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Abstract 

Despite extensive investigations, the distribution of hydrogen around a stress 

singularity field is not well understood. In this study, we conducted molecular statics 

(MS) analyses of the hydrogen-trap energy around a (112)[111] edge dislocation in 

alpha iron. The distribution of hydrogen in crystals is generally assumed to be 

dominated by hydrostatic stress. However, the MS results indicate that the 

hydrogen-trap energy is sensitive to shear stress as well as hydrostatic stress, thus 

indicating that strong trap sites are distributed across a wide range on the slip plane 

around the dislocation core. We also performed molecular dynamics simulation of 
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hydrogen diffusion, and revealed the anisotropic diffusion behaviour of hydrogen 

around the dislocation core.  

 

 

1. Introduction 

In order to ensure the safe use of hydrogen as an energy medium and source, 

there is a pressing need to establish the technologies needed for generating, transporting 

and storing hydrogen. Hydrogen embrittlement is a well-known phenomenon where 

hydrogen lowers the strength of materials. Despite extensive investigations for over a 

century, the role of hydrogen in materials remains unclear.  

A well-known effect of hydrogen on mechanical properties is the reduction in 

ductility [1]. Hence, the interactions between dislocations and hydrogen atoms have 

been considered as an important factor in understanding the hydrogen embrittlement 

process [2-6]. In order to reveal the fundamental effects of hydrogen on dislocation 

activity, it is necessary to obtain precise estimates of local distribution and the 

concentration of hydrogen around a dislocation. 

Measurements of hydrogen in metals have been performed recently by 

secondary ion mass spectroscopy (SIMS), hydrogen microprint technique (HMPT) or 

thermal desorption analysis (TDA) [7]. However, because of high diffusivity and 

extremely low concentration of hydrogen, identification of hydrogen distribution in 

metals, and in particular, the estimation of hydrogen occupation sites around a stress 

singularity field (i.e. crack-tip and dislocations) is difficult. To address this problem, a 

numerical analysis is considered to be the most effective method [4, 8-10]. Since the 

interstitial hydrogen atoms dilate the crystal lattice, they are assumed to interact with 
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hydrostatic stress. Hence, the previous analyses assumed that the hydrogen distribution 

follows the hydrostatic stress distribution, and that the gradient of hydrostatic stress acts 

as a driving force for hydrogen diffusion. Moreover, most analyses were based on 

continuum theory of elasticity; therefore, they did not take the dislocation core structure 

into consideration. To further understand the hydrogen distribution and diffusion around 

dislocations, an analysis based on atomistic model is considered to be effective. 

In this study, the hydrogen distribution around an (112)[111] edge dislocation 

in alpha iron is investigated using an atomistic model. In general, alpha iron has 

(110)[111] and (112)[111] main slip systems. Bastien et al. experimentally determined 

that the (112) slip plane only shows distortion in the presence of hydrogen, and the 

materials without the (112) activated slip were reported to be insensitive to hydrogen 

[11]. Therefore, this study deals with edge dislocation on a (112) plane. The material 

chosen for this study is alpha iron because pure-iron was also reported to be sensitive to 

hydrogen [12, 13], and its alloys (such as carbon steel and stainless steels) are expected 

to serve as hydrogen storage and piping components due to their low costs. 

 

2. Analytical 

2.1 Analysis model 

The crystallographic orientation of the analysis model is shown in Fig. 1. The 

slip occurs on the (112) plane, and the slip direction [111] was set along the x axis. 

Periodic boundary conditions were applied along the x and z axes. In order to introduce 

an edge dislocation, an atomic plane shown in Fig. 1 was removed, and then the 

relaxation of atomic structure was performed by the conjugate gradient (CG) method. 

During the structural relaxation process, the movement of atoms along the y axis was 
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fixed and then compression was applied along the x axis in order to fill the removed 

plane. After that, the unit cell size and the atomic positions were relaxed until the x axis 

stress ( xx) decreased sufficiently. The analysis system contains 8,054 iron atoms, and 

the dimensions of the unit cell are 11.05, 4.91 and 2.02 nm along the x, y and z axes, 

respectively. In this system, the dislocation density is approximately 0.018 nm−2. Three 

atomic layers at the top and bottom of the unit cell were considered as boundary layers 

and fixed. 

