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 Abstract 

Hydrogen impurities in iron and steels can significantly influence the mechanical proper-
ties of the material. An important aspect is the segregation of hydrogen to defects such as grain 
boundaries (GBs), leading to an enhanced local concentration of hydrogen. At GB interfaces 
such a high concentration of hydrogen can weaken the bonding strength between Fe atoms 
across the GB interfaces, leading to a degradation of the mechanical properties of the material. 
In our work, we study the interaction of H interstitials with representative GBs in bcc Fe, and in-
vestigate migration processes of H atoms within these GBs, using density functional theory 
(DFT). We find that the investigated bcc Fe GBs provide energy traps for H interstitials, and that 
these trapped H interstitials may facilitate the crack growth along the GB interfaces.  

Our results show that diffusion barriers for hydrogen interstitials are considerably higher 
within the grain boundary interfaces as compared to diffusion barriers in bcc Fe bulk. In open 
grain boundary structures H atoms can still diffuse with a lower diffusivity, whereas H intersti-
tials that are trapped at closely-packed Fe GBs become practically immobile. 

To study the diffusion behavior we setup a lattice kinetic Monte Carlo model of hydrogen 
within an idealized grain structure in bcc Fe. The needed hydrogen migration barriers are ob-
tained from our DFT calculations. Within our model we can then study the dependence of hy-
drogen diffusivity on grain sizes, temperature, and hydrogen concentration. 

 

 

 
Results 

The results of this project have been published in two articles in Physical Review B (cf. 
Refs. [1] and [2]) and are briefly summarized in the following. 

1. First-principles study on the interaction of H interstitials with 
grain boundaries in α- and γ-Fe 

The first part of this project was concerned with the accurate determination of the ener-
getics of hydrogen interstitials in the vicinity of grain boundaries in iron using density-functional 
theory (DFT) calculations.  This was done in collaboration with Lars Ismer, Tilmann Hickel and 
Jörg Neugebauer from the department of Computational Materials Design at the Max Planck In-
stitute for Iron Research (Advanced Study Group 'Modelling').  The collaboration led to a com-
parative study of hydrogen interstitials in close-packed and open grain boundary structures in 
ferrite and austenite.  
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The study focused on three main aspects:  the stability of hydrogen in the vicinity of the 
grain boundaries, the effect of hydrogen on the fracture strength of the interface, and the mobili-
ty of hydrogen towards and within the grain boundary planes.  It was found that the solution 
energy of hydrogen depends strongly on the actual coordination of the interstitial site and only 
moderately on the respective volume.  Open grain boundary structures appear to provide trap-
ping sites for hydrogen, whereas for the close-packed structures the grain boundary can be ei-
ther attractive or repulsive.  For the structures where hydrogen does accumulate at the grain 
boundary it lowers the critical strain required to fracture the material, i.e. hydrogen acts here as 
an embrittler.  Furthermore, we showed that none of the grain boundaries provides a fast diffu-
sion channel for hydrogen atoms.  The open grain boundary structures do, however, favor diffu-
sion along the grain boundary plane and might thus direct hydrogen diffusion towards other de-
fects, such as grain boundary junctions or dislocations. 

These results have been published in Ref. [1]. 

2. Diffusion of hydrogen within idealized grains of bcc Fe: A kinet-
ic Monte Carlo study 

The second part of this project was concerned with the mobility of hydrogen in the vicini-
ty of grain boundaries in iron.  To determine the diffusivity of hydrogen a kinetic Monte Carlo 
(kMC) model was developed based on the the results of our DFT study, including available 
sites, solution energies and diffusion barriers. 

Within our study we considered a series of kMC models representing different idealized 
microstructures.   The models included an idealized cubic grain structure with and without addi-
tional point defects in the bulk region, a layered structure with a parallel arrangement of grain 
boundary interfaces and a more detailed model of the structure of the Σ5[001](310) grain boun-
dary in bcc iron.  The diffusivity of hydrogen within these model systems is determined as a 
function of temperature and hydrogen concentration.  The numerical results are compared to a 
derived analytic expression that describes the macroscopic diffusivity of hydrogen in different 
microstructures. 

We find that hydrogen mainly diffuses within the interface region with an overall diffusivi-
ty that is lower than in pure bcc iron bulk.  This means that the grain boundary regions do not 
serve as fast diffusion channels, but the arrangement of grain boundary planes and thus the mi-
crostructure can significantly influence the preferred diffusion direction.  The concentration de-
pendence of the diffusion coefficient is highly nonlinear and the diffusivity might even decrease 
with increasing hydrogen concentration.  The simple analytic model provides excellent agree-
ment with the simpler microstructures, but cannot accurately reproduce the numerical results 
obtained for the more detailed model of the Σ5[001](310) grain boundary.  Nevertheless, the 
general trends with respect to temperature and hydrogen concentration may be understood 
from the simple analytic model. 

These results have been published in Ref. [2]. 
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 Summary 

The results of this project provide a fundamental understanding of the interaction of hy-
drogen with grain boundaries in iron, including the stability as well as the mobility of hydrogen.  
The interaction of hydrogen with the grain boundary varies depending on the actual local coor-
dination of the interstitial sites, but nevertheless some general trends can be extracted.  The in-
vestigated grain boundaries act mainly as traps for hydrogen, they do not provide fast diffusion 
channels, but influence the preferred diffusion direction.  The actual microstructure determining 
the network of grain boundaries will thus significantly influence the diffusion of hydrogen to-
wards other defects such as grain boundary junctions or dislocations. 

The project has successfully addressed the question of hydrogen interaction with grain 
boundaries in iron employing first-principles calculations as well as atomistic modelling on ex-
tended time scales.  The methodology can equally be applied to investigate the influence of 
other light elements and include interaction between various solute atoms to arrive at a com-
prehensive understanding of role of light elements in steels. 
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