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Abstract 

 

Tritium is one of the main sources for nuclear fusion reactor. 

However, when tritium penetrates into the structural material and is 

accumulated, the material becomes brittle. This phenomenon is called 

hydrogen embrittlement. In this research, we focus on bcc-Fe, because it is a 

base material of reduced activation ferritic/martensitic (RAFM) steel. In a 

perfect crystal of bcc-Fe, hydrogen cannot easily dissolve in the material 

because H atom is more unstable in a perfect bcc-Fe than in a H molecule. 

However, when defects are involved, H atom becomes stable and trapped 

near the defects. Regarding diffusivity of H atoms, defects make the energy 

barrier of diffusion for H atoms increase. Thus, once H atoms are trapped 

near defects, it is hard to diffuse out. Among several defects, grain boundary 

(GB) has a significant impact on hydrogen behavior, but its effect has not 

been clearly understood because of its complexity. Therefore, in this study, 

we investigate the GB effects on the solubility and diffusivity of hydrogen 

in bcc-Fe via a molecular dynamics (MD) simulation for the symmetric tilt 

Σ19b, <111> 46.8˚, {5 -3 -2} GB. 

It is found that H atoms are trapped around the GB and the binding 

energy of hydrogen at GB is weakly dependent on the hydrogen 

concentration at the GB. For diffusivity of hydrogen at the GB, there are fast 

or slow diffusion paths and it is related to the densely packed directions or 

open space direction at GB. This means that the GB makes diffusion 
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anisotropic due to its atomic configuration, and the GB not only acts as a 

trap but also provides a fast diffusion path along the GB. In the direction 

where the GB acts as a trap, the effective diffusion coefficient of hydrogen 

increases as hydrogen concentration increases. This can be explained by 

trapping effect by the GB. On the other hand, in the direction of open space 

where the GB provides a diffusion path, the increase in hydrogen 

concentration leads to the decrease in the effective diffusion coefficient. 

This dependence can be explained by blocking effect on the GB. Based on 

these results, a thermodynamic model for the GB effects on hydrogen 

behavior can be modelled.  

However, for establishing a thermodynamic model on hydrogen 

diffusivity, more accurate diffusion coefficient is needed to reduce the error 

of the effective diffusion coefficient predicted by the thermodynamic model. 

Therefore, we analyzed the cause of an error in diffusion coefficient 

obtained by Einstein diffusion equation. The diffusion of hydrogen and 

carbon impurities in a perfect bcc-Fe was investigated as examples. It is 

known that, even though increasing the sampling number to reduce the 

statistical error in MD, we cannot obtain fully linear mean square 

displacement as a function of time (MSD(t)) at the beginning. In this study, 

it is found that vibration effect and negative correlated jump effect make the 

non-linearity in MSD(t). The fraction of negative correlated jump which 

makes the non-linearity in MSD(t) depends on temperature. We suggest an 

effective method to reduce those effects and make the MSD(t) graph linear, 

which would make it possible to calculate the diffusion coefficient more 

accurately. 
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Chapter 1. Introduction 

 

 

1.1. Study Background 

1.1.1 Importance of understanding GB effects on hydrogen 

behavior 

In nuclear fusion reactors, tritium is one of the main sources and it is 

important to understand tritium leakage and accumulation behaviors in 

structural materials for following reasons. Firstly, for continuous operation, 

the tritium self-sufficiency need to be achieved. To sustain the tritium fuel 

cycle, sufficient tritium breeding ratio (TBR > 1.1) is required to 

compensate for leakage and radioactive decay of tritium, to supply initial 

tritium inventory for operating other reactors, and to reserve storage 

inventory to sustain the operation [1]. Secondly, it is important to ensure the 

safety from the leakage of radioactive tritium to the environment. From 

blanket to coolant, it has a high tritium partial pressure, and thus high 

tritium permeation rate. However, the allowable tritium permeation rate is 

low to achieve tritium self-sufficiency and for less environmental effects. 

Thirdly, hydrogen isotopes can cause significant impact on the structural 

materials, such as iron and steel, and thus the behavior of hydrogen isotopes 

in materials need to be clearly understood. However, due to the lack of 

understanding in hydrogen-assisted degradation process kinetics [2], 

predicting the mechanical degradation and failure is still not possible. For 

example, hydrogen embrittlement, a phenomenon which a metal becomes 
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brittle when hydrogen accumulates near defects, is severe in steel but the 

mechanism is still controversial. Several mechanisms have been suggested 

to explain the hydrogen embrittlement.  

One of the mechanisms to explain the hydrogen embrittlement is 

hydride formation and cleavage, and it is well described for hydride forming 

metals, such as V, Nb, and Ti [3]. This mechanism explains the hydrogen 

embrittlement by the enhancement of nucleation and growth of brittle 

hydride precipitates when stress is concentrated in metals [3] and was 

observed by experiment for Ti [4]. 

For non-hydride forming metals, hydrogen enhanced decohesion 

(HEDE) and hydrogen-enhanced localized plasticity (HELP) mechanism 

can explain the hydrogen embrittlement. For HEDE mechanism, hydrogen 

at interface lower the cohesive strength and it is observed in experiment [5]. 

Hydrogen-enhanced localized plasticity is also based on the 

experimental observation [6][7] and it is saying that hydrogen lowers the 

barrier of dislocation motion, and thus increase the plastic deformation in a 

localized region near the fracture surface.  

 The present study focuses on bcc-Fe, which is the base material of 

reduced activation ferritic/martensitic (RAFM) steels. RAFM steels are the 

candidates for structural materials of fusion power reactors due to its high 

radiation resistance and small impact of the irradiated steel on the 

environment after the lifetime operation of a fusion reactor [8]. However, 

the embrittlement in RAFM steels still remains as a problem for application 

in fusion reactor. Thus, the thermodynamic properties such as diffusivity 

and solubility of hydrogen within bcc-Fe should be thoroughly investigated. 

In a perfect crystal of bcc-Fe, the tetrahedral interstitial site (T-site) is 

known to be the most stable site for hydrogen. As the solution energy of the 
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H atom at T-site is approximately 0.3 eV [9], [10], hydrogen is energetically 

unstable in bcc-Fe. However, this situation is significantly changed if lattice 

defects are involved. Hydrogen is often stabilized and thus trapped around 

defects such as vacancies, dislocations, and interfaces of metals. As a result, 

the effective solubility of hydrogen is increased. 

Regarding the hydrogen diffusivity, the elementary process of diffusion 

in the bcc lattice is a jump of H atom from a T-site to a neighboring T-site. 

As the energy barrier of this process is 0.04 eV [9], [10], hydrogen can 

easily diffuse even at room temperature. In actual materials, however, the 

effective diffusivity of hydrogen is decreased owing to the trapping effects 

of defects [11]. 

Among several lattice defects, the grain boundary (GB) has a 

significant influence on hydrogen solubility and diffusivity in actual 

materials because it is inevitably incorporated. The GB traps hydrogen 

because of its high binding energy (for example, 0.3 eV for a <111> 

symmetric tilt GB (STGB) [4]) and makes the diffusion of hydrogen 

anisotropic. 

