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ARTICLE INFO ABSTRACT

Keywords: To increase the understanding of the role of carbide precipitates on the hydrogen embrittlement of martensitic
Hydrogen embrittlement steels, we have performed a density functional theory study on the solution energies and energy barriers for
Hy(Lrt:igen diffusion hydrogen diffusion in orthorhombic M;C; (M = Cr, Mn, Fe). Hydrogen can easily diffuse into the lattice and
Carbides y

cause internal stresses or bond weakening, which may promote reduced ductility. Solution energies of hydrogen
at different lattice positions have systematically been explored, and the lowest values are -0.28, 0.00, and 0.03
eV/H-atom for Cr;C;, Mn,C;, and Fe,C;, respectively. Energy barriers for the diffusion of hydrogen atoms have
been probed with the nudged elastic band method, which shows comparably low barriers for transport via
interstitial octahedral sites for all three systems. Analysis of the atomic volume reveals a correlation between
low solution energies and energy barriers and atoms with large atomic volumes. Furthermore, it shows that the
presence of carbon tends to increase the energy barrier. Our results can explain previous experimental findings
of hydrogen located in the bulk of Cr,C; precipitates and provide a solid basis for future design efforts of steels

Density functional theory
Nudged elastic band method

with high strength and commensurable ductility.

1. Introduction

Hydrogen has for quite some time been discussed as a possible fuel
in a low carbon-emission society [1]. Not only related to hydrogen
storage tanks, but even in other applications where an abundance of
hydrogen comes in close contact with engineering materials, hydrogen
may cause premature failure due to hydrogen embrittlement [2]. The
lack of understanding of the underlying mechanisms behind hydrogen
embrittlement has made it an active field of research for more than
two decades. Owing to its small size and generally high mobility,
hydrogen can easily penetrate metal lattices and dissolve in most
metals and alloys [2-4]. It can be conceived as either diffusible hy-
drogen, which can easily move through interstitial lattice sites, or
trapped hydrogen, thereby usually residing around imperfections in
the crystal that serve as trapping sites, e.g., vacancies, dislocations,
grain boundaries, and interfaces [5-8]. Diffusible and trapped hy-
drogen can even be found in precipitates [9]. Following adsorption
at the surface, hydrogen can readily diffuse through the lattice [10]
and even recombine to form molecular hydrogen at defect sites, such
as grain boundaries or voids [11]. Even the formation of hydrides
can occur in some alloys [12,13]. Such disruptions in the lattice can
promote unwanted side effects like decreased yield and ultimate ten-
sile strengths, reduced ductility, as well as lowered fatigue strength.
Moreover, aspects such as stress corrosion cracking, delayed hydride
cracking, or other hydrogen-related fracture mechanisms can lead to
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reduced load-carrying capability and, ultimately, catastrophic failure
[2,11,13].

Due to the importance of engineering steels, there is a particular
focus on hydrogen embrittlement therein [2,11,14,15]. There exist
both experimental and theoretical studies on hydrogen trapping and
diffusion in ferrite (bcc), austenite (fcc), and the carbide cementite
(Fe5C) [2,14,16,17]. However, little is known about other carbides that
form, especially in non-equilibrium systems like martensite [18]. One
family of carbides forming in chromium steels during tempering are
M, C;-carbides, with M = Cr, Mn, or Fe [19,20]. These carbides have
the same structure for all three elements, with an orthorhombic Pnma
symmetry [21-23], and they commonly form at the interface between
ferrite and M;C in a nano-scale size [9,24].

