5. With 1 NH3 adsorbed on 9 Fe (110) surface (11.11% NH3 coverage), as NH3 

decomposition occurred, the NH3-derived hydrogen coverage on Fe (110) was increased 

from 0.79% to 4.06%. 
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4 Reverse ammonia concentration effect on ammonia mitigated and induced 

hydrogen embrittlement at slower loading rate fracture toughness test

4.1 Introduction

As described in chapters 2 and 3, NH3 has both mitigation and induction effects on 

hydrogen embrittlement by itself. 

In the chapter 2 (as shown in Fig. 4.1 green block), NH3 showed the mitigation effect 

of HE in the fracture toughness test at the relatively higher loading rate, 2.0×10-5 mm/s. In 

the chapter 3 (as shown in Fig. 4.1 blue block), NH3 showed the induction effect of HE in 

the fracture toughness test at the relatively lower loading rate, 2.0×10-5 mm/s. Based on these 

results, if the fracture toughness test is carried out in NH3 added H2 gas with a slower loading 

rate, it can be considered that the mitigation and induction effects simultaneously work and 

the fracture toughness test can characterize the phenomenon. Therefore, this chapter will 

investigate the competitive coadsorption of decomposed NH3 and dissociated H2 on the Fe 

Fig. 4.1 Mitigation and induction effect of NH3 on HE
(Relative JIC = JIC/JIC in N2)
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(110) surface. The effect of NH3 concentration on the competitive reaction was investigated 

as well. 

In the chapter 3, the decomposition effect of 11.11% NH3 (1,000 ppm) coverage on 

the Fe (110) surface has been investigated, and the result showed that the coverage of 

hydrogen atoms on the Fe (110) surface was increased following the NH3 decomposition 

occurred step by step as showed in the summary Table 4.1. In this chapter, the effect of NH3 

concentration on HE will be investigated. The point is that increase in the NH3 concentration 

(1,000 vppm ) increases the NH3 adsorption rate (2.77×1019 s-1 5.88×1019 

s-1) and NH3-derived hydrogen amount. Under such a situation, it seems that a higher amount 

of hydrogen atoms was created by the NH3 decomposition. However, the fracture toughness 

test results showed the opposite effect as shown in Fig. 4.2, this chapter will clarify this 

phenomenon and mechanism by fracture toughness test and DFT calculations. 

Table 4.1 Summary of NH3-derived hydrogen coverage on Fe (110) surface  

(11.11% NH3 coverage on Fe surface) 

Reaction NH3-derived hydrogen coverage 

NH3  NH2 + H (Case A) 0.79% 

NH3  NH + 2H (Case B) 4.06% 

NH3  N + 3H (Case C) 4.06% 
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Fig. 4.2 Reserve result of NH3 induced HE
(Relative JIC = JIC/JIC in N2)
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4.2 Experimental procedure 

 

4.2.1 Material  

 

 The material used in this chapter was JIS SCM440 Cr-Mo low-alloy steel, which is 

the same material used in the chapter 2. The heat treatment conditions are the same as that 

used in the chapter 2. The chemical composition and mechanical properties are shown in 

Tables 2.1 and 2.2, respectively. The microstructure of the material, which exhibits the 

tempered martensite microstructure, is shown in Fig. 2.1. 

 

4.2.2 Fracture toughness test method and test environment  

  

The fracture toughness tests were conducted in the accordance with the ASTM E 

1820 standard with the same fracture toughness test system in the chapter 2. The fracture 

toughness test method and the CT specimen were the same used in the chapter 2.  

The test environments were N2, H2, NH3 added H2 and NH3 added N2 gases. The 

amount of NH3 in the mixture was 1,000 vppm and 10,000 vppm. The purity measurement 

of the testing environment and the method for keeping the high purity gas condition in the 

gas chamber were the same as described in the chapter 2.  

The total absolute gas pressure at which the fracture toughness tests were carried 

out, pT, was 0.1 MPa. The gas temperature was controlled at 293K by a thermocouple 

installed near the CT specimen and a heater and cooler system. The crosshead speed, V, was 

2.0 × 10-5 mm/s.  
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4.3 Test results 

 

The results of the fracture toughness tests in the H2, N2, NH3 added H2 gases and 

NH3 added N2 gases are shown in Figs. 4.3 and 4.5. The elastic-plastic fracture toughness 

values, JIC, for each condition are shown in Table 4.2.  

Figure 4.3 shows the J- a curve in the NH3 added H2 gases under the testing 

conditions of pT = 0.1 MPa and V = 2.0 × 10-5 mm/s. The J- a curve in the H2 (  ) at V = 

2.0 × 10-5 mm/s was located significantly lower than that in N2 (  ). Regarding the J- a 

curve in H2, the decreased loading rate caused further reduction as shown in Fig. 4.4. The J-

a curve in the 1,000 ppm NH3 and H2 mixture (  ) was slightly higher than H2. The J- a 

curve in the 10,000 ppm NH3 and H2 mixture (  ) was slightly higher than the 1,000 ppm 

NH3 and H2 mixture. In H2, the reduction in JIC became more significant by the decreased 

loading rate. Regarding the effect of the NH3, the J- a curves shifted upward compared with 

that in the H2. Consequently, the JIC values in the NH3 added H2 gases were greater than that 

in the H2 gas. However, the HE mitigation by NH3 was significantly weakened by the 

decreased loading rate.  