 

2.2 Interatomic potential 

Analytical results obtained by atomistic simulation are strongly influenced by 

the characteristics of interatomic potential; therefore, the choice of the interatomic 

potential that determines the atomic interaction is extremely important. Recently, the 

embedded atom method (EAM) potential developed by Ruda et al. [14], the Morse-type 

potential developed by Hu et al. [15] and the EAM potential developed by Wen et al. 

[16] have been proposed to express the iron and hydrogen (Fe–H) system. In this paper, 

 

Fig. 1 Simulation model and coordinate system: The (112)[111] edge dislocation was 

introduced on the xz plane. 
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EAM potential developed by Wen et al. was adopted. The interaction between Fe–Fe 

was described using the EAM potential developed by Johnson and Oh [17]. The Fe–H 

interaction was expressed using a Morse-type function, and the H–H interaction was 

described using the EAM potential developed by Baskes et al. [18, 19]. The EAM 

potential developed by Wen et al. was found to be the most reliable, because it 

accurately represents the material constants (e.g. heat of solution, elastic constants and 

stacking fault energy) [20]. 

2.3 Hydrogen occupation sites at the initial state  

There are two types of hydrogen occupation sites within the undeformed bcc 

lattice as shown in Fig. 2. One is the tetrahedral site (T site) and the other is the 

octahedral site (O site). Both occupation sites have an anisotropic geometry illustrated 

in Fig. 2 (a) and (b). The T site is the more stable occupation site for a hydrogen atom in 

most bcc metals [21]. However, it was reported that the O site becomes more stable 

under the monoaxial tensile condition for bcc-structured metal [22]. Here we are dealing 

with the disordered crystalline region near the dislocation core, and therefore, a 

hydrogen atom within both T and O sites is taken into consideration. Here, T sites 

within the perfect bcc lattice correspond to the vertices of a Voronoi polyhedron, as 

shown in Fig. 2(c). Moreover, the O sites are located at the center of square on the 

polyhedron surfaces. Using these rules, hydrogen occupation sites were estimated under 

lattice distortion conditions. Although, these sites do not exactly correspond to the T and 

O sites in the significantly distorted lattice, for convenience, we will hereafter refer to 

these sites as T and O sites, respectively. 
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Fig. 2 Hydrogen occupation sites in a bcc lattice: (a) Geometry of the T site. Here, lT 

is the distance between the neighbouring atoms and al 45T , where a is the 

lattice constant. (b) Geometry of the O site. al 21O1 and al 22O2 . (c) T 

sites correspond to the vertices of a Voronoi polyhedron and O sites are located at the 

center of the squares on the polyhedron surfaces. 

 

3. Results and discussion 

3.1 Atomistic structure of the dislocation 

The atomic configuration around the dislocation core after the relaxation is 

shown in Fig. 3. The crystalline structure was detected using common neighbor analysis 

(CNA) [23]. In this figure, bcc-structured atoms are shown as white and the others as 

black points. According to the molecular dynamics (MD) study for alpha iron using the 

Finnis-Sinclair (FS) potential [24], the (112)[111] edge dislocation core was reported to 

have a width of about 4b, where b is Burger’s vector [25]. The atomistic structure of the 

edge dislocation in this analysis also has a width of about 4b along the negative x axis, 

pointing from the initial dislocation-core position. Here we consider the crystalline 

disordered region, denoted by the black dotted circle in Fig. 3, as the dislocation core. 

Distribution of hydrostatic ( h) and shear stresses ( xy) around the edge 

dislocation, which were exerted on each atom, obtained by the CG method, are shown 
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in Fig. 4 (a) and (b), respectively. The illustrated regions here are the same as those in 

Fig. 3. These distributions are in good agreement with the results obtained from the 

theory of elasticity [26].  

 

Fig. 3 Atomistic structure around the (112)[111] edge dislocation: white points 

correspond to bcc structure and black to non-bcc structures. 

 

 

(a) Hydrostatic stress ( h). 

 

(b) Shear stress ( xy). 

Fig. 4 Stress distributions around the (112)[111] edge dislocation. 
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3.2. Distribution of hydrogen-trap energy around the edge dislocation 

A hydrogen atom was introduced into each T and O sites detected by Voronoi 

tessellation. The positions of the Fe and H atoms were then relaxed to minimize the total 

potential energy by the CG method. The hydrogen-trap energy at each occupation site is 

shown in Fig. 5. The estimated region shown here is the same as that shown in Fig. 3. 