 

1.1.2 Importance of error analysis for diffusion coefficient 

For establishing a thermodynamic model for the GB effects on 

hydrogen diffusivity, it is better to use an accurate data of diffusion 

coefficient because the accuracy of effective diffusion coefficient obtained 

from a thermodynamic model is largely influenced by the error of diffusion 

coefficient of H atom in a perfect crystal and at defects. Therefore, it is 

essential to reduce the error of the diffusion coefficient obtained by MD 

simulation. Thus, how to sample a data to minimize the error with a given 

data has been widely studied. For example, in Ref. [12], they suggested a 
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minimum separation length between the time origins of two consecutive 

intervals to satisfy the independence of sampling the square displacement. 

Chitra et al. [13] tested a system that is composed of sorbates diffusing in 

zeolite NaCaA and have discussed that the diffusion coefficient is dependent 

on the choice of the time interval to fit the linear line in the mean square 

displacement (MSD) curve. They have suggested that it is advisable to 

choose the initial fitting point to be in the region out of the initial non-linear 

part of the MSD(t) graph. In Ref. [13], initial curve in the MSD(t) graph was 

observed but the reason for this curve is not sufficiently explained.  

Even though we sample a lot of data, we cannot obtain the perfect 

linearity in MSD(t) graph. Thus, we generally neglect the initial part due to 

its inconsistency with the remaining part of the linear slope without 

knowing the exact reason for this non-linearity. To get more sophisticated 

and reliable diffusion coefficient with low time cost, it is necessary to 

understand the reason for the initial non-linearity of MSD(t) graph.  

 

1.2. Objectives of Research 

The GB effects on hydrogen behaviors in terms of solubility and 

diffusivity should be thoroughly investigated due to its importance in 

structural integrity and tritium fuel cycle. However, in previous studies, the 

GB effects were less investigated compared to the effects of other defects 

such as vacancies, probably because of the complexity of GB structures. In 

Chapter 2, focusing on the symmetric tilt Σ19b, <111> 46.8˚, {5 -3 -2} GB, 

we investigated how the GB affects the stability and diffusivity of hydrogen 

in bcc-Fe via a molecular dynamics (MD) simulation.  

In addition, further study for establishing thermodynamic model for 



 

 14 

grain boundary effect based on these results is needed, and for that, more 

accurate diffusion coefficient should be determined. Thus, in chapter 3, we 

analyze the reason for the initial non-linearity in MSD(t) graph, and suggest 

methods to reduce the initial non-linearity and reduce the error of the 

diffusion coefficient obtained by MD. Hydrogen and carbon atom was 

investigated as examples. The vibration effect and correlated jump effect is 

the main reason for this non-linearity.  
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Chapter 2. Grain boundary effect on 

hydrogen behavior in bcc-Fe 

**This chapter refers to [14], which is a journal paper published in Fusion 

Engineering and Design 131(2018) 105-110 during the master course. 

 

2.1. Methods 

2.1.1 MD simulation 

MD simulations were performed using the LAMMPS code [15]. An 

embedded atom method (EAM) potential parameterized for Fe-H systems 

by Ramasubramaniam et al. [16] was used. This EAM potential can 

appropriately describe the dissolution and diffusion of hydrogen in the bulk 

and the binding of hydrogen to defects including vacancies, dislocations, 

and free surfaces in bcc-Fe [16]. Thus, we consider that this potential model 

is suitable for studying the GB effects.  

Fig. 1(a) shows a simulation cell used in the present study, which 

consists of 4560 Fe atoms and includes two Ʃ19b GBs perpendicular to the 

z axis at the edge and center. This orthorhombic cell was generated using 

GBstudio [17]. Three-dimensional periodic boundary conditions were 

imposed. The optimized cell lengths at 0 K are 24.72 Å , 30.50 Å , and 70.50 

Å  for x, y, and z directions, respectively. Hereafter, we call this simulation 

cell the GB system. 

Around a GB, hydrogen trapping sites, at each of which the potential 

energy of hydrogen holds a local minimum and is lower than that at the bulk 
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T-site, are formed, as conceptually shown in Fig. 1(b). Hence, GBs act as 

hydrogen traps. Assuming that a GB is a plane, the number of trapping sites 

(NGB) in the present GB system can be roughly estimated as 

2 2

2 24.72 30.50
~ 186,

2.85

GB
GB

A
N

l

 
 

   (1) 

where AGB is the area of GB planes and l is the lattice constant.  

Once H atoms are trapped by a GB, the diffusion of H atoms to a 

direction perpendicular to the GB, which is the z direction in the present 

study as shown in Fig. 1(a), is deterred. On the other hand, trapped H atoms 

still have a chance to diffuse on the GB plane. On the GB plane in the 

present GB system, the x direction is a fast diffusion direction owing to a 

low migration energy barrier, whereas the y direction is a slow diffusion 

direction owing to a high migration energy barrier, as conceptually shown in 

Fig. 1(c). The difference in the migration barriers is due to the structure of 

the GB. Specifically, there are large open spaces along the x direction, but 

not along the y direction as shown in Figs. 1(a) and 1(d), respectively. 

According to these structural characteristics of the Ʃ19b GB, we can 

categorize the effects of the GB into two types. In type 1, the GB only acts 

as a trap. In type 2, the GB acts not only as a trap but also as a fast diffusion 

path. The diffusions to the y and z directions correspond to type 1, whereas 

the diffusion to the x direction corresponds to type 2 for the Ʃ19b GB. 
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Figure 1. Structure and potential energy characteristics of the Ʃ19b 

GB: (a) view of GB along the x axis; (b) conceptual drawing of the 

potential energy of hydrogen in the bulk and at GB, where Eb indicates 

the binding energy; (c) conceptual drawing of potential energy on the 

GB plane along the x and y directions; (d) view of GB from the y 

direction. 
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2.1.2 Binding energy (Eb) 

The binding energy of H atoms trapped by the GB per H atom can be 

calculated with reference to the energy of the H atom at a T-site in the bulk 

as  

   ( , ) ( ,1 ) ( , , ) ( )
,b

E Fe GB n E Fe H E Fe GB nH n E Fe
E

n

    


 (2) 

where the first and second parentheses of the numerator indicate the energy 

of a system in which all H atoms are located at T-sites in the bulk and the 

energy of a system where all H atoms are trapped by the GB, respectively. 

Eb is the binding energy per H atom, E(Fe, GB) is the energy of a system 

containing GBs, E(Fe, GB, nH) is the energy of a system containing n H 

atoms trapped by GBs, E(Fe,1H) is the energy of a system containing 1 H 

atom at a T-site in the bulk, and E(Fe) is the energy of a perfect bcc crystal 

system. We calculated E(Fe, GB) and E(Fe, GB, nH) with the GB system 

described in Fig. 1(a), and E(Fe,1H) and E(Fe) with an 8×8×8 supercell of 

bcc lattice, which contains 1024 Fe atoms. 

In calculating E(Fe, GB, nH), 40–360 H atoms were first inserted into 

the GB system. Then, an equilibration calculation was performed with an 

NPT ensemble at 800 K for 1 ns in systems containing 40–200 H atoms and 

for 2 ns in systems containing 240–360 H atoms. Subsequently, after 

removing H atoms that were not trapped by the GB, a set of geometry 

optimization calculations was performed to find the minimum energy state 

of the system where all H atoms are trapped by the GB. 

 

2.1.3 Diffusion coefficient 

The Einstein diffusion equation can quantify the diffusion coefficient 
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as follows if we know the mean square displacement (MSD) as a function of 

time (t): 

1 ( )
lim ,

2 t

MSD t
D

d t


    (3) 

 
2

1

1
( ) ( ) (0) ,

N

i i

i

MSD t r t r
N 

 
   (4) 

where d is the dimensionality of the system, and N is the number of H atoms 

in the system. MSD(t) is the average of the square displacements of atoms 

from the position at time 0 (ri(0)) to the position at time t (ri(t)). MSD(t) can 

be calculated by MD.  