Figure 4.5 shows the J- a curve in the NH3 added N2 gases under the testing 

conditions of pT = 0.1 MPa and V = 2.0 × 10-5 mm/s. The J- a curve in the 1,000 ppm NH3 

and N2 mixture (  ) was located higher than that in H2 (  ) and significantly lower than that 

in the N2 (  ). By comparing with Fig. 4.6, it can be recognized that the HE induction effect 

by NH3 was significantly enhanced by the decreased loading rate. The J- a curve in the 

10,000 ppm NH3 and N2 mixture (  ) was located obviously higher than that in the 1,000 

ppm NH3 and N2 mixture. The HE induction effect by NH3 was significantly enhanced by 

decreased NH3 concentration.   
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Fig. 4.3 Effect of NH3 addition to H2 environment on 
J- a curve at pT = 0.1 MPa and V = 2.0 × 10-5 mm/s.
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Fig. 4.4 Effect of loading rate reduction on HE by H2

on J- a curve at pT = 0.1 MPa.
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Fig. 4.5 Effect of NH3 addition to N2 environment on 
J- a curve at pT = 0.1 MPa and V = 2.0 × 10-5 mm/s.
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Fig. 4.6 Effect of loading rate reduction on NH3 induction
on J- a curve at pT = 0.1 MPa.
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Table 4.2. JIC value in each condition. [---]: Relative value to JIC in N2 

Environment 

pT = 0.1 MPa, 

V =  

2.0 × 10-5 mm/s 

pT = 1.0 MPa, 

V =  

2.0 × 10-3 mm/s 

N2  
217 

[1] 

H2 
28 

[0.13] 
 

H2 +  

1,000 ppmNH3 

47 

[0.22] 
 

H2 +  

10,000 ppmNH3 

87 

[0.40] 
 

N2 +  

1,000 ppmNH3 

67 

[0.31] 
 

N2 +  

10,000 ppmNH3 

165 

[0.76] 
 

       pT : Total environmental gas pressure  

       V : Cross head displacement rate 
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4.4 Discussion on the mechanism that reverse ammonia concentration effect on 

ammonia mitigates and induces hydrogen embrittlement on Fe (110) surface based on 

density functional theory 

 

Regarding the loading rate dependency at 0.1 MPa of gas pressure, the JIC value in 

the 1,000 vppm NH3 added H2 gas almost agreed with that in the N2 when V = 2.0 × 10-3 

mm/s as shown in Fig. 4.7, but was significantly reduced when V = 2.0 × 10-5 mm/s. The 

decreased loading rate reduced the NH3 NH3 

added H2. Meanwhile, hydrogen created by NH3 decomposition assisted in decreasing the JIC 

in the 1,000 vppm NH3 added N2 when V = 2.0 × 10-5 mm/s was also found in chapter 3. 

There are two possible reasons for the reduced mitigation effect in the 1,000 vppm NH3 added 

H2 due to lowered loading rate. 

1) NH3 molecule cannot cover the entire Fe surface, which has been investigated in 

the chapter 2. A similar loading rate dependency that the reduction in the loading rate reduces 

the mitigation effect was found in a paper studying the effect of CO on the HE mitigation [4 

- 1]. In this paper, the CO adsorption behavior on a Fe surface was calculated by DFT 

simulations as a function of the CO coverage of the Fe surface. When the CO molecule 

adsorbs on the Fe surface, CO withdraws and localizes the electrons of the Fe surface. As a 

consequence, the electron density at the CO-free site is not enough to establish a chemical 

interaction with another CO molecule. As a result, CO achieved 75.00% maximum coverage 

of the Fe surface. On the other hand, hydrogen can adsorb on the CO-free sites. That is, the 

mitigation of the HE by CO is achieved by the reduced hydrogen uptake in conjunction with 

a higher loading rate. In this situation, the reduction in the loading rate means an increase in 

the amount of hydrogen entry into the material. Consequently, the mitigation of HE by CO 

is diminished by reducing the loading rate.  

In contrast, O2 adsorbs on the Fe surface through dissociation into oxygen atoms. 

Oxygen atoms on the Fe surface can diffuse into the material. An oxygen-free site is created 

again, then another oxygen atom adsorption occurs. Repeated these processes create an oxide 

layer. Thus, a perfectly covered Fe surface by the iron oxide results in the prevention of 



Chapter 4 Reverse ammonia concentration effect on ammonia mitigated and induced 
hydrogen embrittlement at slower loading rate fracture toughness test 

106 
 

hydrogen entry. Hence, no loading rate effect on the mitigation effect of O2 after the oxygen 

atom achieved 100.00% coverage on the Fe surface [4 - 2, 4 - 3]. 

