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ABSTRACT

Rapid developments in the field of hydrogen energy have prompted the need for safe and
efficient hydrogen transportation and storage. Steels form the backbone of the current
energy infrastructure and thus offer a fast and cost-effective solution. Their excellent
mechanical properties are attributed to the underlying microstructure which comprises of
finely dispersed nano-precipitates. However, one major factor restricting their application
is their susceptibility to Hydrogen Embrittlement (HE). In the past decade, experimental
and theoretical works have been carried out to understand if the nano-sized carbides can
aid in reducing the susceptibility to HE along with providing strengthening. Within this ab-
inito study, we investigated the effectiveness of fully coherent nano-carbides (i.e. TiC, VC
and NbC) to limit the diffusible hydrogen content in bcc Fe. Our study revealed that the
interplay between hydrogen and carbon vacancies, local atomic environment at interface
as well as elastic strain fields at the interface can lead to significantly increased hydrogen
solubilities. While in TiC, the deepest traps were found to be in the bulk of carbides, in VC
and NbC, the elastic strain fields around the interface led to the strongest trapping. Further,
the formation of a two-hydrogen-vacancy complex was found to be favourable in VC.
Finally, the migration barriers for hydrogen trapping in bulk TiC as well as across the Fe/
TiC coherent interface indicate that these deep traps in the form of carbon vacancies are
fairly accessible.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

The hydrogen economy is primed to play a significant role in
the transition towards clean energy. From a materials
perspective, solutions for safe and efficient hydrogen storage
and transportation are highly sought after. Owing to their
excellent mechanical properties, steels have formed the
backbone of the current energy infrastructure. However, the
interaction between hydrogen and steel can be quite unpre-
dictable, and at worse, catastrophic. Since Johnson's experi-
ments in 1875 [1], it is well known that even ppm levels of
absorbed hydrogen can drastically reduce the strength and
ductility of iron and steels. This degradation in mechanical
properties of a material due to hydrogen is termed as
hydrogen embrittlement (HE). The conditions that may lead to
HE are ambiguous, as the degradation process occurs via a
complex interplay between microstructure, stress state and
environment. Consequently, several phenomenological
models for HE have been developed [2—17]. A commonality in
all of these models is the realization of a local critical
hydrogen concentration at a critical zone in the microstruc-
ture (e.g. crack tip or void), beyond which the material fails
rapidly.

Hydrogen that is dissolved in the steel matrix can be
trapped at various lattice defects, such as vacancies, disloca-
tions and grain boundaries [13,16]. Depending upon the
magnitude of the trapping energy, the trapped hydrogen may
or may not re-enter the steel matrix. Herein, a distinction is
made between reversible and irreversible hydrogen traps.
Hydrogen can be released from reversible traps at ambient
temperatures while it remains trapped in irreversible traps.
Thus, reversible traps can be seen to function as internal
sources of hydrogen, while irreversible traps as sinks. A
promising solution to improving the HE resistance of steels is
to increase the concentration of irreversible traps [18—21] in
the steel matrix. Although a precise distinction between
reversible and irreversible traps is not evident, a binding en-
ergy of 0.6 eV or higher for the latter, as assigned by Press-
ouyre [22] is often considered as a defining critera. Some of the
strongest hydrogen traps in steels are present in and around
precipitates, and several experimental studies have shown
that a homogeneous distribution of nano-sized transition-
metal carbides can provide improved HE resistance
[20,23—26]. These precipitates are a key constituent of
Advanced High-Strength Steels (AHSS), as they provide sig-
nificant strengthening via precipitation hardening.

The efficiency of precipitates as irreversible hydrogen traps
depends on several factors, including stoichiometry [27],
crystal structure [28] and coherency [29], as well as the local
chemical environment of hydrogen [30]. The hydrogen trap-
ping energy of precipitates can be estimated experimentally
using Thermal Desorption Spectroscopy (TDS) [31-33] or
Hydrogen Permeation Tests [21,34]. Depover et al. compared
the trap strength of different carbides [32] and found that
while TiC and V,4Cs trapped hydrogen significantly, Cr,3Cs and
Mo,C could only trap a comparatively small amount, while no
hydrogen was trapped in W,C. In TiC, hydrogen binding en-
ergies were found to reach up to 1.1 eV [31]. Apart from
chemical composition, the size of the precipitate is also seen

to affect trap strength. For small TiC that are coherent with
the steel matrix (< 5 nm), the deepest traps can be attributed
to carbon vacancies in the bulk and at the carbide/matrix
interface [20,35]. For larger, semi-coherent TiC, the misfit
dislocation core at the interface is a deep trap while weaker
traps are also present in the surrounding strain fields [33,36].
The deepest traps in incoherent TiC are present in the bulk,
although a large activation energy is needed in order to
populate these traps [31,37,38].