For the diffusion coefficient calculations, systems containing 10–400 H 

atoms were used to check the hydrogen concentration dependence of 

diffusivity. H atoms were first inserted randomly in the GB system. 

Subsequently, after an equilibration run of 0.4 ns, a production run of 10 ns 

with NPT ensemble was performed to calculate MSD for each hydrogen 

concentration. In the present study, we evaluated the hydrogen concentration 

dependence only at 800 K. 

The temperature dependence of hydrogen diffusivity was also 

evaluated from 600 K to 1000 K and the activation energy of hydrogen 

diffusion was calculated using the Arrhenius plot. Fe4560H20 and Fe4560H200 

systems were used. For this evaluation, after an equilibration run of 0.4 ns, a 

production run was conducted for 37.5, 17.5, 7.5, 5.0, and 5.0 ns at 600, 700, 

800, 900, and 1000 K, respectively.  

 

2.1.4 Nudged elastic band (NEB) method  

 The nudged elastic band (NEB) method [18] was used to find the 
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transition state and activation energy for the diffusion of H atom on the GB 

plane along the fast diffusion direction (x direction). The transition states 

were obtained in the GB systems whose volumes are comparable to the 

equilibrium volumes of Fe4560H20 systems at 600 K, 800 K, and 1000 K to 

evaluate the temperature dependence of the activation energy.  

 

2.2. Results 

2.2.1 Effect of GB on hydrogen solubility 

Fig. 2 shows the hydrogen distributions in Fe4560H20 and Fe4560H200 

systems along the z direction at 800 K. The large fractions at the center and 

edge indicate that H atoms are trapped by GBs. The trapping effect of GBs 

extends up to several layers. Hydrogen is trapped at a broader GB region 

when the number of H atoms is larger, although the hydrogen accumulation 

is still well localized around the GB, for example, in the range of ±5 Å  from 

the GB center, even when many H atoms are trapped by GBs similar to that 

in the Fe4560H200 system. 

Fig. 3 shows the relation between the binding energy and the distance 

from the GB center for trapping sites. To exclude weak trapping sites, only 

sites with binding energies larger than 0.05 eV are considered. The 

relatively large binding energies around the GB center and the spread of 

trapping sites in Fig. 3 are consistent with the hydrogen distributions in Fig. 

2.  

The cumulative number of trapping sites in the GB system is shown in 

Fig. 4 as a function of the binding energy. The number of trapping sites in 

Fig. 4 is much larger than 186 given by Eq. (1), with the assumption that the 
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GB is a plane. These results indicate that trapping sites are distributed over 

several layers around the GB plane and each layer has a different binding 

energy for hydrogen. 

 

 

Figure 2. Hydrogen distribution along the z direction at 800 K in 

(a) Fe4560H20 and (b) Fe4560H200. 
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Figure 3. Binding energy of H atom around GB with reference to the energy 

of H atom at T-site in the bulk as a function of the distance from the GB 

center. Eb = 0 eV corresponds to the energy of H atom at T-site in the bulk. 

The profile is slightly asymmetric because the symmetry of the GB system 

was reduced in the geometry optimization calculation. 
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Figure 4. Cumulative number of trapping sites having binding energies 

larger than a certain value in the GB system. 
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The flat shape in the bulk region in Fig. 2 shows that the hydrogen 

concentration is almost constant in the bulk. We used this characteristic to 

quantify the fraction of H atoms trapped by the GB. Specifically, the 

fraction of H atoms contained in a region around the GB were first 

evaluated as a function of the distance from the GB center. In the bulk 

region, the fraction linearly increases after approximately 6 Å , as shown by 

the inset in Fig. 5. By fitting the linear part, we can determine the fraction of 

H atoms trapped by the GB as the intercept of the y axis. In this way, we 

obtained the fraction of H atoms trapped by the GB (fGB) as a function of the 

number of H atoms in the system as shown in Fig. 5. fGB is almost constant 

until the number of H atoms reaches 100 and then starts to decrease.  
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Figure 5. Fraction of H atoms trapped by GB (fGB) as a function of the 

number of H atoms in the system at 800 K. The inset shows how to evaluate 

fGB for Fe4560H140 as an example. 
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Figure 6. (a) Binding energy of H atoms trapped by GB per H atom as a 

function of the number of trapped H atoms in the present study and in Ref. 

[19] and (b) atomic configurations around GB in Fe4560H40 and Fe4560H360 

systems. Fe atoms are indicated by blue spheres and H atoms by red spheres. 

The red broken lines show the location of the GB plane. 

 

 



 

 25 

Fig. 6(a) shows the binding energy of H atoms trapped by the GB per 

H atom (Eb) calculated using Eq. (2) as a function of the number of H atoms 

trapped by the GB. The binding energy is less dependent on the number of 

H atoms trapped by the GB, which is different from other traps such as 

vacancies [20], vacancy clusters [21], and surfaces [10], where the binding 

energy largely decreases as the number of trapped H atoms increases.  

The present result is inconsistent with a previous study by Yamaguchi 

et al. [19], which showed, by using first-principles calculation and 

numerical calculation, that the binding energy of H atoms trapped by the 

Ʃ3(111) GB per H atom decreases as the hydrogen concentration increases 

[19]. The inconsistency may be because Ref. [19] only checked the H atoms 

positioned on one GB plane but the present MD simulations showed that H 

atoms are trapped over several layers around the GB as shown in Figs. 2, 3, 

and 6(b). It is possible that the static first-principles calculation failed to 

sufficiently explore the structural complexity of the GB when many H 

atoms were trapped. However, there is also a possibility that the 

inconsistency is caused by the insufficient quality of the potential model 

used in the present study. In addition, the hydrogen concentration 

dependence of the binding energy may be significantly dependent on the 

type of GB. Further studies are required to achieve a conclusion.  

 

2.2.2 Effect of GB on hydrogen diffusivity 

Fig. 7 shows the Arrhenius plots for the diffusion coefficient of 

hydrogen in a perfect bcc lattice and in the GB system. In the former system, 

the obtained diffusion coefficients are isotropic and correspond to the 

diffusivity of hydrogen in the bulk (Dbulk). In the latter system, the obtained 

diffusion coefficients are anisotropic and correspond to the effective 
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diffusion coefficients affected by the GB (Deff). For the y and z directions, 

the GB acts only as a trap, namely type 1, and thus, the diffusion 

coefficients (Deff,y, Deff,z) are largely reduced owing to the trapping effect of 

the GB. By contrast, for the x direction, the GB acts as both a trap and a fast 

diffusion path, namely type 2, and thus, the diffusion coefficient (Deff,x) is 

relatively large owing to the contribution of the fast diffusion on the GB. 
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Figure 7. Arrhenius plots of hydrogen diffusion coefficients in a perfect bcc 

lattice (Fe1024H4) and in the GB system (Fe4560H200). 
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2.2.2.1 Hydrogen concentration dependence of type 1 

The diffusion coefficient is also dependent on the hydrogen 

concentration at the GB and thus on the hydrogen concentration in the 

system. The dependency is different between type 1 and type 2. 