Regarding NH3, the coverage of NH3 adsorbs on the Fe (110) surface as a molecule 

could not reach 100.00% which has been calculated in the chapter 2. Therefore, the same 

mechanism of CO that the coverage of the Fe surface is not 100.00% can be also considered 

for NH3.  

2) NH3 can produce hydrogen atoms by its decomposition and lead HE when V = 

2.0 × 10-5 mm/s, which has been investigated in chapter 3.  

The possible reason for the weakened NH3 mitigation effect due to the reduction in 

the loading rate is hydrogen created by the NH3 decomposition. The point is that the NH3 

first step decomposition rate was significantly lower than the NH3 adsorption rate (k: 1.36

108 s-1 3.14 1020 s-1). Therefore, decreased loading rate supplied the time for NH3 

decomposition. On the other hand, even just 11.11% NH3 covered Fe (110) surface can bring 

4.06% hydrogen atom coverage when only considering NH3 reaction with Fe surface. Such 

an amount of hydrogen coverage at V = 2.0 × 10-5 mm/s was possible to lead to HE [4 - 1]. 

Therefore, the weakening effect became tangible when the loading rate is reduced. However, 

in this case, the result cannot be interpreted only by the adsorption rate and coverage of NH3 

as a molecule on the Fe (110) surface. It is necessary to consider the adsorption and 

decomposition process of NH3 on the Fe (110) surface, which competes with the hydrogen 

dissociation process. Therefore, the coverage of hydrogen atoms on Fe (110) surface when 

considering decomposed NH3 and dissociated H2 competitive reaction was investigated in 

this section.  

In 0.1 MPa, the JIC value in the 1,000 vppm NH3 added N2 significantly reduced when 

V = 2.0 × 10-5 mm/s (67 N/mm). The reduction is due to the NH3-derived hydrogen-covered 

Fe surface, which has been studied in the chapter 3. However, the JIC value was obviously 

increased when NH3 concentration was increased to 10,000 vppm (165 N/mm). Because NH3 

is the only hydrogen source under this testing condition, it can be expected that the increased 

hydrogen supply by the increased NH3 concentration led to a reduction in JIC value. However, 

the result obtained by the experiment was opposite to this prediction. Therefore, the 
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mechanism that which NH3 concentration affects HE induction has to be clarified. This 

mechanism will be investigated by DFT in this Chapter. The methods and theories for the 

investigation were the same as described in the chapter 1.5. 
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Fig. 4.7 Effect of loading rate reduction on NH3 mitigation
on J- a curve at pT = 0.1 MPa.
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4.4.1 Ammonia decomposition with Fe (110) surface catalysis under a higher NH3 

concentration  

 

When gaseous species interact with the solid surface, which will establish an 

equilibrium between the gaseous phase, adsorbed species, and the surface of the solid. As 

with the chemical equilibrium, an increase in the gas concentration leads to an increasing the 

coverage of the gas on the solid surface at the constant temperature [4 - 4 - 4 - 6]. Thus, to 

investigate the effect of NH3 concentration on HE, study in chapter 3.4.2 was further 

advanced, I investigate the decomposition of NH3 with a higher NH3 coverage (25.00%) on 

Fe (110) surface in this section. The method was the same as described in the chapter 3.4.1.  

The minimum activation energy barrier (Ea) site of NH3 decomposition in each step 

(initial geometry, transition geometry, and end geometry) is shown in Figs. 4.8 - 4.10. 

Though the decomposition occupied the site of species not changed as shown in Table 3.3 in 

the chapter 3. As shown in Table 4.3, The Ea of 25.00% NH3 coverage on the Fe (110) surface, 

was greatly changed in the second step (NH2  NH + H) and the third step (NH  N + 

H) of NH3 decomposition. The Ea of the second decomposition step almost doubled, whereas 

the reaction of the third decomposition step transformed from an exothermic reaction to an 

endothermic reaction. The exothermic reactions released energy while the endothermic 

reactions required energy. As a result, increased NH3 concentration made NH3 

decomposition even harder.  
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(a) Initial (b) Transition (c) End

Fig. 4.8 NH3-derived hydrogen atom Fe (110) surface. (a) Initial, (b) 
Transition, (c) End.

(a) Initial (c) End(b) Transition

Fig. 4.9 NH2-derived hydrogen atom Fe (110) surface. (a) Initial, (b) 
Transition, (c) End.
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Table 4.3 Decomposition and desorption Ea of NH3

Decomposition activation 

barrier

NH3 2 + H 0.68 eV (Exo)

NH2 0.84 eV (Exo)

1.05 eV (Endo)

Exo = Exothermic reaction

Endo = Endothermic reaction

(a) Initial (b) Transition (c) End

Fig. 4.10 NH-derived hydrogen atom Fe (110) surface. (a) Initial, (b) 
Transition, (c) End.
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4.4.2 Equation establish of calculation ammonia decomposition and hydrogen 

dissociation on Fe (110) surface: kinetic modeling of competitive coadsorption between 

NH3 and H2 

 

The concept of chemical equilibrium was described in the chapter 3.4.4. In this 

section, I investigated the NH3 decomposition in the same way in the chapter 3 and divided 

the process of NH3 decomposition into four steps, but considered the dissociation of H2 

simultaneously.  