Here, the hydrogen-trap energy, Ed(r), at the hydrogen occupation site r, is calculated 

using the following equation:  

T
H2dHd,d 2

1 HΦΦΦE rr ,   (1) 

where, d, H(r) is the potential energy of the system with a hydrogen atom at a trap site 

located at r. d is the potential energy of the system without hydrogen,  is the 

potential energy of the hydrogen molecule and HT is the heat of solution of the 

hydrogen atom on the T site in the alpha iron lattice, with value equal to 0.45 × 10 19 J. 

The position of initial dislocation core (┬) and the dislocation core region (given by 

dotted line in Fig. 3) are also shown in the figure. Trap sites with strong hydrogen-trap 

energy are distributed around the dislocation core, and the maximum hydrogen-trap 

energy in the dislocation core is about 7  10 20 J. This value lies in the range of 

experimental estimations (3.19  10 20 J [27] and 9.95  10 20 J [28]). The detailed 

trap-energy distribution along the slip plane of 0.5 nm width (region C in Fig. 5) is 

shown in Fig. 6 (a), and the trap-energy distribution in region D in Fig. 5 is also shown 

in Fig. 6 (b). Figure 6 (b) shows the maximum hydrogen-trap energy in region A, which 

is approximately equal to 2.0  10 20 J except the dislocation core. Meanwhile, 

hydrogen-trap energy at the region B is much stronger than that in region A. 

The results could not be predicted by the theory of elasticity that hydrogen and 
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dislocation interact mechanically as a result of lattice dilatation caused by 

solute–hydrogen atom because high hydrostatic stress was not observed in region B. 

Typical stress exerted on region B is shear stress xy, as shown in Fig. 4 (b); therefore, a 

relationship between hydrogen-trap energy and shear stress is assumed. Furthermore, 

this result suggests that hydrogen atoms accumulate on the slip plane around the 

dislocation core.  

The stripe shaped trap-energy distribution is also observed as indicated by the 

arrows in Fig. 5. The energy differences between the peaks and valleys in the stripe 

pattern are larger than the difference of heat of solution between the T and O sites in the 

absence of strain (0.58  10 20 J). 

There is a difference in hydrogen occupation site distribution in the left and 

right side of the dislocation core, as shown in Fig. 5. Therefore, the hydrogen atoms are 

supposed to migrate to another occupation site from the sites at which they are 

introduced initially during the calculation. In order to investigate the hydrogen-trap 

energy of exact T/O sites around the dislocation core, the hydrogen atom is fixed at the 

site of initial introduction and only the positions of Fe atoms are relaxed using CG 

method. Hydrogen-trap energy for each T and O site estimated by equation (1) is shown 

in Fig. 7 (a) and (b), respectively. Even in the same T and/or O site, hydrogen-trap 

energy shows different characteristics depending on the occupation sites (indicated by 

arrows in Fig. 7 (a) and (b)). Hydrogen atom is strongly trapped at the dislocation core 

for both the sites; however, T sites show strong trap-energy at region A, and O sites 

show strong trap-energy at region B. 
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Fig. 5 Distribution of hydrogen-trap energy around a dislocation (Both Fe and H 

atoms were relaxed). 

 

 

 

(a) Region C 

 

(b) Region D 

Fig. 6 Hydrogen trap-energy distribution in cross sections. 
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(a) T site 

 

(b) O site 

Fig. 7 Distribution of hydrogen-trap energy at each site (H atom is fixed and only Fe 

atoms are relaxed): (a) hydrogen atoms at T sites and (b) hydrogen atoms at O sites. 

 

In order to investigate the hydrogen-trap energy for T and O sites under shear 

stress, 7,038 Fe atoms were arranged along the crystal orientations as shown in Fig. 1. 

Periodic boundary conditions were applied along the x and z axes, three atomic layers at 

the top and bottom of the simulation model were fixed, and displacements 

corresponding to simple shear  were given along the [111] direction. The hydrogen-trap 

energy under simple shear strain s( , r) for each occupation site is shown in Fig. 8. 