Fig. 8 shows Deff,y and Deff,z, which are of type 1, as a function of the 

number of H atoms in the system at 800 K. Deff,y and Deff,z are much lower 

than Dbulk (1.87×10-8 m2/s) because the GB only acts as a trap. In addition, 

Deff,y and Deff,z are almost constant until the number of H atoms reaches 

approximately 100 and then increases almost linearly. This can be explained 

using a model of the effective diffusion coefficient in a defective system 

[22]:  

    ,eff bulk bulk GB GBD D f D f   
 (5) 

1,bulk GBf f 
 (6) 

where fbulk is the fraction of H atoms in the bulk and fGB is the fraction of H 

atoms trapped by GB. DGB is the diffusion coefficient of H atoms trapped by 

GB. The effective diffusion coefficient (Deff) is a weighted sum of the 

contributions of H atoms in the bulk and trapped by GB. In the case of type 

1, the second term on the right side of Eq. (5) is nearly 0 as almost no 

diffusion occurs along the y and z directions if H atoms are trapped by GB 

(DGB ~ 0). Consequently, Eq. (5) can be approximated as 

 ~ .eff bulk bulkD D f
 (7) 

The calculation results of Eq. (7) are given in Fig. 8, which shows the 

same trend as the MD results: Deff is nearly constant when the number of H 

atoms in the system is smaller than approximately 100, and then starts to 
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increase. To sum up, fbulk increases as the number of H atoms increases, 

which makes Deff increase according to Eq. (7). This hydrogen concentration 

dependence of the GB effect is similar to that of the vacancy effect [11]. 

Strictly speaking, there are systematic discrepancies between the 

calculations of Eq. (7) and the MD results in Fig. 8. This would be partly 

due to an error in the approximation of DGB ~ 0 in Eq. (7). Solanki et al. [23] 

found that the binding of H atoms trapped by GBs (<100>, <110>, and 

<111> STGBs) becomes weaker as the site is located farther from the center 

of GBs. This is also observed in Fig. 3. For example, at the distance of 5 Å  

from the GB center, the binding energy decreases to approximately 0.06 eV. 

In our method of estimating fGB, some H atoms that are not deeply trapped at 

the GB are also counted. Although such weakly trapped H atoms may have 

non-negligible diffusion coefficients in the y and z directions, Eq. (7) 

neglects their contributions. This could be one of the reasons why Dbulk× fbulk 

is systematically smaller than the MD results of Deff,y and Deff,z in Fig. 8.  
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Figure 8. Effective diffusion coefficients in the y and z directions 

(Deff,y, Deff,z) and Dbulk×fbulk as a function of the number of H atoms in the 

system at 800 K. 

 

2.2.2.2 Hydrogen concentration dependence of type 2 

For type 2 (x direction), because the migration barrier is low and the 

diffusion becomes one-dimensional along the GB, Deff,x is even larger than 

Dbulk when the hydrogen concentration is small. As the hydrogen 

concentration increases, Deff,x largely decreases as shown in Fig. 9. This is 

opposite to the concentration dependence of type 1 (Deff,y and Deff,z). The 

decrease in Deff,x is accounted for by the blocking effect [24], which means if 

the hydrogen concentration is large, the probability that other H atoms 

occupy the neighboring sites and block some diffusion paths becomes high.  

Owing to the opposite hydrogen concentration dependence of the 

blocking effect and the trapping effect, the anisotropy in effective hydrogen 

diffusivity decreases as the hydrogen concentration increases. For example, 
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at 800 K, Deff,x is approximately 10 times as large as Deff,y and Deff,z in 

Fe4560H10 system, whereas it is only approximately 1.5 times in the 

Fe4560H400 system as shown in Figs. 8 and 9. This means that as the 

hydrogen concentration in the system increases, the GB loses the fast 

diffusion path and thus behaves only as a trap. 

The blocking effect can be expressed with a factor α in Eq. (8), where 

D is the diffusion coefficient along the fast GB path with the blocking effect, 

and D0 is the diffusion coefficient without the blocking effect. Assuming 

that the diffusion on the GB occurs in one dimension, α can be calculated 

using Eq. (9) and Eq. (10) as follows: 

0 ,D D
 (8) 

3 3 3 2 3 1
0 1 2

1 1 1 1 1 1

, 2, ,n m n m n m

n m n m n m

C C C
P P P

C C C

     

     

   

 (9) 

2 1 0

1 1
0 1 ,

2 1

m
P P P

n



    

  (10) 

where n is the number of trapping sites for hydrogen at the GB, and m is the 

number of H atoms trapped by the GB. In one dimension, there are two 

neighboring sites for each H atom. We can estimate the probabilities that 

both sites are empty (P2), one site is empty but the other site is occupied 

(P1), and neither site is empty (P0). In the case of P0, the H atom cannot 

jump to a neighboring site and thus diffusion cannot occur. For P1, only half 

of the jump can occur, and for P2, the jump occurs without the blocking 

effect. Consequently, the factor α, which linearly decreases as m increases, 

is expressed by Eq. (10). Thus, if the number of trapping sites at GB is 

constant and if only one type of trapping site exists on a GB plane, the 

blocking effect decreases linearly as the number of H atoms trapped by GB 



 

 31 

increases.  

To compare the theoretical estimate of the blocking effect with the MD 

results, we have to use DGB,x, which is the x-direction diffusion coefficient 

for H atoms trapped by the GB along the GB, not the effective diffusion 

coefficient (Deff,x). Moreover, the variable m should be the number of H 

atoms trapped by the GB, not the number of H atoms in the system. DGB,x 

can be calculated using the following equation similar to Eq. (5): 

   

 

, ,

,

,

,

.

eff x bulk bulk GB x GB

eff x bulk bulk

GB x

GB

D D f D f

D D f
D

f

   

 


 (11) 

In Fig. 9, DGB,x is shown as a function of the number of H atoms 

trapped by the GB as red triangles, together with Deff,x as a function of the 

number of H atoms in the system as black squares. Because fGB is large and 

less dependent on the number of H atoms in the system as shown in Fig. 5, 

DGB,x and Deff,x show similar trends.  

In Fig. 9, DGB,x does not linearly decrease, which is inconsistent with 

the theoretical model given by Eq. (10). A possible explanation for this 

result is that the GB is composed of several layers, in contrast to the one-

dimensional theoretical model, and that each layer has a different binding 

energy of hydrogen and should have a different activation energy for 

hydrogen diffusion. To describe the blocking effect more accurately, a 

sophisticated model that can better reflect the characteristics of the GB 

structure is required, which is a subject for future work.  
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Figure 9. Effective diffusion coefficient in the x direction (Deff,x) and 

diffusion coefficient at GB in the x direction (DGB,x) at 800 K as a function 

of the number of H atoms in the system and at GB, respectively. 
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2.2.2.3 Activation energy for hydrogen diffusion on GB 

The activation energy (Ea) of hydrogen diffusion along the fast 

diffusion direction on the GB in the Fe4560H20 system was calculated using 

two methods: (1) the Arrhenius plot of DGB,x determined by the MD 

simulation and (2) the NEB method [18]. The blocking effect is negligible 

because the hydrogen concentration is low. In the latter method, Ea was 

calculated with several volumes equilibrated at different temperatures. As an 

example, Fig. 10 shows the stable position of H atom trapped by the GB and 

the transition state of the migration of the trapped H atom in the case of 0 K 

volume. Similar stable positions and transition states were also obtained 

with the volumes of 600 K, 800 K and 1000 K.   