Advancements in the field of Atom Probe Tomography
(APT) have made it possible to directly image hydrogen
segregation around precipitates [39,40]. Takahashi et al
detected hydrogen isotopes at the semi-coherent interface of
TiC and VC, while no segregation was seen around smaller
coherent precipitates [39,41]. The trapping location was thus
assumed to be either the misfit dislocation core or interface
carbon vacancies. In subsequent work, the authors found that
it was in fact the carbon vacancies at the interface between VC
and the ferritic matrix that are the trapping sites [42]. In
another APT study, deuterium was detected in the bulk of
coherent VC [40]. In the case of incoherent NbC, deuterium
segregated at the interface rather than in the bulk [43]. Both
TDS and APT are subjected to several uncertainties and the
preferential trapping of hydrogen in the bulk or at the inter-
face of carbides is not evident. To this end, first-principles
calculations have proven to be a useful tool to obtain accu-
rate trapping energies and illuminate the underlying mecha-
nism associated with trapping.

The trap strengths of various carbides and nitrides have
been computed using Density Functional Theory (DFT). For
each precipitate, there exists a wide range of trap energies
that can be associated with the local atomic environment. In
stoichiometric carbides of Group IV and V transition metals, it
is found that the trigonal interstices are the strongest traps,
however, they are significantly weaker than the interstices in
becc Fe [27,44—48]. Hydrogen segregation in such carbides is
thus not likely. On the other hand, if the carbide contains a
carbon vacancy, then the trapping is significantly stronger
[27,47,49,50]. Additionally, the trap strength of a carbon va-
cancy decreases on moving from group IV to VI metals [50].
This is due to the coordination of the carbon vacancy, which
facilitates a strong polar interaction between the trapped
hydrogen and its nearest metal atoms [47].

With respect to the coherent interface between the car-
bides and bcc Fe, it is seen that the coherency strains at the
interface can lower the trap energy of interstitial sites near the
interface [27,48]. Yet, the interfaces only have weak trap sites
and carbon vacancies must be present at the interface for
irreversible trapping. However, the trap strength of carbon
vacancies at the interface are different from those in bulk
carbides. Moreover, significantly different values have been
reported for hydrogen trapping around the interface, espe-
cially for the case of carbon vacancies [27,51]. Thus it is
necessary to obtain a clear picture of the preferential segre-
gation of hydrogen at the interface as compared with the bulk.

The activation energy for trapping and de-trapping of
hydrogen can also be obtained with DFT, however they are not
as commonly studied. Di Stefano et al. reported a barrier of
1.7 eV for hydrogen to migrate from a vacancy to a nearby
interstice in bulk TiC [27]. The high value of de-trapping
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barrier confirms the irreversibility of trapping in bulk carbon
vacancies. Given the considerable difference between trap-
ping energy at an interface vacancy and one in the bulk of the
carbide, the barriers to the migration of hydrogen across the
coherent interface can be expected to be quite different.

In this work, we perform a DFT study on hydrogen segre-
gation and migration in bulk TiC, VC and NbC as well as their
coherent interfaces with «-Fe. Firstly, with the help of various
charge analysis methods, we make a thorough comparison
between the trapping and bonding interactions in the three
carbides, which helps us to describe the trap strength of
various local atomic environments more generally. We also
consider the likelihood of formation of hydrogen-vacancy
complexes, such as those which are common in FCC metals
[52]. In the next step, the trapping of hydrogen at interface
vacancies is compared with that in the bulk. Finally, the
activation energies for hydrogen trapping and de-trapping
into and from the deepest traps are calculated. The paper is
organised as follows: in section 2, the theoretical framework
and technical details of the DFT calculations are presented. In
section 3, the results for hydrogen trapping in bulk phases,
hydrogen-vacancy complex formation, trapping at coherent
interfaces and the corresponding hydrogen migration barriers
are discussed. Finally, the most important conclusions are
drawn in section 4.

2. Methodology
2.1.  Theoretical framework

TiC, VC and NbC have the rock salt (B1) crystal structure. Small
precipitates are known to be fully coherent with the bcc Fe
matrix and follow the Baker-Nutting orientation with (001)Fe ||
(001)MC and [100]Fe || [110]MC, where M = Ti, V and Nb. DFT
was employed to identify the respective ground state struc-
tures of the metal carbides (MC) and the Fe/MC coherent in-
terfaces. Before calculating the hydrogen trapping energy in
the carbides, the solution enthalpy of hydrogen in bcc Fe was
calculated according to equation:

1
Eff = E[FeH] — E[Fe] - 8, (1)

where, E[FeH] and E[Fe] are the DFT-obtained energies of a bcc
Fe supercell with and without a hydrogen atom respectively,
and uf;, is the chemical potential of a hydrogen molecule. The
chemical potential of hydrogen was calculated as the energy
of an isolated hydrogen molecule in a cube of size 8 A. We
found the tetrahedral interstices to be preferable over the
octahedral ones. Next, the segregation of hydrogen in bulk
carbides and at the coherent interface was calculated ac-
cording to equation:

El = E[MCH;] — E[MC] — [E[FeH] — E[Fe]], 2)

seg

where E[MCHj] is the DFT-obtained energy of a metal carbide
system with a hydrogen atom segregated at trap i, E[MC] is the
energy of the system without hydrogen segregation and E[FeH]
is the total energy of the bcc Fe supercell with hydrogen in the
tetrahedral interstice. By this definition, we consider the

source of hydrogen to be the Fe matrix. Thus E;eg determines
the tendency of hydrogen to segregate from the Fe matrix into

1
seg
of hydrogen in the trap i, and therefore stronger trapping.
Since these carbides are known to be off-stoichiometric
[53—57], carbon and metal vacancies were considered in this
work alongside several interstitial trap sites. To estimate the
likelihood of having a carbon vacancy in the carbide, the
carbon vacancy formation energy within bulk carbides and at
the coherent interface was calculated according to equation:

trap i. Negative values of E,  indicate preferential segregation

EC = E[Mncn—’l} - E[Mncn] + :u'ga (3)

vac

where E[M,C,_4] is the energy of the system with one carbon
vacancy (and n atoms of M), E[M,C,] is the energy of the
stoichiometric system and u? is the chemical potential of
carbon, taken here as the energy of a carbon atom in its
ground state of graphite. Thus, a lower value of ES,. implies
stronger tendency to form a carbon vacancy. Next, the for-
mation energy of a multiple hydrogen - vacancy complex was
calculated as per equation:

E{" = Ejft — E[MC] + u@ — n[E[FeH] — E[Fe]], @)

vac

where Efl is the energy of a supercell with a vacancy and n
hydrogen atoms surrounding the vacancy and E[MC] is the
energy of the vacancy-free supercell without any hydrogen
atoms. The hydrogen - vacancy complex formation energy
described thus, involves the formation of a carbon vacancy in
an ideally stoichiometric carbide and subsequent dissolution
of n hydrogen atoms in the vacancy. Another common way to
describe multiple hydrogen - vacancy complexes is via the
incremental hydrogen segregation energy in a vacancy, given
by equation:

Er =EM _ g UH _ [E[FeH] — E[Fe]] (5)

seg vac vac

Further, several DFT-based charge analysis methods such
as Density of States (DOS), Electron Localization Function (ELF)
[58] and Bader charge partitioning [59—61], along with the
Crystal Orbital Hamiltonian Population (COHP) [62—64] anal-
ysis were utilised.

2.2. Computational details

All DFT calculations were performed using the Vienna Ab-
initio simulation package (VASP) [65]. Generalized gradient
approximation (GGA) in the formulation of Perdew, Burke, and
Ernzerhof (PBE) was used for the exchange-correlation func-
tion [66], while the Projector Augmented Wave (PAW) method
was used for the core-valence interactions [67]. A cut-off en-
ergy of 500 eV was implemented in all calculations. For the
bulk Fe calculations, a 16-atom 2 x 2 x 2 supercell was used. A
64-atom 2 x 2 x 2 supercell was used for bulk carbide calcu-
lations while an 80-atom supercell was used for the coherent
interface (see Figs. 1 and 5). The Brillouin zone was sampled
using Monkhorst-Pack grids [68]. For bcc Fe, a 12 x 12 x 12 k-
mesh was employed. A 6 x 6 x 6 k-mesh was used for all MC
systems (bulk) while the Fe/MC (interface) systems were
sampled with a 8 x 8 x 2 k-mesh. The chosen supercell size,
cut-off energy and k-mesh density were tested to be well
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Fig. 1 — (a) A unitcell of NbC depicting the rocksalt structure. Niobium atoms are in an fcc lattice while the carbon atoms
occupy all octahedral voids, and, (b) the geometry of various trap sites considered in this work. TiC and VC have the same

structure.

converged within 0.01 eV/atom. The first-order Methfessel-
Paxton method was used for the Fermi-surface smearing [69].
A smearing width of 0.15 eV was chosen such that the corre-
sponding error in the 0-K extrapolated energy is less than 1
meV/atom. The energy tolerance for the electronic self-
consistency loop was set as 107° eV. Since bcc Fe is ferro-
magnetic, all bulk Fe and interface calculations were carried
out as spin-polarized while the calculations on bulk carbides
were non-spin-polarized. All lattice vectors and atom posi-
tions were relaxed until the residual forces on each atom were
below 0.01 eV/A. Migration barriers were calculated using the
climbing image - Nudged Elastic band (CI-NEB) method [70,71].
With this method, an interpolated chain of images between
the initial and final states is connected by a spring and relaxed
simultaneously to obtain the minimum energy path and
activation barrier. Five images were used for bulk carbides
whereas three images were used for the interface calcula-
tions. Same convergence criteria as the aforementioned DFT
calculations were used.