Hydrogen is mostly found at the interface between ferrite and M;C;.
But, investigations of hydrogen distribution in chromium carbides with
high-resolution tritium micro-autoradiography have shown that hydro-
gen was not only found in the boundary proximity of carbide inclusions
but also inside [25], which raised the question whether chromium
carbides can trap hydrogen. Similar observations were made with atom
probe tomography, which showed evidence for hydrogen inside the
carbide, not just at the boundary [10]. A mass spectrum analysis
even confirmed that only individual hydrogen atoms, i.e. not molec-
ular hydrogen, were segregated within the chromium carbide [10].
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Table 1
Dependence of the solution energy at an octahedral site in Cr,C; as a function of
supercell size. All energies are in eV/H-atom.

Computational Materials Science 218 (2023) 111940

Table 2
Calculated lattice parameters (a,b,c) compared with the experimental data from the
literature in brackets.

Ix1x1 Ix2x1 Ix3x1 2x1x1 3x1Ixl1

Cr,Cs Cr,Cs Fe,C;

AEg, -0.246 -0.253 —-0.261 -0.244 —-0.251

Investigations by Lee et al. [9] have suggested that M;C; may act
as hydrogen-trapping sites. However, these experimental studies do
not provide any data about hydrogen trap site strength or the energy
demand for hydrogen migration through carbides.

This study aims to investigate the solution energies and energy
barriers, associated with hydrogen diffusion through bulk M,C;, using
density functional theory (DFT). The observed solution energies and
energy barriers for bulk diffusion are rationalized by geometric and
electronic structure analysis, which yields a sound basis for improv-
ing the understanding of hydrogen embrittlement of state-of-the-art
nanostructured alloys.

2. Computational method

Plane-wave DFT calculations were performed using the Vienna Ab-
initio Simulation Package (VASP) [26-28]. Periodic boundary condi-
tions were applied as well as spin polarization to account for magnetism
(ferromagnetic ordering). The generalized gradient approximation was
used to describe the exchange correlation functional by applying the
Perdew—Burke-Ernzerhof (PBE) scheme [29] for all simulations. We
adopted a cut-off energy of 520 eV and a convergence criterion for
the total energy of 10~ eV. Initial Cr,C;, Mn,C;, and Fe;C; config-
urations were taken from The Materials Project database [30] and
were subsequently relaxed with respect to both coordinates and lattice
parameters. For the carbide unit cell, a Monkhorst-Pack [31] k-point
mesh of 12 x 8 x 4 was used. For supercell calculations, the k-point grid
was adjusted such that the k-point density matched that of the unit cell.

Size convergence of the supercell was checked to avoid interaction
of hydrogen with its periodic image and to estimate the interaction
energy. Following the procedure in [14], the solution energy of a
hydrogen atom at an octahedral site in supercells comprising different
multiples of the Cr;C; unit cell was computed. The energy conver-
gence was estimated by comparing the energy difference between
consecutively increased supercell sizes. The results shown in Table 1
reveal that a 2 x 1 x 1 supercell size yields a deviation in the order
of 14 meV/H-atom, which is of sufficient accuracy for the present
investigation.

Consistent with previous works [18], we use hydrogen in ferrite
(bcc-Fe) as a reference for the calculation of the solution energy in the
carbides. For this purpose, we computed the energy of a 3 x 3 x 3 bcc-
Fe supercell containing 54 iron atoms without and with one hydrogen
atom at a tetrahedral site following the method presented in [32]. The
solution energy is then defined as:

AEsol = (EwH - Ew/oH) - (EFewH - EFew/oH ), (€))

where E, j; is the energy associated with the carbide supercell that con-
tains one hydrogen atom, while E,,,j is that of the carbide supercell
without any hydrogen. Likewise, E,  is the total energy of a bee-Fe
cell with hydrogen, while Er, Jott is that without hydrogen.