3 +   NH3  

3  +  NH2  + H  

2  +   NH  + H  

 +   N  + H  

To establish the kinetic modeling of competitive coadsorption between NH3 and H2 

on the Fe (110) surface, considering the H2 dissociation process is also needed. The reaction 

of H2 dissociation on the Fe surface can be considered as the chemical equation ( ) below: 

( ) H2 + 2   

The term  denotes a vacant site, and NH3 , NH2 , NH , N , and H  are the 

adsorbed species. NH3 and H2 represent the free gaseous state. If all the above reactions are 

equilibrium that the constants of equilibrium can be expressed in terms of concentration of 

adsorbed species as: 

 =                            (4.1) 

Where the  and  

reaction and backward reaction, respectively. K1 is the equilibrium constant of reaction I. 
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                           (4.2) 

Where the  and   

reaction and backward reaction, respectively. K2 is the  

                             (4.3) 

Where the  and  

reaction and backward reaction, respectively. K3 is the equilibrium constant of reaction . 

                             (4.4) 

Where the  and  

reaction and backward reaction, respectively. K4 is the equilibrium constant of reaction . 

                             (4.5) 

Where the  and  represent the rate constant coefficient of the reaction  of forward 

reaction and backward reaction, respectively. K5 is the equilibrium constant of reaction . 

The reaction rate coefficient k ( , , , , , , , ) in each step is given by 

Arrhenius equation in equation 1.4. 

There is one thing that needs to be noted is that the model of coverage calculation 

elides the computation of the preexponential factor A, while it will be calculated in the next 

section to calculate the reaction rate coefficient. Such an approximation is only partially 

justified in coverage calculation because the preexponential factors for adsorption and 

desorption (opposite reaction) processes would cancel. 
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Then, I investigate the hydrogen atom coverage on Fe (110) surface step by step 

competing with H2 dissociation and assumed the reaction can stop at each step, and assumed 

the equilibrium state at that moment.  

Case A: I assumed the reaction of NH3 decomposition reaches the state which has the 

NH2 and H atom as products a 2 

librium equations will be given by the following 

equations 4.6, 4.7, and 4.8. 

3 +  3  

( ) NH3  +  2  + H  

( ) H2 + 2   

 =                       (4.6) 

 =                  (4.7) 

 =                       (4.8) 

Where , , , and  are denoted fractional coverage of NH3, NH2, 

and H atom adsorbed on the Fe (110) surface respectively.  is denoted fractional coverage 

of the vacant site.  equal to  as equilibrium.  is denoted the partial 

pressure of gaseous NH3. , , , , , and are the reaction rate coefficient for 

decomposition and desorption, which is given by the Arrhenius equation (eqs 1.4). The 

temperature is 293K to fit the fracture toughness test condition.  

Based on the assumption that reactions , , are achieved equilibrium, the 

adsorbed species on the Fe (110) surface in the Case A are NH3 , NH2 , and H  atom 

(from NH3 and H2), and the remaining sites are vacant. Therefore, the entire surface can be 
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considered into five parts,  represents the fractional coverage of NH3,  

represents the fractional coverage of NH2,  represents the fractional coverage of 

hydrogen atom from NH3 decomposition,  represents the fractional coverage of 

hydrogen atom from H2 dissociation,  represents the fractional coverage of the vacant site. 

Thus, the entire surface will be given by the following equation 4.9.  

 + + + = 1               (4.9) 

From equations 4.6 - 4.9, the fractional coverage of all adsorbed species can be 

calculated as equations as follows: 

                       (4.10) 

                     (4.11) 

                (4.12) 

            (4.13) 

Based on equations 4.10 - 4.13, the coverage of adsorbed species on the Fe (110) 

surface in the Case A can be calculated. The coverage of adsorbed species in the Case A is 

shown in Table 4.4. 
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Table 4.4 Adsorbed species coverage on Fe (110) in Case A  

 Coverage (1,000 vppm NH3) Coverage (10,000 vppm NH3) 

 8.88   20.60   

 1.49  4.37  

 2.96  4.37  

 

Case B: I assumed the reaction of NH3 decomposition reaches the state which has the 

NH2, NH, ) competing with H2 

librium equations will be given by the following 

equations 4.14, 4.15, 4.16, and 4.17. 

