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Abstract  Hydrogen embrittlement is well known phenomenon in which hydrogen lowers the strength of 
materials. Hydrogen atoms show unique characteristics such as high diffusivity and low concentration in 
metals, so the direct observations of hydrogen effects on mechanical properties are still difficult. 
Nevertheless, experimental studies have been revealed many valuable results; HEDE (Hydrogen Enhanced 
Decohesion), HELP (Hydrogen Enhanced Localized Plasticity), HESIV (Hydrogen Enhanced Strain Induced 
Vacancy) and others have been proposed as a fracture mechanism of hydrogen embrittlement so far. However, 
the overview of the hydrogen embrittlement under various conditions is still unclear. In this study, we focus 
on the edge dislocation motion in the presence of hydrogen atom as one of the elementary process of 
hydrogen embrittlement in alpha iron. Our previous studies showed that the dislocation velocity increace 
(softening) occurs at lower hydrogen concentration and lower applied stress conditions. In contrast, 
dislocation velocity decrease (hardening) occurs at higher hydrogen concentration or higher applied stress 
conditions. Therefore, we performed the dislocation dynamics calculation around a crack tip based on the 
results obtained by our atomistic calculations. The results indicate that the hydrogen embrittlement 
mechanisms possibly change depending on boundary conditions (hydrogen concentration and applied stress 
intensity factor rate). 
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1. Introduction 
 
Hydrogen embrittlement is well known phenomenon in which hydrogen lowers the strength of 
materials. Hydrogen atoms show unique characteristics such as high diffusivity and low 
concentration in metals, so the direct observations of hydrogen effects on mechanical properties are 
still difficult. Nevertheless, experimental studies have been revealed many valuable results; e.g. 
macroscopic hydrogen embrittlement fracture process, stress-strain relation and so on. HEDE 
(Hydrogen Enhanced Decohesion [1]), HELP (Hydrogen Enhanced Localized Plasticity [2]), 
HESIV (Hydrogen Enhanced Strain Induced Vacancy [3]) and others have been proposed as a 
fracture mechanism of hydrogen embrittlement so far. However, the overview of the hydrogen 
embrittlement under various conditions is still unclear. Here, we believe the evaluation of the 
elementary process can lead the understanding of whole image of hydrogen embrittlement, and we 
also believe the atomistic simulations can contribute the understanding of the hydrogen 
embrittlement, since the atomistic simulations show information in high resolution, and can easily 
exchange the boundary conditions (i.e. stress, temperature, hydrogen concentration). In this study, 
we focus on the edge dislocation motion in the presence of hydrogen atom as one of the elementary 
process of hydrogen embrittlement in alpha iron. Our previous studies [4-5] showed that the 
dislocation velocity increase (softening) occurs at lower hydrogen concentration and lower applied 
stress conditions. In contrast, dislocation velocity decrease (hardening) occurs at higher hydrogen 
concentration or higher applied stress conditions. These contradictive behaviors attribute the applied 
stress dependent competition between dislocation motion and hydrogen diffusion [4-5]. These 
atomistic studies, however, evaluated the individual dislocation motion due to the limitation of 
calculation cost. Therefore, in this study, we perform the dislocation dynamics calculations around a 
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crack tip based on the results obtained by our atomistic calculations for alpha iron, to evaluate the 
many-body effects of dislocations around a stress singularity field of a crack tip.  
 
2. Methods of Dislocation Dynamics Analysis 
 
In this study, we employ the analysis model as shown in Figure 1. In this model, one-dimensional 
edge dislocations are emitted from a mode II crack tip. The crack length is set as 2a and the 
dislocation source S is located at some finite distance of xS from a crack tip. In this model, xS is 
taken as 10−9 m, which corresponds to the order of the dislocation core, thus this dislocation source 
is regarded to be located at the crack tip from the viewpoint of continuum mechanics.   
 