Fig. 11 shows a comparison of the MD and NEB calculation results. 

Here, we only consider the volume expansion as the effect of temperature in 

the NEB method. The result of the NEB method with 0 K volume is 

different from the MD result by approximately 0.05 eV. However, because 

Ea determined by NEB largely decreases as the temperature increases, the 

two results become comparable at 800–1000 K. This suggests that the 

activation energy of hydrogen diffusion at the Σ19b GB is not constant but 

is influenced by temperature due to the thermal expansion. This result 

indicates that, when Ea is calculated using the NEB method for a GB, the 

volume dependence of the calculated Ea values should be taken into 

consideration. 



 

 34 

 

Figure 10. Stable position of H atom trapped by GB and migration path on 

GB in the x direction for the case of 0 K volume. (a) View from the x 

direction and (b) view from the y direction. Fe atoms are indicated as blue 

spheres, the stable positions of H atom are indicated as red spheres, and the 

transition state of the migration of H atom is indicated as a yellow sphere. 
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Figure 11. Activation energy (Ea) for the diffusion of H atom trapped by GB 

in the x direction calculated using MD and the NEB method with volumes 

equilibrated at different temperatures. 
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Chapter 3. Diffusion coefficient error 

analysis in MD simulation 

 

 

3.1. Method 

3.1.1 MD simulation 

MD simulations were performed by using the LAMMPS code. One 

interstitial H or C atom was inserted in 6x6x6 bcc Fe and periodic boundary 

condition was applied. An embedded atom method (EAM) potential 

developed by Kimizuka et al. [25] and by Lau et al. [26] was used which are 

parameterized for Fe-H and Fe-C system, respectively. The former potential 

model developed by Kimizuka et al. can nicely reproduce and describe the 

diffusion behavior of interstitial H in bcc Fe compared to the data of density 

functional theory (DFT) [25], and the latter potential model can be applied 

in Fe-C alloy for any C concentration [26]. 

For FeH system, one H atom was initially placed at the tetrahedral site, 

which is known to be the most stable site in bcc-Fe [9] and also results in 

the lowest energy with this potential model. A time step was 0.5 fs, and the 

position of H atom was recorded every 10 time steps. First, we set the 

system temperature as 200, 300, 400, 500, 600, and 700 K and then used 

NPT ensemble to equilibrate the system. After the equilibration run for 50 

ps, a production run for 199.5 ns was performed with NVT ensemble for the 

MSD calculation.  
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For FeC system, one C atom was initially placed at the octahedral site, 

which is known to be the most stable site in bcc-Fe [27]. A time step was 1 

fs, and trajectory of C atom was obtained every 10 time steps. Simulations 

were performed at 700, 800, 900, and 1000 K for Fe-C system. An 

equilibration run was conducted for 100 ps with NPT ensemble, and a 

production run for MSD calculation was performed for 999 ns with NVT 

ensemble. 

 

3.1.2 MSD calculation methods in MD 

Self diffusion coefficient can be related with the MSD as a function of 

time. The slope of the MSD(t) graph is proportional to the diffusion 

coefficient of an atom like below equation, 

1 ( )
lim ,

2 t

MSD t
D

d t 




      (12) 

 
2

1 0

1

1
( ) ( ) ( ) ,

N

i i

i

MSD t r t r t
N 

  
   (13) 

where d is the dimensionality of a system, N is the number of atoms to be 

averaged, MSD(Δt) is the mean square displacement during Δt, and 

1 0( ) ( )i ir t r t
 is the displacement of an i-th atom from time t0 to t1. 

Since our system only contains 1 H or 1 C atom, the slope of the 

MSD(t) graph has large statistical error due to the small sampling number. 

To increase the sampling number, we divided our data into blocks and 

considered initial points of each block t0. In Ref. [12], it is suggested that the 

separation length between time origins of two consecutive blocks should be 

larger than the fitting window length to exclude the correlation of data 
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which causes a bias of the MSD(t). Thus, in the present study, we set the 

separation length of time origins (t0) between two consecutive blocks same 

as fitting window length as shown in Fig. 12. The total simulation length for 

H and C atom is 39900000 and 99900000 time steps, which corresponds to 

199.5 ns and 999 ns, respectively. Therefore, the sampling number is total 

simulation length over fitting window length. 

 

 

Figure 12. Schematic drawing of sampling method, for example. The total 

simulation length is divided into 5 blocks and t1-t0 is fitting window length. 

The separation length indicates the length between time origins of two 

consecutive blocks (from t0 to consecutive t0). 
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3.1.2.1 Normal method 

This normal method is a typical way of calculating MSD(t) from MD 

simulation. From MD results, the position of an interstitial atom can be 

obtained and with this data, we can calculate the mean square displacement. 

From this method, we can observe non-linear part of MSD(t) at small time 

steps. We assume that this non-linearity is due to vibration of atom, and 

correlated jumps. 

 

3.1.2.2 Wigner-Seitz cell method 

Wigner-Seitz cell (WS cell) method is introduced in calculating the 

MSD(t) to get rid of the vibration effect. First, we create Wigner-Seitz cells 

whose center is positioned at the stable interstitial sites (tetrahedral site for 

H atom, and octahedral site for C atom) in bcc Fe. Then, we relocate an 

interstitial atom to the center of the Wigner-Seitz cell that it belongs to. 

However, when correlated jump frequently occurs, this correlated jump 

can overestimate the square displacement than the normal one, because the 

actual correlated jump may not reach the center of the neighboring WS cell, 

but slightly go over the boundary of the original WS cell like the case shown 

in Fig. 13. Thus, the actual displacement can be smaller than the 

displacement measured by WS cell method.   

 

3.1.2.3 Cutoff method 

The weak point of WS cell method is that the jump affected by its 

previous jump, namely correlated jump, can overestimate or underestimate 

the MSD. Correlated jumps can divided into two types; negative correlated 

jumps and positive correlated jumps. When the negative correlated jump 
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happens, the fraction of jump returning to its original position is larger than 

jumps to other neighboring sites and thus reduces the MSD compared to the 

case of complete random jump. When the positive correlated jump happens, 

the fraction of jumps that instantly jump to another interstitial site after a 

first jump increases compared to the complete random jump motion. A 

correlated jump happens near the transition state, before an atom reaches the 

exact stable interstitial site and has shorter waiting time for jumps than 

normal random jumps. In case of negative correlated jump, which instantly 

returns to its previous position, correlated jump can be perceived as two 

independent random jumps in WS cell method. Therefore, to exclude this 

correlated jump effect in WS cell method, we introduce cutoff method. In 

this method, we set a cutoff radius not to count correlated jumps that happen 

only near the boundary of WS cell. We assign interstitial atom that is within 

the cutoff radius to the center of WS cell, and for an atom that is not located 

in the cutoff radius, we calculate the duration of the time that atom does not 

located inside the cutoff radius and divide it into 2. Then we assign the first 

half of the time into the initial position, and last half to the position where 

the atom jumps. 