3. Results
3.1 Segregation in bulk carbides

The obtained lattice parameters of TiC, VC and NbC were
433 A, 4.16 A and 4.48 A respectively, which agree very well
with experimental values [72]. Firstly, the solubility of
hydrogen in these carbides is discussed. The various trap sites
are depicted in Fig. 1. The tetrahedral and face-centre posi-
tions are cubic interstitial voids, while the trigonal site is the
void formed in between three metal atoms in the (111) plane.
The other two positions are substitutional, namely a metal
and a carbon vacancy. The segregation energy of hydrogen in
all these positions is listed in Table 1.

It can be seen that none of the interstitial voids are
favourable sites for hydrogen trapping, although the trigonal
sites are most preferable. This stronger binding in trigonal
sites has previously been attributed to a covalent bond for-
mation between hydrogen and the nearest carbon atom

[45, 47]. We found that the C—H distances in the fully relaxed
state are 1.16 A, 1.15 A and 1.14 A for TiC, VC and NbC
respectively. For such short distances, a C—H bond formation
is highly likely. In Fig. 2, two-dimensional section images of
the Electron Localization Function (ELF) obtained for a
hydrogen atom dissolved at the various interstitial positions
and a carbon vacancy in VC are shown (similar results were
observed for TiC and NbC, which are not discussed here
separately for brevity). ELF describes the probability of finding
an electron pair in a given region in space. Since electron pairs
can be found in covalent bonds and lone pairs or filled valence
shells, ELF is a useful tool in imaging covalent bonding in-
teractions. When hydrogen is in one of the interstices, there is
some degree of electron pair localization in the space between
the hydrogen atom and the nearest carbon atom(s). This is
indicative of a covalent interaction between the two species,
resulting from the overlap of bonding orbitals [58]. This
feature is most prominent at the trigonal site (Fig. 2b), where
overlap of the atomic orbitals of carbon and hydrogen can be

Table 1 — Segregation energy of hydrogen in the three

carbides. The literature values are form previously
reported DFT calculations.

Type Position Segregation Literature

energy (eV)

TiC Tetrahedral 1.19 1.45 [45], 0.97 [49]
Trigonal 0.73 0.84 [27], 0.99 [45]
Face-centre 1.39 =
C vacancy -1.09 —1.16 [49], —1.17 [50]
Ti vacancy 1.51 =

VC Tetrahedral 1.91 2.08 [45], 2.11 [46]
Trigonal 1.38 1.57 [45], 1.55 [48]
Face-centre 1.73 =
C vacancy -0.16 —0.37 [50], —0.03 [48]
V vacancy 2.06 =

NbC Tetrahedral 2.07 2.14 [45], 1.65 [48]
Trigonal 1.45 1.59 [45]

Face-centre 2.07 =
C vacancy —-0.20 —0.28 [50], —0.00 [48]
Nb vacancy 2.26 =
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(c) Face-centre

(d) carbon vacancy

Fig. 2 — 2D slices of the Electron Localization Function (ELF) in VC, with hydrogen in various positions in the bulk carbide.
The spherical contours belong to the metal atoms, the elongated contours are carbon atoms and the hydrogen atom is seen
as the red spherical region. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

seen. This explains the preference for trigonal voids as
compared to the other interstitial sites. From the corre-
sponding partial density of states analysis, the bonding or-
bitals were identified as C-2s and H-1s (see appendix
Figure A2).

Contrary to the interstitial sites, the ELF image for
hydrogen at a carbon vacancy is markedly different (Fig. 2d).
In this case, the regions between the C and H atoms do not
show any electron pair localization. However, the high ELF
region around the H atom is significantly larger than that in
the other positions. Simultaneously, low ELF regions are seen
around the nearest metal atoms. This is possible if there is a
partial charge transfer from the six nearest metal atoms (four
in plane and two out of plane) towards the H atom which
causes the stretching out of the high ELF region around Hin all
six directions. Referring to Table 1, the segregation energy of
hydrogen in a carbon vacancy is exothermic. We had previ-
ously seen the absence of any covalent interactions involving
hydrogen at carbon vacancy positions. Moreover, the volu-
metric strain upon the formation of, and subsequent disso-
lution of hydrogen in the carbon vacancy is negligible (we
obtain a volumetric expansion of 0.07% for TiC). The strong
binding thus points towards a more polar interaction between

hydrogen and the neighbouring atoms. The change in charge
density upon the addition of hydrogen in a carbon vacancy
was obtained by subtracting from the total charge density, the
charge density of its constituents (see equation (6) below).