The solution energy correction arising from quantum mechanical
zero-point vibrations has been calculated for all systems containing
hydrogen, including the bcc-Fe structure. For this purpose, the metal
and carbon atoms were kept fixed, while the hydrogen atom was
perturbed in each direction by 0.015 A and the vibrational frequencies
were calculated. The zero-point energy (ZPE) was then approximated
as

1
ZPE =3 Z ho;, )

a [A] 4.506 (4.526)° 4.461 (4.541)° 4.517 (4.540)¢

b [A] 6.945 (7.010)* 6.945 (7.010)" 6.857 (6.879)°

¢ [A] 12.038 (12.142)* 11.701 (11.988)" 11.762 (11.942)°
aRef. [49].
bRef. [23].
CRef. [48].

where # is Planck’s constant (divided by 2x) and v; are the computed
normal vibration frequencies.

To identify saddle points and extract energy barriers associated with
hydrogen diffusion, calculations using the nudged elastic band (NEB)
method [33-36] were performed. Between two nearby metastable hy-
drogen solution sites, a string of eight images was created on a direct
line with a spring constant of 5 eV/A? between the consecutive images.
Since linear interpolation was used to generate the image structures,
each structure was initially inspected to avoid initial hydrogen posi-
tions in too close proximity to the neighboring lattice atoms. In the
case that unreasonably high energies were obtained for any of the
images, the hydrogen atom was displaced to a nearby site, and the NEB
calculations were restarted from the new position.

Treatment of H diffusivity in some solids (e.g. Fe and Pd) below
room temperature may require the employment of classical transi-
tion state theory with quantum corrections to capture the effects of
H tunneling [37,38]. In the present work, we opted to ignore such
quantum effects for three reasons: (i) Acceptable agreement between
experimental and classically computed data for H diffusion in several
metals has been previously reported in the literature [39], (ii) Cr;Cs
is characterized by a generally high Debye temperature — of the order
of 730 K [40] — while H tunneling is expected primarily for systems
with the Debye temperature below 350 K [41], and finally (iii) the
quantum effects are either negligible in many systems, such as Ni [37],
TiAl [42], VC, TiC, NbC, TaC [43], and Mo with additions of 3d, 4d,
and 5d transition metals [44], or contribute up to 15% of the total
binding energy [45], rendering them insensitive to the general trends
in H diffusion.

For the electronic analysis, the density of states (DOS) was com-
puted using single-point calculations with a convergence criterion of
107¢ eV for the total energy. The VESTA software package was used
for visualizations on the atomic scale [46] and the OVITO software
package [47] was employed for the Voronoi analysis.

3. Results and discussion
3.1. Lattice structure, geometry, and atomic volume

The obtained equilibrium lattice constants at 0 K for the three
carbides are given in Table 2. They underestimate the experimental
data by between 0.4% and 2.4% [23,48,49], which is an accept-
able deviation based on the PBE exchange-correlation functional used
herein [50]. Similar underestimation of the lattice constants in M,Cs
carbides has been reported previously [40,51,52] in which PBE was
used. Analysis of magnetic properties reveals that Cr,C; and Mn,C; are
non-magnetic, and Fe,C; is ferromagnetic with a magnetic moment on
each Fe atom of about 1.72 up, which agrees well with earlier stud-
ies [52-54]. Hence, the structural and spin polarization data imply that
the hydrogen-free configurations of these three carbides are described
with an acceptable precision.

To identify plausible interstitial sites, a visual inspection of the cell
has been performed first to estimate the volume of individual sites.
The sites of interest were not limited to those with tetrahedral or
octahedral coordination, but also other sites were considered. Each
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Fig. 1. (a) M,C; simulation cell with interstitial hydrogen positions—colored red and labeled A-L. Carbon atoms are in brown, chromium atoms in blue. The suggested diffusion
paths are marked with orange arrows and are identical for all three carbides; (b) Magnification of the octahedral sites in the positions D, E, and F. As a guide to the eye, the
octahedral sites were framed with red/light red and green/light green bars. The blue spheres in the corners are metal atoms, and the small red dots in the center of the octahedral
site are hydrogen positions. The black arrow indicates the direction chosen for the NEB calculations.

position was checked for its equivalent position within the Pnma space
group. Possible diffusion paths between the sites were chosen based
on the following criteria: (i) volume estimate of the site, (ii) the area
estimate of the site’s face through which diffusion has to take place,
and (iii) the distance to other atoms along the possible diffusion path.