The schematic drawing of the pathway of jump for each method is 

shown in Fig. 13. For normal method, we calculate the real displacement of 

an atom, and it corresponds to the black dotted line in Fig. 13. For the WS 

cell method, since we assign an atom to the center of the WS cell, the jump 

happens from the original cell to the neighboring cell and then returns to its 

original cell. For cutoff method, since the pathway is not within the cutoff 

radius in the neighboring cell, it is considered as no jump happens during 

this pathway.  
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Figure 13. Schematic drawing of the real jump path, jump in the WS cell 

method, and cutoff radius method. 
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3.2. Results 

3.2.1 Comparison of D calculated by different methods in MD 

simulation 

The relationship between the MSD and time (t) is shown in Fig. 14 for 

H and C atom in Fe. In normal method, the MSD(t) graph has some 

fluctuation until approximately 0.1 ps for H atom and even longer for C 

atom. This phenomenon happens even though we increase the sample 

number to reduce the statistical error. Usually, this fluctuation happens in 

many other systems and it is one of the factors that makes an error in 

quantifying the diffusion coefficient (D) by its slope. In this study, we 

analyze the reason for this fluctuation with two effects: vibration effect and 

correlated jump effect.  

First, to remove the vibration effect, we introduce the WS cell method 

in calculating the MSD(t). Even though this WS cell method can remove the 

vibration effect, it produces quite overestimated MSD(t) due to the 

correlated jump as explained in Sec. 3.1.2.2. Therefore, we introduce 

another method, the cutoff method as explained in Sec. 3.1.2.3.  
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Figure 14. MD simulation results of MSD(t) with the normal, WS cell, and 

cutoff methods in (a) FeH at 300 K, and (b) FeC at 800 K. 
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3.2.2 WS cell method 

In the WS cell method, the fluctuation decreases for both FeH and FeC 

case, but it still has a non-linearity at short time. Strictly speaking, the slope 

of MSD(t) with the WS cell method is steeper at short time and then 

converges to a linear slope. This is caused by the negative correlated jump.  

For this method, until an atom does one jump trial, the MSD(t) is not 

reduced because of the negative correlated jump, but is reduced after an 

atom does at least two jump trials. This is because the negative correlated 

jump which returns to its original cell position does not happen with only 

one jump trial. Therefore, until one jump happens, the initial slope is equal 

to the slope when no correlated jump happens, and after one jump happens, 

the slope decreases as the correlated jump happens. It can be verified with 

Monte Carlo Simulation. The details are explained in Sec. 3.2.5. 

To validate our discussion that the negative correlated jump happens, 

we check the fraction of jumps that return to its original position, and jumps 

to the 2nd and 4th neighboring via the 1st neighboring interstitial site as a 

function of the waiting time for jump. The waiting time for jump is defined 

as a time to jump and categorized into the waiting time for jump of 

returning, 2nd, and 4th neighboring jumps. Then, type 1 is a jump that 

returns to its original position, type 2 is a jump that goes to the 2nd 

neighboring sites with reference to the initial position of an atom via a first 

jump, and type 3 is a jump that goes to the 4th neighboring sites. The 

category of jumps are shown in Fig. 15. To evaluate whether the negative 

correlated jump happens, we subtract the fraction of type 2 and type 3 from 

type 1 for each waiting time. The results of this fraction of (type 1-type 2-

type 3) from MD simulation is shown in Fig. 16, and a peak at a short 

waiting time for jump is observed.  
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Figure 15. Schematic drawing of the T-sites and possible paths for 

correlated jumps. Black circle indicates the initial position of interstitial 

atom and red circle indicates the position after a first jump. The returning 

jump is a jump from red to black (type 1), 2nd neighboring jump is a jump 

from red to yellow (type 2), and 4th neighboring jump is a jump from red to 

green (type 3). The criterion referred to as returning, 2nd, and 4th 

neighboring is based on a black circle which is an initial position of an 

interstitial atom. 

 

0



 

 45 

0.0 0.1 0.2 0.3

-0.0002

0.0000

0.0002

0.0004 300 K, WS cell
F

ra
c
ti
o

n
 (

ty
p

e
1

-t
y
p

e
2

-t
y
p

e
3

)

Waiting time (ps)

 (type1-type2-type3)

0.0 0.1 0.2 0.3

-0.003

-0.002

-0.001

0.000

0.001

0.002

600 K, WS cell

F
ra

c
ti
o

n
 (

ty
p

e
1

-t
y
p

e
2

-t
y
p

e
3

)

Waiting time (ps)

 (type1-type2-type3)

0.0 0.2 0.4 0.6

0.0E+00

5.0E-06

1.0E-05

1.5E-05

2.0E-05

FeC, 800K, WS cell

F
ra

c
ti
o
n
 (

ty
p

e
1
-t

y
p
e

2
-t

y
p
e
3

)

Waiting time (ps)

 (type1-type2-type3)

0.0 0.2 0.4 0.6

0.0E+00

4.0E-05

8.0E-05

1.2E-04
FeC, 1000K, WS cell

F
ra

c
ti
o

n
 (

ty
p

e
1

-t
y
p

e
2

-t
y
p

e
3

)

Waiting time (ps)

 (type1-type2-type3)

 

Figure 16. MD results of jump fractions of (type 1-type 2-type 3) as a 

function of waiting time for jump in WS cell method; (a) FeH at 300 K, (b) 

FeH at 600 K, (c) FeC at 800 K, (d) FeC at 1000 K. 
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Theoretically, if there is no correlated jump, the probabilities that an 

atom after a first jump goes to its 1st neighboring sites are equal for all 4 

possible sites. This is because there is no configurational correlation for an 

interstitial atom. The type 3, which is a jump to the 4th neighboring site, has 

two cases over 4 possible cases as shown in Fig. 15. The type 2 and type 1, 

which is a jump to the 2nd neighboring site and a jump that returns, has one 

case, respectively. In addition, the waiting time is proportional to the 

number of jump trials (n) assuming that the jump trial frequency is a 

constant. Therefore, the fraction of (type 1-type 2-type 3) is -2P(n), where 

P(n) indicates the probability that a jump finally succeed at n jump trial, but 

a jump does not happen until n-1 trials. P(n) can be expressed like in Eq. 

(14): 

1( ) (1 ) ( )S S

nP n P P  
   (14) 

where PS indicates the jump success probability and the graph of Eq. (14) is 

shown in Fig. 17 when PS is equal to 0.1, and 0.2, respectively. The value of 

-2P(n) gradually increases not showing a peak, and for high PS, the slope is 

steeper at the beginning. Thus, comparing with Fig. 17, the peak in Fig. 16 

indicates that the negative correlated jump happens at short waiting time. 

Also, it is shown that the slope at 600 K is steeper because PS is large at 

high temperature.  
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Figure 17. Theoretical probability of jump fraction when correlated jump 

does not occur. Low jump success probability (PS=0.1) and high jump 

success probability (PS=0.2) are tested. 

 

3.2.3 Diffusion coefficient 

Diffusion coefficient (D) is calculated by two methods with Eqs. (12), 

and (13) using two points. First, we fix the initial point as time 0, and by 

changing t, we obtain D by the slope of two points, and it is notated as Dini. 