3 +  3  

( ) NH3  +  2  + H  

( ) NH2  +   + H  

( ) H2 + 2   

 =                      (4.14) 

 =                  (4.15) 

 =                  (4.16) 

 =                     (4.17) 

Where , , , , ,  are denoted fractional coverage 

of NH3, NH2, NH, and H atom adsorbed on the Fe (110) surface, respectively.  is denoted 
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fractional coverage of the vacant site.  equal to  as equilibrium.  equal 

to  as equilibrium.  is denoted the partial pressure of gaseous NH3. , , 

, , , , , and are the reaction rate coefficient for decomposition and 

desorption, which is given by the Arrhenius equation (eq 1.4). The temperature is 293K to fit 

the fracture toughness test condition.  

Based on the assumption that reactions ,  are achieved equilibrium, the 

adsorbed species on the Fe (110) surface in the Case B are NH3 , NH2 , NH , and H  

atom (from NH3, NH2, and H2), and the remaining sites are vacant. Therefore, the entire 

surface can be considered into six parts,  represents the fractional coverage of NH3, 

 represents the fractional coverage of NH2,  represents the fractional coverage of 

NH,  represents the fractional coverage of hydrogen atom from NH3,  

represents the fractional coverage of hydrogen atom from NH2,  represents the 

fractional coverage of hydrogen atom from H2,  represents the fractional coverage of the 

vacant site. Thus, the entire surface will be given by the following equation 4.18.  

 + + + + = 1      (4.18) 

From equations 4.14 - 4.18, the fractional coverage of all adsorbed species can be 

calculated as equations as follows: 

                (4.19) 

               (4.20) 

                (4.21) 
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                (4.22) 

 

 

            (4.23) 

Based on the equations 4.19 - 4.23, the coverage of adsorbed species on the Fe (110) 

surface in the Case B can be calculated. The coverage of adsorbed species in the Case B is 

shown in Table 4.5. 

 

Table 4.5 Adsorbed species coverage on Fe (110) in Case B  

 Coverage (1,000 vppm NH3) Coverage (10,000 vppm NH3) 

 2.93   9.80   

 0.49  2.07  

 11.16  19.67  

 8.42  15.20  

 

Case C: I assumed the reaction of NH3 decomposition reaches the state which has the 

NH2, NH, N, ) competing 

with H2 dissociation librium equations will be given by the following 

equations 4.24, 4.25, 4.26, 4.27, and 4.28. 

3 +  3  
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( ) NH3  +  2  + H  

( ) NH2  +   + H  

( ) NH  +   + H  

( ) H2 + 2   

 =                       (4.24) 

 =                  (4.25) 

 =                  (4.26) 

 =                    (4.27) 

 =                      (4.28) 

Where , , , , , , ,  are denoted 

fractional coverage of NH3, NH2, NH, N, and H atom adsorbed on the Fe (110) surface, 

respectively.  is denoted fractional coverage of the vacant site.  equal to  

as equilibrium.   equal to  as equilibrium.  equal to  as 

equilibrium.  is denoted the partial pressure of gaseous NH3. , , , , , , 

, , , and are the reaction rate coefficient for decomposition and desorption, which 

is given by the Arrhenius equation (eq 1.4). The temperature is 293K to fit the fracture 

toughness test condition.  

Based on the assumption that reactions , 

the adsorbed species on the Fe (110) surface in Case C are NH3 , NH2 , NH , N , and 

H  atom (from NH3, NH2, NH, and H2), and the remaining sites are vacant. Therefore, the 
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entire surface can be considered into six parts,  represents the fractional coverage of 

NH3,  represents the fractional coverage of NH2,  represents the fractional 

coverage of NH,  represents the fractional coverage of hydrogen atom from NH3, 

 represents the fractional coverage of hydrogen atom from NH2,  represents 

the fractional coverage of hydrogen atom from H2,  represents the fractional coverage of 

the vacant site. Thus, the entire surface will be given by the following equation 4.29.  

 + + + + +  = 1 

(4.29) 

From eqs 4.24 - 4.29, the fractional coverage of all adsorbed species can be calculated 

as equations as follows: 

    (4.30) 

  (4.31) 

  (4.32) 

   (4.33) 

   (4.34) 
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       (4.35) 

Based on the equations 4.30 - 4.35, the coverage of adsorbed species on the Fe (110) 

surface in the Case C can be calculated. The coverage of adsorbed species in the Case C is 

shown in Table 4.6. 

 

Table 4.6 Adsorbed species coverage on Fe (110) in Case C  

 Coverage (1000 vppm NH3) Coverage (10,000 vppm NH3) 

 2.93   9.80   

 0.49  2.07  

 11.16  19.67  

 9.48×10-6  1.84×10-7  

 8.42  15.20  

 

The hydrogen coverage in each case was summarized in Table 4.7, from Case A to 

Case C, following the process of NH3 decomposition, the hydrogen atom coverage on Fe 

(110) significantly increased from 2.96% to 8.42% (1,000 vppm NH3), 4.73% to 15.20% 

(10,000 vppm NH3). From the hydrogen atom coverage on Fe (110) surface, the coverage 

increased with NH3 decomposition and an increase in NH3 concentration. When NH3 

competitive adsorption with H2 on Fe surface, the hydrogen atom coverage mainly came 

from NH3 decomposition. However, as the fracture toughness test results in the H2 + NH3 
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showed, with increase in the NH3 concentration, the J  value was increased from 47 N/mm 

(H2 + 1,000 vppm NH3 when V = 2.0×10-5 mm/s) increased to 87 N/mm (H2 + 10,000 vppm 

NH3 when V = 2.0×10-5 mm/s). Up to now, the theory and experiment results are opposite, 

which can be explained through the reaction rate of NH3 decomposition, so the 

decomposition rate of NH3 decomposition in each step will be calculated in the next section. 

