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Carbon vacancy network mediated hydrogen
trapping at the a-Fe/VC interface
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Hydrogen embrittlement poses a significant threat to the structural integrity of high-strength steels.

Although vanadium carbide (VC) precipitates are recognized as effective traps for mitigating hydrogen-

induced damage, the precise mechanisms of hydrogen trapping and diffusion within VC remain controversial.

In this study, we employ first-principles calculations to investigate the influence of carbon vacancies on

hydrogen trapping and diffusion behavior at the coherent a-Fe/VC interface. Our results reveal that interfacial

carbon vacancies facilitate hydrogen approach along the xy-plane, while interconnected vacancy networks

enable hydrogen to diffuse from the a-Fe matrix into the VC bulk. Notably, hydrogen ingress into VC occurs

preferentially through nearest-neighbor carbon vacancies. The calculated activation energies for hydrogen

escape from interfacial and internal VC vacancies are 67.5 kJ mol�1 and 82.2–83.9 kJ mol�1, respectively,

in good agreement with experimental values. These findings underscore the critical role of interfacial and

connected carbon vacancies in mediating hydrogen diffusion and trapping within VC, providing atomistic

insights for designing hydrogen-resistant steels.

1. Introduction

High-strength steels are crucial in industries such as automo-
tive manufacturing and aerospace due to their exceptional
mechanical properties and cost-effectiveness.1–5 However, their
service life is often compromised by the notorious hydrogen
embrittlement, a phenomenon where the structural integrity of
metals is degraded after absorbing hydrogen.6,7 As a result,
reducing the hydrogen embrittlement susceptibility of steel has
become a significant research focus. Although no single mecha-
nism can comprehensively account for all facets of hydrogen
embrittlement, it is widely accepted that the accumulation of
diffusely distributed hydrogen atoms at lattice defects plays a
key role in causing hydrogen embrittlement.8–10 Consequently,
incorporating irreversible hydrogen traps into the material can
help prevent the aggregation of hydrogen atoms, thereby
improving resistance to hydrogen embrittlement.11–15

Carbides play a crucial role in mitigating hydrogen embrit-
tlement while enhancing the strength of steel, with vanadium
carbide (VC) being particularly noteworthy due to its rela-
tively low cost and favorable formation energy.16–20 Both

experimental and theoretical studies have demonstrated that
due to the presence of numerous carbon (C) vacancies in VC
precipitates,21–23 VC has the ability to trap a significant
amount of diffused hydrogen atoms, thereby effectively redu-
cing the risk of hydrogen embrittlement in steels.24,25 Experi-
mental observations typically show that VC precipitates have
a discoidal shape, with a B–N orientation relationship with
the matrix ((001)Fe//(001)VC, [100]Fe//[110]VC). The hydrogen
trapping capacity of VC carbides peaks at around 10 nm in
size.26 For instance, Yang et al. found that VC precipitates
could decrease the hydrogen embrittlement susceptibility of
spring steels by 23%.27 Additionally, Boot et al. measured the
hydrogen activation energy of VC precipitates to be between
53 and 72 kJ mol�1 using thermal desorption spectroscopy
(TDS) experiments, suggesting that VC acts as an irreversible
hydrogen trap.28 The specific sites where hydrogen is trapped
within VC have also been extensively studied. Takahashi
et al.29 identified C vacancies at the interface between the
V4C3 precipitate phase and the matrix as primary hydrogen
trapping sites using atom probe tomography (APT). In con-
trast, Chen et al.30 revealed through low-temperature APT
experiments that hydrogen can be trapped inside VC preci-
pitates. Certain researchers have indicated that hydrogen
diffusion into the interior of carbides requires a continuous
network of carbon vacancies within the lattice.31,32 While the
hydrogen trapping properties of VC precipitates are well-
known, the processes governing hydrogen diffusion near
the interface and its entry into the interior of the carbide
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are not yet fully understood. A clear understanding of hydro-
gen trapping and diffusion both perpendicular and parallel
to the interface is still missing.

First-principles calculations have been widely used to eval-
uate the hydrogen trapping and diffusion capacities of various
materials, providing insights into the intrinsic mechanisms.
Ma et al.33 suggested that strain at the carbide interface
enhances hydrogen trapping at specific sites. Zhang et al.34

found that the hydrogen trapping energy at the interface can be
correlated with the Bader atomic volume. Stefano et al.15 calcu-
lated the hydrogen escape energies at different trapping sites of Ti
precipitates in steel, and found that these energies were well
contrasted with the experimental results. Sagar et al.35 indicated
that C vacancies at the a-Fe/TiC interface act as deep hydrogen
traps, and that hydrogen diffusion through the interface to these C
vacancies is feasible. However, previous studies have primarily
focused on whether hydrogen atoms can penetrate the interface
and diffuse into the interfacial C vacancies, without providing a
detailed analysis of the role that C vacancies play in this process.
This also involves the hydrogen trapping and diffusion behavior of
hydrogen atoms both perpendicular and parallel to the interface.
Furthermore, previous studies have not provided a detailed expla-
nation of the physical representation of hydrogen trapping inside
the carbide, as observed through APT. Therefore, further investiga-
tion is needed into how hydrogen is captured and migrates within
the VC region of the interface. This is crucial for optimizing the
hydrogen trapping ability of vanadium carbide.

In this study, first-principles calculations are employed to
explore hydrogen trapping sites at the coherent a-Fe/VC inter-
face, considering both the presence and absence of C vacancies.
Then, the diffusion behavior of hydrogen perpendicular and
parallel to the interface is explored. Finally, the diffusion of
hydrogen within the VC layer near the interface is analyzed to
elucidate the mechanisms of hydrogen trapping and diffusion
by VC precipitates.