  
Figure 1. The model of dislocation emission and motion 

under the local stress field around crack tip 
 
In this study, dislocation dynamics method which has been performed by A. T. Yokobori, Jr. et al. is 
adopted. Since the detailed analysis methods were reported in the previous papers [6-7], here we 
show the outline of the analysis method. As the stress distribution near a crack tip τa(x, t), the stress 
singularity near a crack tip was taken into account under a constant rate of stress application as 
follows:  
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where τ& is the increasing rate of stress application, t is time and x is the distance from the crack 
tip. The relationship between effective stress exerted on each dislocations moving along x direction 
and dislocation velocity are written for each individual dislocation in a coplanar array by the 
following equation: 
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where, Q(ΔEdis) is the frequency of dislocation motion with 1b, ΔEdis is the free energy barrier for 
dislocation motion and is a function of effective stress τeff,i and temperature T. b is the length of 
Burger’s vector. The frequency of dislocation motion is determined by atomistic simulation as 
described later. Here, the effective stress exerted on the i th dislocation is written as follows: 
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where, A* = μb /2π 1− ν( ), μ is the shear modulus, ν is the Poisson’s ratio, xi is the distance of the i 
th dislocation from the crack tip. The first term is the macroscopic stress field around a crack tip by 
applied stress, the second and third terms are the image force of dislocations by the free boundary of 
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crack surface, and the fourth term is the interaction between other dislocations in the same 
dislocation array. Therefore the effective stress exerted on a dislocation source is written as follows: 
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In this analysis, when the effective stress on dislocation source equals to the activation stress τs, 
then a new dislocation is introduced at the source. 
 
3. Material Properties Obtained by Atomistic Simulations 
 
3.1. Equilibrium Hydrogen Concentration 
 
In order to evaluate the material properties (critical stress intensity factor for dislocation emission 
from mode II crack tip, dislocation velocity) in the presence of hydrogen, the realistic hydrogen 
concentration should be adopted. According to Sievert’s law, the equilibrium concentration of 
hydrogen is proportional to p1/2 and exp(−ΔH/kB T), where p is the hydrogen gas pressure, ΔH is the 
heat of the solution, kB is the Boltzman’s constant and T is the temperature. Hirth [8] has reported 
the hydrogen concentration (atom fraction of hydrogen) for alpha iron under the gaseous hydrogen 
condition based on Sievert’s law. The hydrogen atom stably exists at the tetrahedral site (T-site) 
within the non-deformed bcc structured alpha iron [9]. Therefore, the hydrogen occupancy at the 
T-site under thermal equilibrium conditions is given by equation (5) as a function of hydrogen gas 
pressure p (Pa) and temperature T (K). 
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A close relation was also obtained by our evaluation using first-principles calculations [10]. Using 
the hydrogen occupancy at T-site, θT-site, the hydrogen occupancy at a specific trap site θi with 
hydrogen-trap energy ETrap

i under thermal equilibrium condition is given by the following equation: 
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where, the hydrogen-trap energy corresponds to the energy difference between the system with a 
hydrogen atom trapped at the specific trap site and the system with a hydrogen atom at a T-site 
within the non-deformed perfect lattice; this definition is the same as in our previous study [11]. To 
estimate the number of hydrogen atoms exist around the crack/dislocation at a thermal equilibrium 
conditions, these hydrogen occupancies are employed as same as our previous study[4,12].Using 
the equations (5) and (6), the hydrogen concentration around a {112}<111> edge dislocation 
(number of hydrogen atoms per unit length of dislocation line); CH = 0.49 /nm under thermal 
equilibrium conditions can be realized at 300 K and 0.01 MPa hydrogen gaseous conditions. And 
CH = 1.24 /nm can be realized at 300 K and 0.32MPa hydrogen gas.  
 