Ap = pycy — Pvc — PH 6)

The charge density difference results thus obtained are
shown in Fig. 3. Charge transfer between the species is
apparent, with charge depletion around the six nearest metal
atoms (two out of plane), and accumulation around the
hydrogen atom. Thus, by strong polar interactions with its
nearest metal atoms, the hydrogen atom can be trapped
rather strongly at a carbon vacancy. Moreover, the extent of
charge transfer is highest in TiC and lowest in NbC. However,
as can be seen in Table 1, while the hydrogen segregation
energy is lowest in TiC, that in NbC is lower than in VC. Thus
the ionic charge in itself is not sufficient to determine the trap
strength. It has been reported that the Bader atomic volume of
hydrogen has a stronger correlation with the segregation en-
ergy [47,51]. We also found the assertion to be valid for bulk
carbides (see appendix Figure B1).

The apparent trapping capacity of carbides may be higher,
if multiple hydrogen atoms can be trapped in a single vacancy.


https://doi.org/10.1016/j.ijhydene.2023.09.222
https://doi.org/10.1016/j.ijhydene.2023.09.222

216 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 50 (2024) 2I11—223

e/A3

l0.21

-0.16

-0.07

I—0.03

(a) TiC

(b) VC

C

(c) NbC

Fig. 3 — 2-D sections of the charge density difference when hydrogen is dissolved in a carbon vacancy. Units are in electrons/

A3,

Multiple hydrogen - vacancy complexes are discussed in the
following section.

3.2.  Multiple hydrogen - vacancy complex formation

Likely formation of hydrogen-vacancy complexes have been
reported for several fcc metals [52,73] as well as in TiC [49]. In
the rocksalt structure, each carbon vacancy is surrounded by
eight closest tetrahedral voids, which can be occupied by
hydrogen atoms. When a single hydrogen atom is placed in
any of these positions, it moves into the centre of the vacancy
upon structural relaxation. However, when multiple sites are
occupied simultaneously, stable hydrogen-vacancy com-
plexes may form. Ding et al. reported that up to four hydrogen
atoms can cluster around a single carbon vacancy [49]. The
multiple hydrogen-vacancy complex formation energy and
incremental hydrogen segregation energy as calculated by
equations (4) and (5) respectively are listed in Table 2. Up to
four hydrogen-vacancy complexes were studied and only the
most stable configuration for each complex from Ref. [49] are
considered.

There is a marked difference in our results for segregation
energy in TiC as compared to Ding. et al. [49]. There are two

possible reasons for this: firstly, we use a larger supercell so as
to avoid defect-image interaction arising from periodic
boundary conditions, and secondly, we use a larger value of
the cut-off energy. The formation energy of a 1H-Vac complex
was found to be exothermic for all three carbides. Moreover,
for VC, the formation of 2H-Vac complex is also exothermic.
Even though TiC has the strongest hydrogen trapping in the

Table 2 — Multiple H-Vac complex formation energy and
incremental segregation energy of hydrogen atoms in a

vacancy. The values in brackets are those reported by
Ding et al. [49].

Complex Ef" (eV) EL,; (eV)
TiC VvC NbC TiC VvC NbC

1H-Vac —0.37 -092 -025 -1.09 -0.17 —0.20
(-1.16)

2H-Vac 0.45 -0.02 0.28 —0.28 0.73 0.33
(-0.71)

3H-Vac 141 1.25 1.09 0.68 2.01 1.15
(-0.05)

4H-Vac 2.03 2.26 1.66 1.30 3.02 1.72
(0.04)
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carbon vacancy, the vacancy formation energy is much higher
than in VC and NbC, which cancels out in the complex for-
mation energy. It is often useful to plot the H-Vac complex
formation energy as a function of the chemical potential of
hydrogen. Such a plot for VC is shown in Fig. 4. The 0-H line
simply corresponds to the vacancy formation energy. Firstly,
it can be seen that the vacancy formation energy in VC is
negative. This implies that the VC structure is unstable
against a carbon vacancy formation. In stoichiometric VC, the
antibonding orbitals are also occupied and thus the removal of
carbon atoms makes the structure more stable. It is found that
VC exists as V4C3 and VgCs [74,75]. For low chemical potentials
up to —0.15 eV, hydrogen dissolution in the carbon vacancy is
not favourable. From —0.15 to +0.95 eV, the 1H-Vac complex is
the most stable phase. At higher chemical potentials, the 2H-
Vac complex is favourable while the 4H-Vac complex will
form above 1.2 eV. Thus multiple H-vac complexes can form
only under conditions of high chemical potential.

As a next step, hydrogen trapping around the carbide-
matrix interface is discussed. The interface can be fully
coherent, semi-coherent or incoherent, depending upon the
size of the carbide particle [76]. In this work, we focus only on
the coherent interface, as nano-carbides that are seen to help
with hydrogen embrittlement are within the size range of the
coherent interface [24—26].

3.3. Coherent interface

The coherent interface between bcc Fe and rocksalt TiC, VC
and NbC is in the Baker-Nutting Orientation [77]. The orien-
tation and simulation cell are depicted in Fig. 5. The supercell
dimensions were chosen based on existing work, wherein the
size of the supercell was optimised with respect to the solu-
tion enthalpy of hydrogen [27,51]. Once again, several trap
sites at the interface as well as adjacent atomic layers were
studied. Here, the interface is considered as the region in be-
tween (and including) the closest Fe and carbide layers.