The identified possible interstitial hydrogen sites in M;C; can be
seen in Fig. 1a labeled A-L. Identified interstitial diffusion pathways
in the a- and in c-directions are indicated by the arrows, where the
a-direction contains positions D-E-F, and c-direction positions A-L
without position F. As the adopted supercell is the double unit cell size
in the a-direction, position F is a periodic replica of position D. The sym-
metry of the structure reveals that possible diffusion pathways along
the b-direction is through symmetric images of segregation sites that
are already part of the diffusion pathways in the a- and c-directions.
Thus, diffusion in the b-direction is expected to have solution energies
and energy barriers that are in a range of those found in the a- and
c-directions. Therefore, the b-direction has not been considered further
in this study. Due to the apparently large volume of sites along the
a-direction (Fig. 1b) the pathway between the positions D-E-F appears
to be a plausible diffusion trajectory.

To correlate the site geometry with the segregation preference, we
performed a Voronoi analysis, see Fig. 2. Following coordinate relax-
ation, we found that the hydrogen atoms were preferentially located at
the intersections of the Voronoi surfaces, i.e., on points/lines between
two adjacent atoms. The most favorable positions are octahedral inter-
stitial sites (OS) that are surrounded by metal atoms. The metal atoms
in the corner of the OS are associated with 5% larger atomic volumes
than the metal atoms at other sites, which suggests that there is more
space for hydrogen to reside. The volume of the OS for the positions D,
E, and F in Cr,C;, Mn,C;, and Fe;C; was calculated to be 8.62, 7.97,
and 8.25 A3, respectively. The volume associated with the carbon atoms
was found to be only 28% of that for the metal atoms. Position K is in
a trigonal bipyramidal site with three metal atoms with low volume
situated at the corners of the bipyramid’s base plane and two carbon
atoms at the top edges. Due to the smaller atomic volumes of the carbon
atoms, there is less space for a hydrogen atom to fit in that site, which
implies an energy penalty. Thus, the closer a hydrogen atom comes to
the carbon atoms, the more unfavorable the segregation site becomes.

0 ¥ . 12.4 A3

y 2@ y
N N
Q_L '9

Fig. 2. The Voronoi analysis of Cr,C;. The color scale is from small atomic volumes
(blue) to large atomic volumes (red). Hydrogen atoms (black) are located at the edges
of Voronoi polyhedron (gray). The metal atoms in the corners of the octahedral site
have 5% larger volumes than metal atoms in the rest of the system. Atomic volumes of
carbon atoms are below the lower barrier of the scale and therefore depicted in dark
blue.

11.0 A3

Such a repulsive effect between C and H interstitial atoms in steel has
already been reported by Timmerscheidt et al. [54].

3.2. Solution energies and energy barriers

As hydrogen is the lightest element, the quantum mechanical zero-
point vibrations and the associated ZPE are particularly important to
describe the solution energy. For hydrogen dissolved in Cr,C;, Mn;Cs,
and Fe;C;, it corresponds to 0.21, 0.17, and 0.19 eV/H-atom, respec-
tively. The ZPE for the hydrogen atom in bec-Fe has been calculated to
be 0.23 eV/H-atom, which is in agreement with earlier calculations [55,
56].

The ZPE-corrected solution energies calculated relative to hydrogen
in bee-Fe for all positions are provided in Table 3. The total range of the
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0.6 0.8 1.0

Fractional diffusion pathway
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Fig. 3. Energy profile for the diffusion of hydrogen in the a-direction, calculated with the NEB method using linear interpolations between the minima. The x-axis shows the

investigated diffusion pathway through the positions D-E-F as indicated in Fig. 1.