 

Table 4.7 Summary of hydrogen coverage on Fe (110) surface 

 
H Coverage 

1,000 vppm NH3 + H2 

H Coverage 

10,000 vppm NH3 + H2 

Case A 2.96% 4.37% 

Case B 8.42% 15.20% 

Case C 8.42% 15.20% 
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4.4.3 Reaction rate coefficient of ammonia decomposition in each step 

 

 In eq 1.4, the A is taken from Table 3.4, the Ea is taken from Table 3.2 and 4.3, R is 

the universal gas constant, and T is 293K for fitting with the fracture toughness test condition. 

Using eq 1.4, the reaction rate coefficient of NH3 decomposition in each step can be 

calculated as shown in Table 4.8. The reaction rate coefficient of NH3, NH2, and NH is 

decreasing, which indicates that the reaction rate of NH3 decomposition is decreasing and 

decreasing. When 1,000 vppm NH3 competes with H2, there is a great reduction in the 

reaction rate coefficient from NH2 to NH, which demonstrates that the last step of NH3 

decomposition (NH N + H) is the slowest step, which is difficult to occur during the 

fracture toughness test. However, the first two decomposition steps (NH3 NH2 + H; NH2 

NH + H) are possible to occur during the test. However, when 10,000 vppm NH3 competes 

with H2, there is a great reduction in the reaction rate coefficient from NH3 to NH2, which 

demonstrates that although the last step of NH3 decomposition (NH  N + H) is still the 

slowest step, the NH2  NH + H already has a dramatic decrease of reaction rate, which is 

difficult to occur during the fracture toughness test. Thus, only the first decomposition step 

(NH3  NH2 + H) is possible to occur during the fracture toughness test. 

 

Table. 4.8 Reaction rate coefficient k of NH3 decomposition 

 NH3 NH2 NH 

k (1,000 vppm NH3) (s-1) 1.36×108 7.28×105 2.13×10-1 

k (10,000 vppm NH3) (s-1) 6.65×108 1.45×10-1 1.98×10-2 

 

Theoretical results in section 4.4.2 showed that the hydrogen atom coverage on Fe 

(110) surface is increased with an increase in NH3 concentration. However, the experiment 

results show a reversed trend, because, in reality, the NH3 decomposition can achieve 

different steps during the fracture toughness test due to the reaction rate drop down. 1,000 
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vppm NH3 competed with H2, and the first two steps (NH3 2 + H; NH2 

can occur, which can have 8.42% hydrogen atom coverage. On the other hand, 10,000 vppm 

NH3 competed with H2, only the first steps (NH3 2 + H) can occur, which can have 

4.37% hydrogen atom coverage. As a result, the thematical result showed that increased NH3 

concentration increased hydrogen atom coverage on the Fe surface, while the fracture 

toughness showed the reverse result. 
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4.4.4 Reverse ammonia concentration effect on ammonia induced hydrogen 

embrittlement  

 

As investigated in the chapter 3.4.3, the kinetic modeling of NH3 has been established. 

Thus, based on the eqs 3.9, and 3.10, the coverage of adsorbed species on the Fe (110) surface 

in the Case A can be modified by Table 4.3 (relatively higher NH3 concentration). The 

coverage of adsorbed species in the Case A is shown in Table 4.9.  

 

Table 4.9 Adsorbed species coverage on Fe (110) in Case A 

 Coverage (1000ppm NH3) Coverage (10,000ppm NH3) 

 9.51   20.63   

 0.79  2.18  

 0.79  2.18  

 

Based on the eqs 3.16 - 3.19, the coverage of adsorbed species on the Fe (110) surface 

in the Case B can be modified by Table 4.3 (relatively higher NH3 concentration). The 

coverage of adsorbed species in the Case B is shown in Table 4.10.  

Table 4.10 Adsorbed species coverage on Fe (110) in Case B  

 Coverage (1000ppm NH3) Coverage (10,000ppm NH3) 

 3.00   9.81   

 0.25  1.04  

 3.80  6.56  

 4.06  7.6  
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Based on the eqs 3.26 - 3.30, the coverage of adsorbed species on the Fe (110) surface 

in the Case C can be modified by Table 4.3 (relatively higher NH3 concentration). The 

coverage of adsorbed species in the Case C is shown in Table 4.11. 