Due to the lattice mismatch between Fe and carbide, the Fe
matrix tends to adapt to the lattice parameters of the spnger
carbide. Upon full relaxation of the interface, we obtained a
volumetric lattice strain of 2%, 2.2% and 3.6% in TiC, VC and

NbC respectively. Moreover, upon structural relaxation, the
planar alignment of metal and carbon atoms in the carbide
layer was slightly distorted. This phenomenon has been pre-
viously reported in both theoretical and experimental studies
and is known as rippling [78,79]. In the Fe matrix, the Fe—Fe
distance in the direction perpendicular to the interface plane
was found to change gradually. For the Fe atoms that were
directly below the carbon atoms, the Fe—Fe distance increased
upon moving farther away from the interface and recipro-
cally, decreased for the Fe atoms directly below the Nb atoms.
These structural changes in the Fe and carbide layers were
seen to affect the segregation of hydrogen. The segregation of
hydrogen at various positions around the interface is listed in
Table 3. Tetrahedral, octahedral and carbon vacancy sites
were considered within the region comprising the interface in
Fig. 5. Several bulk-like positions in the Fe and carbide matrix
in the adjacent atomic layers were also taken into account.
These include the tetrahedral and octahedral interstices in the
Fe matrix and the tetrahedral and trigonal interstices along
with a carbon vacancy in the bulk carbide.

Firstly, consider the tetrahedral interstices in the Fe layers.
It is seen that for all carbides, the segregation of hydrogen in
the first and third Fe layers is enhanced, while that in the
second Fe layer is slightly reduced. A segregation energy of
—0.42 eV was obtained for the first Fe layer in NbC, which is
even slightly higher than thatin a carbon vacancy in bulk NbC.
Due to the disparity in the Fe—Fe distances arising from lattice
rippling, the three tetrahedral positions are not equivalent,
and have different void volumes. Consequently, different
segregation energies are obtained. Moreover, the relative
segregation energy is highest for NbC, which also has the
largest lattice mismatch. Thus, the enhanced segregation in
the tetrahedral sites can be attributed mainly to the coherency
strains. The octahedral voids, which have a smaller volume
than the tetrahedral voids, still remain unfavourable.

Secondly, consider the segregation of hydrogen at the
interface. For all the carbides, the segregation energy in
tetrahedral voids is lowered, with the decrease being sub-
stantial in NbC. The segregation energy of —0.31 eV is again,
lower than that in bulk carbon vacancies in NbC. Thus, for
NbC, deeper traps exist in the form of tetrahedral voids

0.0

_ Lh 2H 3H \ 4H
S o
)
& 2 OH
@ ]
=
& i
=
g 5
© =
e 9
£ i
o \
¢ | T | | | ] I
-1.0 -05 0.0 05 1.0 15 2.0

Chemical Potential of Hydrogen (eV)

Fig. 4 — The formation energy of 0, 1, 2, 3 and 4 hydrogen-vacancy complexes as a function of the chemical potential of
hydrogen in VG, as calculated using equation (4). The chemical potential of hydrogen in a tetrahedral void in bcc Fe is set to

zero and is marked with the dashed vertical line.
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Fig. 5 — The carbide-Fe coherent interface with the Baker-Nutting orientation relation. The region enclosed between the
planes is the interface region and referred as i. Hydrogen segregation energy was calculated at various atomic layers in the
Fe and carbide sub-matrix. Vy,, are carbon vacancy positions in the carbide layers.

around the coherent interface, rather than in the bulk. The
segregation of hydrogen in octahedral voids is also enhanced,
but only very slightly. In both these positions, the hydrogen
atom is directly coordinated with species from both the bulk
phases. In such cases, along with the elastic strains at the
interface, the unique chemical environment also contributes
to the segregation energy. However, a comparison with the
interstitial sites in the Fe layers indicates that the elastic effect
is still dominant.

Thirdly, the segregation energy at the interface carbon
vacancy is the lowest in TiC and that in VC and NbC is com-
parable. However, differing trends are seen in the hydrogen
solubility at a interface vacancy as compared to the bulk. For
VC and NbC, the segregation energy is substantially lower at

the interface than that in bulk carbides, whereas the change is
relatively minor for TiC. At the interface vacancy, the
hydrogen atom is coordinated by five Ti, V or Nb atoms and
one Fe atom as opposed to six Ti, V or Nb atoms in bulk va-
cancies. Since the trapping of hydrogen in vacancies is
mediated by polar interactions, it may be expected that at the
interface, the chemical effect due to an Fe atom has a major
contribution to the segregation energy. In order to quantify
the chemical effect at the interface, we performed Crystal
Orbital Hamiltonian Population (COHP) analysis on the three
carbides. COHP reflects the strength of bonding between a pair
of atoms. The Integrated-COHP value of the Fe—H interaction
was found to be —0.77 in VC, as compared to —0.52 in TiC (see
appendix section C). Thus, the chemical effect of the Fe—H

Table 3 — Segregation energy (in eV) of hydrogen in various positions around the coherent

interface. The positions are labelled as Type(Octahedral, Tet, or C Vacancy) and phase (Fe or
MC) followed by the number of atomic layer away from the interface (1, 2, 3 or interface).