Table 3

ZPE corrected solution energies for hydrogen at the positions A-L in M;C;. The solution
energies are relative to the solution energy of hydrogen in bcc-Fe. V,; is the atomic
volume of hydrogen in the respective solution site in Cr,C;.

Position Vu [A3] Solution energies [eV/H-atom]

in Cr,C, Cr; Gy Mn, G, Fe,C;
A 1.02 1.34 1.14 1.23
B 1.09 0.55 0.32 0.94
C 1.12 1.11 1.14 1.07
D 1.35 —-0.28 0.00 0.04
E 1.34 -0.27 0.02 0.03
F 1.35 -0.28 0.00 0.04
G 1.16 1.12 1.17 1.12
H 0.84 0.75 0.45 0.42
I 1.01 0.67 0.34 0.26
K 0.99 1.49 1.49 1.30
L 1.01 0.47 0.35 0.21

solution energies for all three systems is up to 1.77 eV/H-atom, with
general trends similar for all considered carbides. For the investigated
positions, some sites in the c-direction show much higher solution
energies than the sites in the a-direction. The most endothermic solu-
tion energy of hydrogen in Cr,C; is found at position K, which has a
1.77 eV/H-atom higher energy than the corresponding lowest solution
energy (position D/F). Comparing the solution energies and the atomic
volume of interstitial hydrogen (see Table 3) implies that the sites with
the largest volume exhibit the lowest solution energy, and vice versa.
The influence of carbon on the solution energy, as already touched
upon in Section 3.1 and further discussed in Section 3.3, is apparent.
For the other two carbides, the energy difference between the highest
and lowest solution energy is less than in the case of Cr,C; (Mn;C;
1.49 eV/H-atom, Fe,C; 1.30 eV/H-atom). For Cr,C; solution energies
with a minimum of —0.28 eV/H-atom relative to hydrogen in bcc-Fe
could be observed, indicating that the OS at the positions D, E, and F
are weakly stable positions for hydrogen. This also suggests that Cr;C;
is more prone to uptake of hydrogen than Fe,;C; and Mn;C;. This is
consistent with calculations done by Salehin et al. [18] and the fact
that Cr,C; is often argued to have a weak hydrogen trapping tendency
in steel [9,10,25].

As we were interested in the energy barriers for hydrogen diffusion
in M;C;, we employed the NEB method to calculate the energy barriers
along sequences of interstitial sites (see Fig. 1). Along the a-direction,
the pathway through the OS at positions D-E-F was analyzed (see
Fig. 3) and in the c-direction, a path A-L (without point F, see Fig. 4)
was considered. The energy barrier for both transitions D-E and E-F is
nearly identical within each system, reaching 0.98, 1.03, and 0.72 eV
for Cr,C3, Mn,C;, and Fe,C;, respectively. Thus, in the case of Fe,Cs,
the calculated energy barrier is more than 0.2 eV lower than for the
other two carbides considered herein.

The energy barriers in the c-direction of the carbides are given in
Fig. 4. The maximum values are 3.39, 3.21, and 2.73 eV for Cr;Cs,
Mn;,C;, and Fe,C;, respectively. Thus, the experienced energy barriers
for hydrogen moving in the c-direction are up to three times higher
than in the a-direction. Again, we find that the energy barriers are the
lowest in the case of Fe;C;. We note remarkably high energy barriers
for the transitions from positions K-L and G-H in Cr;C; with 3.47 and
3.37 eV, respectively, relative to the lowest energy point, point E, in
the energy profile.