Here, Es( , r) was defined as the difference of the heat of solution of hydrogen in a 

lattice with and without shear deformation. The expression used in the calculation is 

given by  
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T
H2Hs 2

1 HΦΦ,Φ,E rr ,   (2) 

where H( , r) and ( ) are the potential energies of the system under simple shear  

with and without a hydrogen atom, respectively.  

The effect of shear strain on the hydrogen-trap energy is also observed in Fig. 8, 

and it also shows that both the T and O sites reveal two types of hydrogen-trap energies 

under simple shear for the present crystal orientation. This is assumed to be due to the 

anisotropic geometry of the hydrogen occupation sites shown in Fig. 2(a) and (b). For 

convenience, occupation sites that show stronger trap-energies under positive shear 

stress are called type A, and the sites showing stronger trap-energies under negative 

shear stress are called type B. The geometrical distribution of type A and B trap sites for 

T and O sites are shown in Fig. 9. Three-dimensional illustration of the bcc lattice and 

each hydrogen-occupation site are shown in the upper panel, and its two-dimensional 

projection onto the xy plane is shown in the lower panel. For reference, the relationship 

between hydrostatic stress and the hydrogen-trap energy is also shown in Fig. 10. Under 

the tensile hydrostatic stress condition, both T and O sites exhibit stronger trap-energies, 

as expected, and only one curve is obtained for each occupation site. Comparing Fig. 8 

with Fig. 10, it is revealed that the shear stress effect is much stronger than the 

hydrostatic effect on the trap-energy of an O site type A.  
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Fig. 8 Relationship between hydrogen-trap energy and applied simple shear: Shear 

stress calculated by xy  G  is also shown in the horizontal axis. Here, G = 68.6 GPa 

is used.  

 

Fig. 9 Illustration of the bcc lattice and hydrogen occupation sites: the 

three-dimensional illustration is shown in the upper panel and its two-dimensional 

projection is shown in the lower panel. Each symbol of the occupation sites 

corresponds to the trap-energy characteristics shown in Figs. 8 and 12. 
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Fig. 10 Relationship between hydrogen-trap energy and applied hydrostatic stress. 

 

3.3 Hydrogen diffusion and trap around the edge dislocation 

In order to investigate the hydrogen diffusion and trap behaviours around the 

edge dislocation, MD simulations were performed. The geometry of the analysis model 

was the same as that in the MS analyses (Fig. 2), and only one hydrogen atom was 

introduced at a different position on the slip plane around the dislocation core. The 

initial positions of the hydrogen atom are denoted in Fig. 11 by the symbol . 

The reversible reference system propagator algorithm [29] was adopted as a 

numerical integration method, and the temperature of the system was maintained at 300 

K by the velocity scaling method. The boundary atoms, consisting of three atomic 

layers of the top and bottom of the unit cell, were fixed. The calculations of hydrogen 

diffusion were conducted for 0.5 ns. At the beginning of the calculation, the unit-cell 

size of the system was relaxed to minimize the tensile stress ( xx, yy, zz) for 10 ps.  

The trajectories of each hydrogen atom during the 0.49 ns following the 

unit-cell size relaxation are shown in Fig. 11. Hydrogen atom (a) diffused primarily 

through the O site type A (● in Fig. 11) and the T site type A(▼ in Fig. 11). Hydrogen 
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atoms (b) and (c) were strongly trapped at the O site type A(●), and they did not diffuse 

to another site during 0.5 ns in this analysis. Hydrogen atoms (d) and (e) are located at 

the disordered crystalline region near dislocation core, and thus the exact trap-site is 

difficult to estimate. Both hydrogen atoms were strongly trapped at the occupation sites 

vicinity of the initial position. Hydrogen atom (f) occupied a T site type B (  in Fig. 11) 

or an O site type B (○ in Fig. 11), and it did not show long range diffusion. Finally, 

hydrogen atom (g) diffused through a T site type B( ), O site type B(○) and T site type 

A(▼), and it was the most mobile among all hydrogen atoms. 

The dominant stress along the slip plane is shear stress xy, as shown in Fig. 4. 

The distribution of stable hydrogen-trap sites is shown in Fig. 12 which results from the 

dependence of the hydrogen-trap energy on shear stress (Fig. 8) and shear stress around 

the dislocation (Fig. 4 (b)). At the initial location of the hydrogen atom (a), about 1.9 

GPa of shear stress is applied, and therefore an O site type A (●) and T site type A (▼) 

show strong trap-energies, as shown in Fig. 12 (I). At the initial location of hydrogen 

atoms (b) and (c), the shear stress is greater than 3.2 GPa, and therefore, an O site type 

A (●) shows an extremely strong hydrogen trap-energy, as shown in Fig. 12 (II). 