3.2. Dislocation velocity 
 
Dislocation motion is considered as stress-dependent thermal activation process. Our previous 
studies [4-5] showed that {112}<111> edge dislocation velocity as a function of applied shear stress 
via the estimation of energy barrier for dislocation motion. The dislocation velocity especially for 
the case of hydrogen free condition is written as following equation: 
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where, ΔEw/oH is the energy barrier for dislocation motion without hydrogen as a function of shear 
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stress, l* is the length of edge dislocation line at the energy saddle point of the dislocation motion 
which are required to surmount for dislocation motion. kB is the Boltzman’s constant, T is the 
absolute temperature, νd is the attempt frequency of dislocation motion. On the other hand, in the 
presence of hydrogen, energy barrier landscape becomes complex depending on the correlation 
between the positions of dislocation and hydrogen atoms. According to the case analyses of the 
competition between dislocation motion and hydrogen atom diffusion, dislocation velocity vary 
from softening to hardening depends on applied shear stress [4] under the lower hydrogen 
concentration (CH = 0.49 /nm). These results indicated that the softening attribute the decrease of 
energy barrier from 0b to 1b from the position of hydrogen atom, and hardening attribute the 
increase of energy barrier from 1b to 2b[4]. Moreover, the softening does not occur under high 
hydrogen concentration (CH = 1.24 /nm) due to the increment of energy barrier from 0b to 2b[5]. 
These results of dislocation velocity obtained by atomistic simulations are employed as material 
properties for dislocation dynamics analyses. Here, the energy barrier is approximated as following 
function[13]: 

ΔE = A ⋅ 1− τ /τ ath( )n
, (8)

where, τath is the athermal stress for dislocation motion, A and n are the fitting parameters. The 
parameters used in this study are shown in Table 1. Here, the dislocation velocity at higher 
hydrogen concentration condition (CH = 1.24 /nm) is approximated as shown in Table 1. The energy 
barrier obtained in these results, however, neglected the contribution of the enthalpy effects. The 
effect of enthalpy is approximately considered as following equation[14], therefore the activation 
free energy for dislocation motion is written as: 

ΔE act−free = A 1− T /Tm( ) 1− τ /τ ath( )n
, (9)

where, Tm is the surface disordering temperature, and half of the melting temperature (Tm = 904 K) is 
adopted. In this study, the activation free energy as shown in equation (9) is employed as an energy 
barrier of dislocation motion, the obtained relationship between dislocation velocity and applied 
shear stress at 300 K are shown in Figure 2. At the low hydrogen concentration, dislocation velocity 
increase (compared with that in the absence of hydrogen) occurs when the applied stress is lower 
than 29 MPa, and decrease occur when the stress takes higher than 29 MPa. Moreover, applied 
stress takes over 81 MPa, dislocation velocity does not show the effect of hydrogen. 
 

Table 1. Fitting parameters of the energy barrier for dislocation motion 

n τ ath A

CH=0.49 /nm
(τ≦28MPa)
CH=0.49 /nm
(τ≧81MPa)

CH=1.24 /nm

Hygrogen free

1.48 660

1.48 660

1.41 680

0.0821

0.0795

0.0821

0.07956801.41
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Figure 2. Relationship between dislocation velocity and shear stress at 300 K; (a) low hydrogen 

concentration condition(CH = 0.49 /nm), (b) high hydrogen concentration condition(CH = 1.24 /nm) 
 
3.3. Dislocation Emission from Crack Tip  
 
The activation stress of dislocation source to emit a new dislocation is determined as follows:  

s

IIC
s x

K
π

τ =
, 

(10)

where, KIIC is the critical stress intensity factor for edge dislocation emission from a mode II crack 
tip. The atomistic analyses showed that increasing the hydrogen concentration, the KIIC value 
decrease in alpha iron[12]. We employ these relationships and the critical stress intensity factors 
used in this study are shown in Table 2. It clearly shows that the dislocation emission is enhanced in 
the presence of hydrogen. 
 

Table 2. Critical stress intensity factor for dislocation emission 
 

 Hydrogen free CH = 0.49 [/nm] CH = 1.24 [/nm] 

KIIC [MPam1/2] 0.443 0.440 0.430 

 
4. Analysis Results of Dislocation Dynamics 
 
4.1. Low Hydrogen Concentration (CH = 0.49 /nm) 
 
The correlation between applied stress intensity factor rate ( aK πτ&&=  MPam1/2/s) and the distance 
of leading dislocation (first emitted dislocation) from a crack tip (i.e. the size of the plastic zone) at 
the specific stress intensity factor (K = 0.589 MPam1/2) is shown in Figure 3 (a). It reveals that the 
size of the plastic zone becomes large in the presence of hydrogen, which is considered to attributes 
the increase of dislocation velocity (τ < 29 MPa in Figure 2), and the enhancement of dislocation 
emission (in Table 2). On the other hand, at the high applied stress intensity factor rate conditions, 
the size of plastic zone becomes small compared with that in the presence of hydrogen. It is 
considered to attributes the increase of effective stress exerted on each dislocation near the crack tip 
(τ > 29 MPa in Figure 2). Figure 3 (b) shows the number of emitted dislocations. This figure shows 