Second, we fix the final point as time step 300, and by changing the initial 

point (t0, r(t0)), we obtain D, and it is notated as Dfin. An example for this 

two methods is shown in Fig. 18, and the results of D calculated by these 

methods are shown in Fig. 19.  
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Figure 18. An example of calculating diffusion coefficient (D) by fixing 

initial point (Dini) or final point (Dfin). 
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Figure 19. Diffusion coefficient calculated by fixing the initial point (Dini) 

and fixing the final point (Dfin) in (a) FeH at 300 K and (b) FeC at 800 K. 
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Dini obtained by the normal method has poor accuracy at the beginning 

due to its non-linearity in MSD(t) graph. Dini obtained by the WS cell 

method is little overestimated at the beginning but it is smaller than the 

normal method. The overestimation in Dini obtained by the WS cell method 

is due to the initial curve region, which is caused by the negative correlated 

jumps. Dini obtained by WS cell method converges faster than by the normal 

method, since the fluctuation caused by vibration is removed in the WS cell 

method. In the case of Dini obtained by the cutoff method, high accuracy is 

obtained even with short time, because the cutoff method effectively remove 

both the negative correlated jump effect and vibration effect, which causes 

the non-linearity in MSD-time graph at the beginning. In the case of 

methods that fix the final point, Dfin obtained by the normal and WS cell 

method have higher precision than Dini, since the non-linearity of MSD-time 

graph happens at the beginning so the error due to this non-linearity does 

not affect in the short time in Dfin. In the case of the cutoff method, Dini 

needs some time to converge, and this is also true for Dfin. This means that D 

calculated with too small fitting window length can cause some error 

because of the statistical error. For FeC case, since the jump less happens 

than FeH case, the contribution of the vibration effect to the total MSD is 

large, and thus the WS cell and the cutoff method are more effective in 

reducing the error of diffusion coefficient by removing the vibration effect.  

 

3.2.4 The factor that affects the correlation factor 

 

Correlation factor f can be calculated by the ratio of the jump frequency 

in the cutoff method to the jump frequency in the WS cell method like in Eq. 

(15): 
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, , ,jump cutoff jump WSv fv
      (15) 

where νjump,cutoff is the jump frequency calculated by the cutoff method, and 

νjump,WS is the jump frequency calculated by the WS method of MD 

simulation. νjump can be calculated with the total jump number over the total 

simulation time. 

Fig. 20 shows the temperature dependence on correlation factor f. As 

temperature increases, the correlation factor decreases, which means that the 

fraction of the negative correlated jump increases. For H in Fe case, the 

temperature dependence is significant, while for C in Fe case, the 

correlation factor is less sensitive to the temperature. 
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Figure 20. Temperature dependence on correlation factor in (a) FeH, and (b) 

FeC cases. 
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3.2.5 Kinetic Monte Carlo simulation 

The Kinetic Monte Carlo (KMC) simulation can stochastically describe 

the atomic diffusion not resolving the details of atomic vibration but only 

considering a state-to-state jump [29]. With KMC method, we simulate a 

similar situation with the WS cell method and cutoff method, and for 

simplicity, we only consider 1-dimensional case because even with 1-

dimensional case, we can check the negative and positive correlated jumps. 

In addition, the vibration effect is not considered. 

 

3.2.5.1 Random jump without correlated jump 

If no correlated jump happens, every jump has a same probability to 

jump left or right irrespective of its previous jump. A random number 

between 0≤x1<1 was generated for each trial, and if x is smaller than jump 

success probability (PS), a jump succeed and move by a distance between 

the first neighboring tetrahedral sites. If x is equal to or larger than PS, jump 

does not occur. Here, we set PS as 0.02. The computational process is shown 

in Fig. 21, and this is marked as process 1. 
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Figure 21. Computational process of KMC simulation in no-vibration, 

without correlated jump case (process 1). 

 

 

3.2.5.2 Random jump with negative correlated jump (process 2) 

A negative correlated jump in MC simulation can be modeled as 

follows and this is called process 2. When the negative correlated jump 

happens, the next jump trial always succeed and jumps to the opposite 

direction from the previous jump and this means correlated jump returns to 

its original position. The fraction of negative correlated jump affects the 

diffusion coefficient and can be expressed like in Eq. (16) with correlation 

factor f, 

21
, 

6
jumpD fv d

        (16) 

0 1,f 
       (17) 

where νjump is the jump frequency and d is the jump distance. Eq. (16) means 

that (1-f) fraction of jumps are negative correlated jumps and they return to 

its original position in their following jump rather than doing a random 

jump. We set f as 0.6, and thus 40 % of jumps are negative correlated jumps. 
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The computational process is shown in Fig. 22(b). 

 

 

 

 

Figure 22. The KMC simulation in no-vibration, with negative correlated 

jump case (process 2). (a) An example of the negative correlated jump in 

KMC simulation, and (b) computational process of KMC simulation. This 

corresponds to the WS cell method in MD simulation. 
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3.2.5.3 Random jump with negative correlated jump only with waiting 

time effect (process 3) 

A negative correlated jump that only affects waiting time for jump is 

simulated with the process that is shown in Fig. 23(b) and this is called 

process 3. In this case, a negative correlated jump happens, but the 

correlated jump is not counted as two jumps (jump and then return) because 

the correlated jump instantly returns to its original position. Therefore, it 

seems the interstitial atom does not move until the negative correlated jump 

ends. This only makes the waiting time for a jump longer. This process can 

be related with the cutoff method in MD simulation because the cutoff 

method also does not count the negative correlated jumps that happen 

around the boundary of the WS cell. 
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Figure 23. Computational process of KMC simulation in no-vibration, with 

negative correlated jump that affect only waiting time for jump. Because the 

negative correlated jump instantly returns to its original position, it seems 

like jump does not occur, but the average waiting time for jump becomes 

longer. (a) An example of the negative correlated jump that affect only 

waiting time for jump in KMC simulation, and (b) computational process of 

KMC simulation. This corresponds to the cutoff method in MD simulation. 
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The results of the KMC simulation without correlated jump effect 

(process 1), with negative correlated jump effect (process 2), and with 

negative correlated jump that only affects waiting time for jump (process 3) 

is shown in Fig. 24. Comparing the process 1 and the processes 2, 3, it is 

obvious that the correlation factor makes the slope decreases. Additionally, 

in the case of process 2, the initial slope is same with the results of process 1 

until the number of jump trial is 1, and then the slope changes with the 

correlation factor of f=0.6. This is because the negative correlated jump can 

happen after at least one jump happens and until one jump trial, there is no 

possibility for a jump happen. Therefore, at least one jump trial is needed to 

observe the correlated jump effect in process 2. For the same reason, in the 

WS cell method by MD simulation, the slope of the MSD(t) graph have a 

steeper slope at the beginning, and this is due to the negative correlated 

jump effect. On the other hand, in the case of process 3, the MSD(t) graph 

shows linearity from the beginning and this is the same trend with the cutoff 

method in MD simulation. Therefore, the cutoff method can reduce the error 

of the diffusion coefficient even with small time steps. 
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Figure 24. KMC simulation results without correlated jump effect (process 

1; black line), with negative correlated jumps (process 2; red line), and with 

negative correlated jumps only with longer waiting time effect (process 3; 

blue line). 
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Chapter 4. Summary and Conclusion 

 

 

The effect of the GB on hydrogen diffusivity and solubility in bcc-Fe 

was investigated using an MD simulation for the symmetric tilt Σ19b, <111> 

46.8˚, {5 -3 -2} GB. As for solubility, the binding energy dependence on the 

number of H atoms trapped by the GB was investigated. It was found that 

the binding energy of H atoms trapped by the GB is weakly dependent on 

the hydrogen concentration at the GB up to a relatively large hydrogen 

concentration in the case of the Ʃ19b GB. This is due to various hydrogen 

trapping sites distributed over several layers around the GB.  