Position Carbides
TiC VC NbC

Tet Fe 3 -0.07 -0.20 —-0.24
Oct Fe 2 0.22 0.10 0.36
Tet Fe 2 0.05 —0.03 0.10
OctFe 1l 0.45 0.30 0.53
TetFe 1 -0.11 -0.13 —-0.42

(-0.30 [51], —0.32 [27]) (-0.11 [51]) (-0.30 [51], —0.28 [48])
Oct i 0.00 —0.08 0.27

(-0.15 [51], —0.10 [48]) (-0.10 [48],-0.12 [51])
Teti -0.12 -0.11 -0.31

(-0.28 [51], —0.32 [27]) (-0.14 [51], —0.11 [48]) (-0.20 [51], —0.15 [48])
Vac i -1.07 -0.53 —0.50

(-0.46 [27], —1.02 [51]) (-0.38 [80], —0.58 [48,51]) (-0.55 [48,51])
Vac 1 ~0.99 (~0.86 [27]) —0.55 (~0.41 [80]) —0.49
Vac 2 —1.05 (—0.88 [27]) —0.45 —0.39
Tet MC 1 0.84 1.99 2.03
Tri MC 1 1.15 0.99 1.66
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Table 4 — Carbon vacancy formation energy (in eV) at the
interface (i) and adjacent carbide layers. Refer to Fig. 5 for

exact positions. Bulk refers to the vacancy formation
energy in bulk carbide supercells.

Carbide Position

Vac i Vac 1 Vac 2 Bulk
TiC 1.04 0.89 0.85 0.74
VvC 0.26 0.08 —0.32 —0.79
NbC 0.67 0.45 0.17 —0.05
Table 5 — Hydrogen migration barriers in TiC (in eV).
Bulk Bulk Interface Interface
Trapping De-trapping Trapping De-trapping
0.16 2.75 0.13 0.92

interaction is stronger in VC than in TiC. The reduction in
segregation energy of hydrogen at the interface vacancy is
therefore lower in VC than in TiC. However, when considering
carbon vacancies at and around the interface, it is also critical
to know whether or not such a vacancy is likely to form at all.

The vacancy formation energy at different carbide layers
near the interface was calculated according to equation (3)
and are listed in Table 4. The vacancy formation energy was
found to be significantly higher at the interface than in the
bulk. The Fe—C interaction across the interface is known to be
strongly covalent [81], which makes it more difficult to create
vacancies at the interface. Thus, although VC and NbC may
have deep traps at the interface in the form of carbon

vacancies, their concentration is significantly smaller than
that in the bulk.

Finally, the segregation of hydrogen in the tetrahedral and
trigonal interstices in the carbide layer still remains unfav-
ourable. Thus, in conclusion, we find that along with the
carbon vacancies, the tetrahedral voids at the interface and
the nearest Fe layer can also be deep traps for hydrogen,
owing to the elastic strains from the lattice mismatch be-
tween the two bulk phases.

3.4. Migration barriers in TiC

In order to reduce the effective diffusivity of hydrogen, carbon
vacancies in the bulk or at the interface must be able to trap
the hydrogen atoms. Migration barriers between equivalent
trap sites have been calculated for bulk VC [44]. The lowest
barriers for hydrogen migration between nearest trigonal sites
was 0.19 eV, while that between adjacent carbon vacancies
was found to be 2.12 eV. In TiC, Ding et al. reported a value of
1.19 eV for migration between adjacent vacancies [49]. In this
work, we calculated the migration barriers between a carbon
vacancy and an interstitial void in TiC. Two different sce-
narios were considered: firstly, when a hydrogen atom is
diffusing through the interstitial sites in bulk TiC and en-
counters a carbon vacancy, and secondly, when the hydrogen
atom is in the Fe matrix of a Fe/TiC coherent interface, and
encounters a carbon vacancy at the interface. For the first
case, we considered the migration of hydrogen into a vacancy
from a second-nearest tetrahedral site (The barrier from
nearest tetrahedral sites is zero). The smallest migration
barriers are listed in Table 5. In bulk TiC, the migration barrier
for trapping was found to be 0.16 eV while for de-trapping it