(a) (b) 
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the increase of the number of emitted dislocations at lower applied stress intensity factor rate, 
however, it also decrease at high stress intensity factor rate conditions. The distributions of 
dislocations at several applied stress intensity factor rate (A) K&=0.56 MPam1/2/s, (B) K&=56 
MPam1/2/s are shown in Figure4. In this figure, we considered that dislocation motion is softened 
when the exerted effective stress at each dislocation takes below 29 MPa. And the hardening is also 
considered to occur when the effective stress takes between 29 to 81 MPa. At this hydrogen 
concentration, both the size of plastic deformation zone and the number of emitted dislocations 
increase due to the softening effect at lower applied stress intensity factor rate conditions. However 
the hardening becomes dominant at higher applied stress intensity factor rate. This result indicate 
that the local hardening near the crack tip can occur even the macroscopic softening conditions, and 
thus the plastic deformation is supposed to be complex in these conditions. 
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Figure 3. Correlation between the applied stress intensity factor rate and;  

(a): distance of first emitted dislocation, (b): the number of emitted dislocations 
 

 

 
 

Figure 4. Dislocation distribution around a crack tip at the stress intensity factor rate of  
(A): 0.56 MPam1/2/s, (B): 56 MPam1/2/s 
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4.2. High Hydrogen Concentration (CH = 1.24 /nm) 
 
The correlation between applied stress intensity factor rate and the distance of leading dislocation  
from a crack tip (i.e. the size of the plastic zone) at the specific stress intensity factor (K = 0.589 
MPam1/2) at high hydrogen concentration is shown in Figure 5(a). The size of plastic zone at this 
hydrogen concentration becomes typically small. The correlation between applied stress intensity 
factor rate and the number of emitted dislocation is shown in Figure 5(b). Although, the dislocation 
emission is enhanced at this hydrogen concentration, the number of emitted dislocations typically 
decreases. The dislocation distributions are also shown in Figure 6. These results indicate that only 
hardening can occur at this high hydrogen concentration conditions. 
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Figure 5. Correlation between the applied stress intensity factor rate and;  
(a): distance of first emitted dislocation, (b): the number of emitted dislocations 

 

 

 
 

Figure 6. Dislocation distribution around a crack tip at the stress intensity factor rate of  
(A): 0.56 MPam1/2/s, (B): 56 MPam1/2/s 

 
4.3. Hydrogen Effects on Fracture Mechanisms 
 
Dislocation slip behavior around a crack tip is enhanced at low hydrogen concentration and low 
stress intensity factor rate conditions, which result in softening. At the high hydrogen concentration 

(a) (b) 

(A) 
(B) (A) 

(B) 

(A) 

(B) 
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conditions, on the other hand, only hardening occur independent of applied stress intensity factor 
rate conditions. Based on these analyses results mentioned above, softening around a crack tip occur 
at the low hydrogen concentration and the low applied stress intensity factor rate conditions. 
Therefore, the amount of plastic deformation around a crack tip is supposed to increase and yield in 
the fracture mechanism of HELP and/or HESIV so far. However, at the high hydrogen 
concentration or the high applied stress rate conditions, hardening around a crack tip lead the brittle 
type fracture, HEDE so far. The schematic illustration of these relationships of hydrogen 
embrittlement mechanisms depending on environmental and mechanical conditions are shown in 
Figure 7. 
 

 
Figure 7. Hydrogen embrittlement fracture mechanisms for different hydrogen concentration and applied 

stress intensity factor rate conditions  
 
5. Conclusion 
 
In this study, we performed the dislocation dynamics calculation around a crack tip based on the 
results obtained by atomistic calculations. The results indicate that the hydrogen embrittlement 
mechanisms possibly change depending on boundary conditions (hydrogen concentration and 
applied stress intensity rate). 
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