To investigate the electronic influence on the solution energies, in
addition to the volumetric analysis, we performed an electronic struc-
ture analysis by calculating the DOS. We considered both the total and
the partial DOS for hydrogen. Therefore, spin-polarized single-point
calculations for Cr,C; were performed for the configuration with the
lowest solute energy (point E), the highest solute energy (point K) and
the saddle-point with the highest energy (between K and L), according
to the designation depicted in Fig. 4. Fig. 5 shows the corresponding
total DOS and partial DOS for hydrogen. While the total DOS data seem
to be only mildly affected by the position of hydrogen in the lattice,
hydrogen 1s states are quite sensitive. The states attributed to the H-1s
at point E are shifted by 0.2 eV to higher energies compared to the
saddle-point data, which indicates a less favorable electronic structure
at the maximum between K and L (saddle point). The DOS for point K
is distributed within an energy range covered by DOS of the low solute-
energy-point E and the saddle point. This suggests that changes in the
solution energies are not only related to geometric factors but also to
unfavorable changes in the electronic structure.

3.3. Influence of carbon on the solution energies at the octahedral sites

The lowest hydrogen solution energies are found at octahedrally
coordinated sites. As it can be seen in Fig. 6, these OS have only metal
atoms positioned in their corners as the nearest neighbor atoms to a
hydrogen atom. In a second coordination shell around the OS, there
are carbon atoms as the next nearest neighbor atoms. To investigate the
extent to which solution energies are affected by the local chemical en-
vironment, i.e., carbon atoms, we compare the OS in Fe;C; (Fe,C;-0S)
with the similarly shaped OS found in fcc-Fe (fcc-Fe-OS). Differences
in the energy barriers and solution energies between these two systems
are discussed based on inherent geometric and electronic factors.

The fce-Fe-OS is known to be a stable hydrogen solution site [14].
For the comparison between the two OS, we performed calculations
on fcc-Fe with and without hydrogen in the same manner as Ismer
et al. [14]. For better comparability, we recalculated the energies for
the fcc-Fe-OS and the Fe,C;-OS according to [14], gaining energies
of 0.20 and 0.30 eV/H-atom, respectively. The energy barriers for the
diffusion of hydrogen through the face of the OS are 0.62 eV/H-atom
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Fractional diffusion pathway

—a—Cr7C3 —e—Mn7C3 —a—Fe7C3

Fig. 4. Energy barrier for the diffusion of hydrogen in the c-direction, calculated with the NEB method using linear interpolations between the minima. Calculations have been
performed for all three systems Cr;C;, Mn,;C; and Fe,C;. The x-axis shows the investigated diffusion pathway through the positions A to L (without F).

a) L
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Fig. 5. DOS for low energy configuration E (blue), configuration K (green) and the saddle-point between K and L (red) energy in Cr;C;. Total DOS is shown in (a), while the
partial DOS for hydrogen is given in (b). The energy scale is shifted relative to the Fermi energy. Spin up and down states were summed up.

a)

Fig. 6. Fe;C;-0S (a) in the direction of diffusion and (b) a rotated view to emphasize the OS with hydrogen in its center. First nearest neighbor atoms are Fe atoms (blue, large
spheres), and next nearest neighbor atoms are carbon atoms (brown, small spheres). Red lines in (b) frame the OS. When diffusing in the a-direction (black arrow) hydrogen must
penetrate through the blue face of the octahedron.
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Fig. 7. DOS for the nearest neighboring atoms to an octahedral site in (a) fcc-Fe and (b) in Fe;C;. The overlap between the H-1s and the Fe-3d orbitals, which can be seen in
both fcc-Fe and Fe,C;, is in the same energy range between —9.2 to —8.4 eV showing the same intensity. Overlap of the C-2p states in the same energy range exhibits a small
intensity in the case of the carbide. The energy scale is shifted relative to the Fermi energy. Spin up and down states were summed up.

for the fcc-Fe-OS and 0.72 eV/H-atom for the Fe,C;-0S. The 0.1 eV/H-
atom higher energy required to push a hydrogen atom through the face
of the Fe,;C;-OS correlates with a reduction of that face’s area by 5.6%
compared to the face of the fce-OS, which has an area of 2.88 A2,
The atomic volumes of the cornering Fe atoms are, with 11.86 A3,
2.1% smaller in the case of the Fe,C;-OS, explaining the 0.1 eV/H-
atom higher solution energy in the case of the carbide. However, the
Fe,C,-0S is, with a volume of 8.25 A3, 2.1% larger than the fcc-Fe-OS.
These observations suggest that a larger volume of a site results in a
lower solution energy and a more stable site. This raises the question
whether there is an influence of the next nearest neighboring atoms,
carbon atoms, on the solution energies of the carbide.