Hydrogen atom (f) was initially located at the from 4 to 6 GPa lattice site, and 

therefore the T site type B( ) and O site type B (○) have the same level of hydrogen 

trap energies, as shown in Fig. 12 (III). Finally, at the initial location of hydrogen atom 

(g), about 2.5 GPa of shear stress was applied, and therefore a T site type B( ) and an 

O site type B(○) and T site type A(▼) could be hydrogen trap sites as shown in Fig. 12 

(IV). These results are in good agreement with the trajectories of the hydrogen diffusion 

path for each H atom obtained by molecular dynamics analyses.  

Since hydrogen atoms (b)–(f) did not diffuse in this analysis, the high hydrogen 
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concentration region is supposed to be formed within about 3 nm width along the slip 

plane. These results suggest that a high hydrogen-concentration plane can be formed 

along the piled-up dislocations to obstacles (e.g. grain boundary and inclusion), and that 

such a region might become a nucleation site for a crack or void. In addition, hydrogen 

atoms (a) and (g) revealed anisotropic diffusion trajectories; in particular, in the case of 

hydrogen atom (a) the anisotropic diffusion was remarkable. These atoms diffused 

through specific layers of the occupation sites (indicated by arrows in Fig. 12), and 

rarely changed the diffusion layer. Consequently, the hydrogen-diffusion coefficient 

along the direction of dislocation motion could be remarkably low. This result suggests 

that the critical velocity below which hydrogen atoms can follow the motion of 

dislocation is reduced; i.e. the hydrogen-drag ability of dislocation is reduced. Although 

the quantum diffusion caused by the tunnel effect also contributes to hydrogen diffusion, 

it is sensitive to the distance between the sites. Fig. 12(I) clearly shows that the 

distances between the diffusion layers are sufficiently far, and thus, the hydrogen 

diffusion across the layers is not easy, even when quantum effects are taken into 

consideration. 
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Fig. 11 Trajectories of hydrogen diffusion around the dislocation. The initial 

hydrogen location after the relaxation is marked by the symbol . 

(For the molecular dynamics results, the temperature is maintained at 300 K for 0.49 

ns) 

 

 

Fig. 12 Hydrogen occupation sites under various shear stress conditions: 

(I): 0–2 (II): 2–8 (III): from 8 to 3 (IV): from 3 to 0 GPa 
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4. Conclusions 

Hydrogen occupation sites and diffusion behaviour around an edge dislocation 

on a (112) slip plane in alpha iron was investigated using atomistic simulations, and the 

following conclusions were obtained. 

 

(1) Hydrogen atoms exist stably on the edge dislocation core and the exact slip plane, 

and the results suggest that high hydrogen concentration is formed along the slip plane 

near the dislocation core. 

(2) Hydrogen distribution is also sensitive to shear stress for the crystal orientation 

analysed here, and therefore, the local hydrogen distribution can not be explained using 

only the hydrostatic stress distribution, even for a crystalline structure. 

(3) The hydrogen-trap energy shows different characteristics that depend on the 

crystallographic position, even for the same T and O occupation sites. This nature leads 

to the characteristic distribution and diffusion behaviour of hydrogen atoms around the 

dislocation core, i.e. stripe pattern of trap energy distribution and layer by layer 

diffusion of hydrogen. 

 

These results suggest that hydrogen is trapped with the help of shear stress, and 

therefore, screw dislocations are also supposed to interact with hydrogen, except at the 

dislocation core, and that hydrogen concentration around the mode II or III crack-tip 

could also increase. We note that, in general, the analysis based on the atomistic model 

is strongly affected by the interatomic potential. However, the shear stress contribution 

on the hydrogen trap-energy does not disappear. In order to perform quantitative 

analysis of materials in nature, ab-initio estimation of the effect of strain on the trap 
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energy, similar to that shown in Figs. 8 and 10, is necessary, and we can obtain the 

distribution of hydrogen-trap energies around the dislocation core by adapting these 

ab-initio results to the elastic field obtained using the theory of elasticity. 
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