 

Table 4.11 Adsorbed species coverage on Fe (110) in Case C  

 Coverage (1000 vppm NH3) Coverage (10,000 vppm NH3) 

 3.00   9.81   

 0.25  1.04  

 3.80  6.56  

 9.70×10-6  1.84×10-7  

 4.06  7.60  

 

Based on the chapter 4.4.3 investigated, the theoretical results suggest hydrogen atom 

coverage on Fe (110) surface is increased with an increase in NH3 concentration but 

experimental results suggest the other way. This happens because of dramatically drop in 

NH3 decomposition reaction rate with an increasing NH3 concentration. 1,000 vppm NH3 

competed with H2, and the first two steps (NH3  NH2 + H; NH2  NH + H) can occur, 

which can have 4.06% hydrogen atom coverage. On the other hand, 10,000 vppm NH3 

competed with H2, only the first steps (NH3  NH2 + H) can occur, which can have 2.18% 

hydrogen atom coverage. As a result, the fracture toughness test result showed the reverse 

result compared with the theoretical result. 
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4.4.5 Future perspective 

 

As described above, the effect of NH3 mitigation and induction effect on HE has been 

characterized and the mechanism has been elucidated. However, it has been found that the J-

a curve in H2 + NH3 (V = 2.0×10-3 mm/s) initially approaches to N2 curve, but with crack 

propagation, the curve is close to H2. The crack growth rate increased with crack propagation, 

and the crack opens were directly related to the crack growth rate. It is considered that 

insufficient NH3 supply when the crack growth rate is high. Therefore, to further characterize 

the NH3 effect on HE, it is necessary to conduct fatigue tests in the future. On the other hand, 

in this study, I investigated the process above the surface, which is the hydrogen coverage on 

the surface by Langmuir theory. However, HE also needed to consider the processing after 

hydrogen uptake, for example, hydrogen diffusion, fracture site, hydrogen concentration at 

the fracture site, and so on. Although there is no prediction equation of HE up to now, it is 

possible to link the hydrogen diffusion theory and Langmuir theory with the surface as the 

boundary. Therefore, establishing a predictive model of HE can be expected in the future by 

further investigation. 
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4.5 Conclusion 

 

Fracture toughness tests of low-alloy steel SCM440 were conducted in H2, N2 mixed 

1,000 vppm and 10,000 vppm NH3 added H2 and N2 gas. To understand the mechanism of 

the NH3 induction effect, the DFT calculations were also conducted. The main results 

achieved in this chapter are as follows: 

1. According to theoretical results, as NH3 concentration increased, the reaction rate of NH3 

decomposition (NH3  NH2 + H) increased, while the reaction rate of NH3 

decomposition (NH2 NH + H; NH N + H) decreased. In particular, the reaction 

rate of the second step (NH2 NH + H) decreased significantly. For the relatively lower 

concentration (1,000 vppm), NH3 can achieve the first two steps for its decomposition 

when V = 2.0 × 10-5 mm/s. However, for the relatively higher concentration (10,000 

vppm), NH3 can only achieve the first step of its decomposition when V = 2.0 × 10-5 

mm/s. 

2. Under the testing condition is that H2 + 1,000 vppm NH3 environment and V = 2.0 × 10-

5 mm/s, the NH3 decomposition can reach two steps (NH3 NH2+H; NH2 NH+H), and 

then the hydrogen atom coverage on Fe (110) surface was 8.42%. However, under the 

test conditions, H2 + 10,000 vppm NH3 and V = 2.0 × 10-5 mm/s, the NH3 decomposition 

can reach the first step (NH3 NH2+H), and then the hydrogen atom coverage on Fe 

(110) surface was 4.37%. As a result, the fracture toughness test result that increased 

NH3 concentration increased the J  value (47 N/mm  87 N/mm) can be interpreted. 

3. Under the testing condition is that N2 + 1,000 vppm NH3 environment and V = 2.0 × 10-

5 mm/s, the NH3 decomposition can reach two steps (NH3 NH2+H; NH2 NH+H), and 

then the NH3-derived hydrogen atom coverage on Fe (110) surface was 4.06%. However, 

under the test conditions, N2 + 10,000 vppm NH3 and V = 2.0 × 10-5 mm/s, the NH3 

decomposition can reach the first step (NH3 NH2+H), and then the NH3-derived 

hydrogen atom coverage on Fe (110) surface was 2.18%. As a result, the fracture 
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toughness test result that showed increased NH3 concentration increased the J  value 

(67 N/mm N/mm) with the increase of NH3 concentration can be interpreted. 
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5. Conclusion 

 

Creating a hydrogen society to protect the global environment is one of the promising 

solutions to reduce carbon dioxide emissions and promote the use of renewable energy. 

However, steel and alloy used for hydrogen gas containment can suffer from hydrogen 

embrittlement, and NH3 can lead to the degradation of the material's mechanical properties. 

At the same time, it is considered a hydrogen carrier for the fuel cell. Therefore, NH3 plays 

a critical role in hydrogen society. However, the mechanism of NH3 mitigation and induction 

effect on HE was remain unclear based on the past study.  