Fig. 6 — Minimum energy path for trapping and detrapping in a vacancy from nearby tetrahedral site in (a) bulk TiC and (c)
Fe/TiC interface. The tetrahedral site is labelled as 1 and the vacancy as 7 in bulk TiC and 5 in Fe/TiC interface. b) Zoomed in
view of the initial (1) and final (7) position and the saddle point (2) in bulk TiC. The initial tetrahedral site is marked in blue.
The saddle point resembles a face-centre configuration (shown in red). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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was 2.75 eV. The barrier for de-trapping was significantly high,
which indicates the irreversible nature of trapping. The min-
imum energy path is shown in Fig. 6 a and b. The transition
state was identified as a face-centre void, which was also re-
ported in Ref. [44] for hydrogen migration between adjacent
vacancies in VC. For the second case, we considered the
migration of hydrogen into a carbon vacancy at the interface
from the tetrahedral void in the first Fe layer adjacent to the
interface. The minimum energy path is shown in Fig. 6¢c. The
migration barrier for trapping in a carbon vacancy was found
tobe 0.13 eV and is comparable to that in bulk TiC. The barrier
for de-trapping was found to be 0.92 eV, which although still a
high value, is smaller than that in bulk TiC. Thus, the most
irreversible traps can be said to lie in the bulk of the carbides.

4, Conclusion

Using a variety of charge analysis methods in combination
with DFT, we were able to study the segregation and migration
of hydrogen in transition metal carbides. We observed that in
stoichiometric carbides, hydrogen binds covalently with the
carbon atoms, provided the C—H distance is relatively small.
ELF images indicated clear overlap between the spherical s
orbital of carbon the s orbital of hydrogen. Yet these are not
favourable traps and carbon vacancies are the only deep traps
in bulk carbides. When hydrogen occupies a carbon vacancy, a
polar bond is formed between the hydrogen atom and its six
neighbouring metal atoms, which leads to strong trapping.
The strength of trapping is determined by the charge transfer
between the species as well as the associated volume over
which the charge is localised. The segregation energy of
hydrogen in a carbon vacancy in TiC is substantially low
(—1.09 eV). In all the three carbides, it is easier to form a
hydrogen-vacancy complex than a vacancy without hydrogen.
However, VC has lowest hydrogen-vacancy complex forma-
tion energy. This is due to the already low vacancy formation
energy in VC, which are known to precipitate as V,C3 and VeCs.
Moreover, a single vacancy in VC can also trap up to two
hydrogen atoms favourably. The formation of other multiple
hydrogen-vacancy complexes requires a relatively high
chemical potential of hydrogen and is typically not feasible.

We also studied segregation of hydrogen around the
coherent carbide/bcc-Fe interface. The lattice mismatch be-
tween the two phases caused coherency strains near the
interface. This lead to some enhancement in segregation in
the Fe matrix adjacent to the interface. NbC depicted the
largest change, with a tetrahedral void in the immediate Fe
layer having a segregation energy of —0.42 eV. This is even
lower than the segregation energy in a carbon vacancy in bulk
NbC. Thus, in NbC, deep traps are present in the elastic strain
fields around the interface. Notably, the segregation energy at
the interface vacancies was found to be substantially lower
than that in the carbon vacancies in bulk VC and NbC. At this
position, in addition to the polar V-H or Ti—H bonds, the
hydrogen atom is also stabilised by the Fe—H bond at the
interface. COHP analysis of the Fe—H bond at the interface
revealed a stronger Fe—H bond in VC than in TiC, which led to
the lower segregation energy at the interface vacancy in VC
than one in the bulk.

In regard to the migration barriers for hydrogen in TiC, it
was found that within the bulk TiC, a moderately low activation
energy of 0.16 eV is needed for hydrogen to jump into a carbon
vacancy from a trigonal site. Moreover, the de-trapping barrier
was found to be 2.75 eV, which indicates towards the irre-
versible nature of hydrogen trapping in carbon vacancies.
Across the interface, the migration barrier for hydrogen to jump
from a tetrahedral interstices in bce Fe into an interface va-
cancy was found to be comparable to that in the bulk. The de-
trapping barrier was lower than that in the bulk, however the
obtained value of 0.92 eV is still high so as to form an irre-
versible trap.

In conclusion, we have found that off-stoichiometric TiC
precipitates are the most effective irreversible hydrogen traps
by virtue of strong Ti—H polar interactions. On the other hand,
the coherency strains from NbC, which has a larger lattice
parameter than TiC and VC, can also enhance the segregation
of hydrogen in the tetrahedral interstices around the interface.
Thus while in TiC, the deepest traps lie in the bulk of the pre-
cipitate, in NbC and VC, tetrahedral voids at the interface are
the deepest traps. Carbon vacancies at the interface are also
found to be one of the deepest traps, although the formation of
such vacancies is highly unlikely. The migration barriers for
trapping in carbon vacancy were found to be quite low thereby
indicating that these traps are relatively accessible. The high
de-trapping barriers reflect the irreversible nature of trapping.
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