We considered the bonding of hydrogen at the OS and calculated
the partial DOS for the nearest (metal corner atoms) and next nearest
neighboring atoms (carbon atoms) of the Fe;C;-OS and compared them
to the fcc-Fe-OS (see Fig. 7). In the carbide, hybridization between Fe-
3d and C-2p orbitals occurs (Fig. 7b), which implies covalent bonding
between Fe and C. This observation is in accordance with previous
studies on Fe,C; [52] and on the isostructural Cr;C; system [51]. In
Fig. 7a overlap between the H-1s and the Fe-3d states can be seen
clearly for the fcc-Fe configuration. Fig. 7b shows the same overlap
between the Fe-3d and H-1s states for Fe;C;. The overlap between Fe-
3d and H-1s is found to be similar in terms of the energy range and
the DOS in both cases, the pure metal and the carbide. Nevertheless,
in Fig. 7b a minor increase in the DOS of the C-2p can be seen in the
region between —9.2 to —8.4 eV, which overlaps with the Fe-3d and
H-1s DOS, indicating an interaction of the C-2p with at least one of the
other two orbitals. This can be interpreted as the cause for the slightly
increased solution energy of H at the Fe,C;-OS. The combination of
geometry analysis and overlap of electron states suggests that the
solution energies of hydrogen at OS are dominated by the geometric
arrangement. Still, there is a minor chemical component arising from
the carbon atoms, the next nearest neighboring atoms. Although we
limit this investigation to Fe;C;, we expect a similar trend in the other
investigated carbides.

4. Conclusions

Our DFT study aims to shed some light on the role of bulk M,C; for
hydrogen trapping focusing on the corresponding solution energies and
energy barriers. We have investigated hydrogen trapping and diffusion
capabilities with DFT and kinetic energy barriers by employing NEB.

It is found that there is a negative solution energy for hydrogen
in the interstitial octahedral site (—0.28 eV/H-atom) enabling Cr;C;
to act as a weak hydrogen trap. In contrast, the solution energies of
hydrogen on the equivalent octahedral sites in Mn;C; and Fe;C; are
0.00 and 0.03 eV/H-atom. There is an energy barrier of 0.7-1.0 eV for
hydrogen diffusion through the carbides via octahedral sites, which is
the most favorable pathway in an otherwise rather anisotropic diffusion
landscape. This may in parts be understood from the Voronoi analysis
of the surrounding atoms of a site: Large atomic volumes contribute to
lower solution energies and lower energy barriers. However, there is

still a non-negligible chemical influence of close carbon atoms. Thus,
the more carbon atoms along a possible diffusion pathway, the higher
the energy barriers. Such argumentation is also corroborated by the
electronic structure data. A comparison of octahedral-shaped sites in
fce-Fe and Fe;C; has been done to determine the influence of next
nearest neighboring atoms, carbon atoms, on the solution energies and
shows that the solution energies of hydrogen at the OS are dominated
by the geometry.

In this work, we have addressed only solution energies and energy
barriers for hydrogen diffusion in ideal bulk M;C; carbides. This consti-
tutes the first approximation, which is a necessary step in acquiring the
overall physical picture of hydrogen embrittlement of steels with M;C;
precipitations. An investigation of point defects, such as vacancies or
anti-sites, is a topic to be addressed in the future. As is the interaction
with the matrix (for instance, ferrite), which is also crucial for diffusion.
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