Considering this situation, the objective of this study is to characterize the mitigation 

and induction effect of NH3 on the HE of the SCM440 low-alloy steel during a fracture 

toughness test and elucidate the mechanism by density functional theory. Practically, this 

study investigated the mechanism of NH3 and H2 competitive coadsorption on the Fe (110) 

surface. 

The general conclusion derived from this thesis is that we clearly demonstrated the 

mechanism that NH3 mitigated and induced HE depending on the test conditions. Theoretical 

study on the NH3 effect of HE has great significance in Material Science and Mechanical 

Engineering when considering a safe carbon-neutral society that is provided by advanced 

hydrogen technologies. The conclusions of each chapter are as follows. 

 In Chapter 1, the motivation and societal relevance of this study are described based 

on the tendency of the hydrogen society and a survey of the past studies on NH3 and the 

impurity mitigation effect on HE in hydrogen gas.  

 In Chapter 2, Fracture toughness tests of low-alloy steel SCM440 were conducted 

in an NH3 added H2 gas environment V = 2.0× 10-3 mm/s in order to characterize the effect 

of the NH3 addition to H2 gas on the HE. To understand the mechanism that NH3 mitigated 

HE, the adsorption site, adsorption energy, the electron density, the reaction rate, and the 
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molecular coverage of NH3 and H2 were calculated by DFT and the Langmuir adsorption 

model. The main results achieved in this chapter are as follows: 

1. The electron density of NH3 on the Fe (110) surface was higher than that of H2. Thus, 

the electronic interaction of the Fe (110) surface for NH3 was higher than for H2. 

2. NH3 was preferentially adsorbed on the Fe (110) surface because the reaction rate of 

NH3 on the Fe (110) surface is significantly higher than H2. 

3. When coverage of NH3 on the Fe (110) surface was 25.00%, the atomic hydrogen 

coverage on Fe (110) surface was 0.01%. In conclusion, preferentially adsorbed NH3 can 

mitigate the HE at the loading rate was 2.0×10-3 mm/s in gaseous hydrogen by hindering 

hydrogen uptake. 

In Chapter 3, Fracture toughness tests of low-alloy steel SCM440 were conducted in 

an NH3 added N2 gas environment in order to characterize the effect of the NH3 itself on the 

HE. To understand the mechanism of the HE induction effect by NH3, the whole processing 

of NH3 decomposition on the Fe (110) surface was calculated by DFT. The main results 

achieved in this chapter are as follows: 

1. The rate-limiting step of NH3  (11.11% NH3 

coverage), which has almost no contribution to hydrogen coverage on Fe (110) surface. 

2. Compared with the NH3 adsorption rate, the NH3 decomposition rate was very slow. 

Therefore, NH3 had no effect on HE at a relatively high loading rate, however, NH3 

significantly decreased fracture toughness and induced HE at a relatively low loading 

rate. 

3. With 1 NH3 adsorbed on 9 Fe (110) surface (11.11% NH3 coverage), NH3-derived 

hydrogen coverage on Fe (110) surface was 4.06% at a slower loading rate, thus, NH3 

induced the HE by its decomposition at the slower loading rate. 
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In Chapter 4, Fracture toughness tests of low-alloy steel SCM440 were conducted in 

H2, N2, 1,000 vppm, and 10,000 vppm NH3 added N2 and H2 gas. To understand the 

mechanism of the NH3 mitigation and induction effect, the DFT calculations were also 

conducted and kinetic modeling of competitive coadsorption between NH3 and H2 was 

established. The main results achieved in this chapter are as follows: 

1. With NH3 concentration increases, the reaction rate of NH3 decomposition decreases. 

For the relatively lower concentration (1,000 vppm), NH3 was stop  of 

its decomposition. However, for the relatively higher concentration (10,000 vppm), NH3 

was stopped at NH2 of its decomposition because the reaction rate of NH3 

decomposition NH2  NH + H was dramatically decreased with increased NH3 

concentration. Because increased NH3 concentration results in fewer vacant sites on the 

surface for NH3 decomposition, as a result, the activation energy barrier of NH3 

decomposition NH2  NH + H was increased. 

2. Under the test conditions that H2 + NH3 and V = 2.0 × 10-5 mm/s, the hydrogen atom 

coverage on Fe (110) surface was decreased with increased NH3 concentration because 

the NH3 decomposition rate (NH2 dramatically decreased, as a result, 

insufficient time for NH3 further decomposition even NH3 concentration was increased. 

Therefore, the fracture toughness test results showed that increased NH3 concentration 

increased the J  value. 

3. Under the test conditions that N2 + NH3 and V = 2.0 × 10-5 mm/s, the NH3-derived 

hydrogen atom coverage on Fe (110) surface was decreased with increased NH3 

concentration because the NH3 decomposition rate (NH2 H+H) was dramatically 

decreased, as a result, insufficient time for NH3 further decomposition even NH3 

concentration was increased. Therefore, the fracture toughness test results showed that 

increased NH3 concentration increased the J  value. 

In Chapter 5, the general outline of this thesis is described. 