In regards of the influence of GBs on hydrogen diffusivity, it was 

found that the GB induces an anisotropy and the effective diffusion 

coefficient in each direction shows a characteristic trend as the hydrogen 

concentration at the GB increases. The GB not only acted as a trap but also 

as a fast diffusion path along the GB. For type 1, which is the hydrogen 

diffusion direction that is trapped by the GB, the effective diffusion 

coefficient is low and increases as the hydrogen concentration in the system 

increases. This is due to the increase in the hydrogen fraction in bulk where 

the hydrogen can diffuse fast. On the contrary, in the case of type 2, which is 

the diffusion direction that the GB acts not only as a trap but also provides a 

fast diffusion path, the effective diffusion coefficient is relatively high due 

to its low migration barrier along the GB and decreases as the hydrogen 

concentration in the system increased. This could be explained by the 

blocking effect. The blocking effect increases as the number of trapped H 

atoms increases. However, unlike the theoretical calculation, the blocking 

effect increases non-linearly since hydrogen trapping sites are distributed 
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over several layers around the GB and these layers have different binding 

energies and diffusion barriers for hydrogen. 

The acquired characteristics of the GB and established methods of 

calculating hydrogen solubility and diffusivity in bcc-Fe can be used in 

future work for establishing a thermodynamic model. Binding energy of H 

atom at GB and the number of trapping sites calculated in this study can be 

used to calculate the free energy. Fraction of H atoms at GB can be 

determined by minimizing the free energy term, and then the results of 

previous fraction of H atoms at GB can be compared with the value from 

future thermodynamic model. Moreover, the effective diffusion coefficient 

can also be calculated with the fraction of H atoms at GB. However, there 

can be an error in the value of diffusion coefficient of H atom in bulk and at 

GB. Thus, to get more sophisticated results from the thermodynamic model, 

we need more accurate diffusion coefficient calculated by MD simulation. 

For this reason, we analyzed the cause of the error that cannot be removed 

by increasing statistical accuracy. The analysis revealed that this intrinsic 

error is due to vibration effect and negative correlated jump effect. We 

introduced some methods, which are notated as the Wigner-Seitz cell (WS 

cell) method and the cutoff method, to exclude these effects in MD 

simulation.  

To remove the vibration effect, the WS cell method was introduced. 

This method can nicely remove the vibration effect, but the negative 

correlated jump happens, and due to the negative correlated jump, the 

MSD(t) graph still has a non-linearity at the beginning. To overcome the 

overestimation caused by the negative correlated jump effect, we introduced 

the cutoff method. With this method, the MSD(t) becomes linear and thus 

the diffusion coefficient can be accurately calculated in a shorter fitting 

window length, thus a smaller number of data than with the normal method. 
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In addition, the correlation factor that indicates the fraction of negative 

correlated jump was found to be affected by temperature. When temperature 

increased, the fraction of negative correlated jump increased. Moreover, the 

sensitivity of the correlation factor to temperature was significant for 

hydrogen.  

Moreover, KMC simulation was used to validate our results and 

discussions of the WS cell method and the cutoff method by performing 

similar jump events. The vibration effect was not considered in the KMC 

simulation, and the negative correlated jump effect was tested with two 

cases which correspond to the WS cell method and the cutoff method; one 

was that the negative correlated jump affects the jump number, and the other 

was that the negative correlated jump does not affect the jump number, but 

only affects the waiting time for jump. The results of the MSD(t) obtained 

by KMC simulation showed similar trends with MD results obtained by the 

WS cell method and the cutoff method.  
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국문 초록 

 

 

삼중 수소는 핵융합로의 주요 원료 중 하나이다. 그러나 삼중 

수소가 구조재에 침투하여 축적되면 재료는 부서지기 쉬워진다. 

이러한 현상을 hydrogen embrittlement 라고 한다. 이 연구에서는 

reduced activation ferritic/martensitic (RAFM) steel의 기본 재료인 bcc-

Fe에 초점을 맞춘다. Perfect bcc-Fe 내에서 수소 원자는 수소 분자

보다 불안정하기 때문에 수소는 물질에 쉽게 용해될 수 없다. 하

지만 재료 내에 결함이 존재하면, 수소 원자는 안정화되어 결함 

근처에 포획된다. 수소 원자의 확산도에 관해서는, 결함은 수소 원

자의 확산 에너지 장벽을 증가시킨다. 따라서, 일단 수소 원자가 

결함 근처에 포획되면, 확산되기가 어렵다. 몇 가지 결함 중에서 

결정립계는 수소의 거동에 중요한 영향을 미치지만 그 영향은 구

조적 복잡성으로 인해 명확하게 밝혀지지 않았다. 따라서, 본 연구

에서는 Σ19b, <111> 46.8˚, {5 -3 -2} 경사 대칭 결정립계를 

가지고 분자 동역학 시뮬레이션을 통해 bcc-Fe에서 결정립계가 수

소의 용해도 및 확산도에 미치는 영향을 알아본다. 

수소 원자는 결정립계 주변에 포획되고 결정립계에서 수소의 

결합 에너지는 결정립계에서의 수소 농도에 약하게 의존하는 것으

로 밝혀졌다. 결정립계에서의 수소의 확산도에 대해서는, 고속 또

는 저속 확산 경로가 존재하는데 이것은 결정립계에서 밀집된 방

향 또는 열린 공간으로의 방향과 관련이 있다. 이는 결정립계의 

특별한 원자 구조로 인해 확산 이방성을 만들고 결정립계가 트랩
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으로 작용할 뿐만 아니라 결정립계를 따라 빠른 확산 경로를 제공

한다는 것을 의미한다. 결정립계가 트랩 역할을 하는 방향에서 수

소의 유효 확산 계수는 수소 농도가 증가함에 따라 증가한다. 이

것은 결정립계에 의한 trapping 효과로 설명할 수 있다. 반면에, 결

정립계가 확산 경로를 제공하는 열린 공간의 방향에서, 수소 농도

의 증가는 유효 확산 계수의 감소로 이어진다. 이러한 의존성은 

결정립계에 대한 blocking 효과로 설명할 수 있다. 이러한 결과를 

토대로 수소 거동에 대한 결정립계의 영향을 열역학적 모델로 모

델링할 수 있다. 

그러나 수소 확산도에 대한 열역학적 모델을 수립하기 위해서

는 열역학적 모델에 의해 계산되는 유효 확산 계수의 오차를 줄이

기 위해 보다 정확한 확산 계수가 필요하다. 그에 따라, 우리는 아

인슈타인 확산 방정식에 의해 얻어진 확산 계수의 오차 원인을 분

석하였고 수소와 탄소 불순물의 확산을 예로 연구하였다. 분자 동

역학 시뮬레이션의 통계적 오차는 샘플링 수를 증가시킴으로써 줄

일 수 있지만 샘플링 수를 무한히 증가시켜도 평균 제곱 변위가 

시간에 대해 완전히 선형적으로 나타나지 않는다는 것이 알려져 

있다. 본 연구에서는 초기의 비선형성이 나타나는 이유가 vibration 

효과, negative correlated jump 효과 때문인 것으로 나타났다. 그리고 

negative correlated jump의 비율은 온도에 따라 달라지는 것을 보였

다. 우리는 비선형성을 만드는 요소들을 줄이고 시간에 따른 평균 

제곱 변위 그래프를 선형으로 만드는 효과적인 방법을 제안하고 

이는 확산 계수를 보다 정확하게 계산할 수 있도록 한다.   
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