2. Theoretical methods

The Vienna Ab initio Simulation Package (VASP)36 was used to
perform first-principles calculations based on density func-
tional theory (DFT). The electron–ion interactions are described
using the projector augmented wave (PAW) method.37 The
Perdew–Burke–Ernzerhof (PBE) functional38 within the general-
ized gradient approximation (GGA)39 is used to approximate the
exchange–correlation effects. All calculations were performed
using a plane-wave cutoff energy of 450 eV. A model of the a-Fe/
VC coherent interface, consisting of 12 layers of VC and 8 layers
of Fe, was constructed based on the experimentally determined
Baker–Nutting (B–N) orientation to approximate the exchange–
correlation effects. All calculations were performed using a
plane-wave cutoff energy of 450 eV. A model of the a-Fe/VC
coherent interface, consisting of 12 layers of VC and 8 layers of
Fe, was constructed based on the experimentally determined
Baker–Nutting (B–N) orientation relationship, with (001)Fe//
(001)VC and [100]Fe//[110]VC.12,40,41 Previous studies25,42,43 have

indicated that the lowest interfacial energy is achieved when Fe
atoms align with C atoms at the a-Fe/VC coherent interface, so
this configuration was used. For the initial interface model, the
atomic positions and cell size were relaxed, while in subsequent
calculations, only the atomic positions were relaxed. The force
and energy convergence thresholds were set to 0.01 eV Å�1 and
10�5 eV per cell, respectively. The Brillouin zone of the interface
model was sampled using a 6 � 6 � 1 k-point grid, constructed
based on the Monkhorst–Pack method.44 Spin-polarized calcu-
lations were performed to explain the ferromagnetism of a-Fe.
The climbing image nudged elastic band (CINEB) method was
used to calculate the hydrogen diffusion energy barrier at the
interface.45 The crystal structures were visualized with the help
of VESTA software.46 Furthermore, to facilitate comparison
with experimental values in the literature, the conversion
relation 1 eV = 96.49 kJ mol�1 is adopted throughout this work.

The vacancy formation energy is defined as the ease of
formation of the nth C vacancy near the a-Fe/VC coherent
interface, which is defined as:

EnVac
f = EnVac + mC � E(n�1)Vac (1)

where EnVac refers to the system energy with n carbon vacancies,
while mC represents the chemical potential of carbon, calcu-
lated based on the average energy per carbon atom in graphite.
A negative value for the vacancy formation energy indicates that
the formation of the vacancy is energetically favorable.

The segregation energy denotes the energy difference
required for a H atom to migrate from the most stable inter-
stitial site within the bulk a-Fe matrix to a specific site at the
interface. It is defined as:

Eseg = (EtotnH � Etot(n � 1)H) � (EFe
tot(H) � EFe

tot(O))
(2)

where EtotnH represents the system energy with n hydrogen
atom at the interface. EFe

tot(H) represents the energy of the a-Fe
matrix with a hydrogen atom in its most stable site, while EFe

tot

(O) is the energy of the a-Fe matrix without hydrogen atoms. A
negative segregation energy indicates that hydrogen atoms tend
to segregate to this site.

3. Results and discussion
3.1. Hydrogen trapping at the a-Fe/VC interface

The a-Fe/VC interface model was initially constructed, consid-
ering both C vacancy-free and C vacancy-containing configura-
tions, as illustrated in Fig. 1(a)–(d). The vacancy configurations
examined include a single C vacancy (Vacint

C ), double C vacancies
(Vacint

C , Vac1NN
C ), and triple C vacancies (Vacint

C , Vac1NN
C , Vac2NN

C ).
The double C vacancy configuration is obtained by introducing a
nearest neighbor C vacancy on the second VC layer, based on the
single C vacancy configuration, as previous studies have hypothe-
sized that hydrogen in carbides can diffuse through connected C
vacancies.32,47 Based on the optimized double carbon vacancy
configuration, all possible carbon vacancies on the third layer of
VC that satisfy the nearest neighbor condition relative to existing
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vacancies were screened. Each candidate structure was opti-
mized, and the configuration with the lowest total energy was
selected as the stable triple vacancy state for subsequent analysis.
Fig. 1(e) shows the vacancy formation energies for these config-
urations. The results show that the vacancy formation energies for
all three vacancy configurations are negative, suggesting that these
configurations are readily formed and energetically favorable.

To investigate the trapping of individual hydrogen atoms
near the a-Fe/VC coherent interface, five types of hydrogen
trapping sites were considered as displayed in Fig. 2a: two
tetrahedral interstitial sites (TetnNN

Fe and Tetint
Fe , positioned at the

core of four metal atoms), two C vacancies (VacnNN
C and Vacint

C ,
positioned at the core of six metal atoms), and one triangular
interstitial site (Triv, positioned at the core of three V atoms).
The superscript ‘‘int’’ denotes sites at the interface, while
‘‘nNN’’ indicates sites relative to the nth nearest neighbour to
the interface plane. Among them, the tetrahedral interstitial
and triangular interstitial are the most stable trapping sites in
the defect-free bulk phases of Fe and VC, respectively.48,49 The
trapping configurations and corresponding segregation ener-
gies are displayed in Fig. 2. The results show that, without C
vacancies, hydrogen atoms tend to segregate to the tetrahedral
interstitial site in the Fe layer near the interface. However, due
to the positive segregation energy of the triangular interstitial
site in the VC layer, hydrogen atoms are unable to segregate to
the VC side of the interface when C vacancies are absent. When
C vacancies are present, the segregation energy of the trapping

sites near the Fe layer at the interface increases but remains
negative, indicating that hydrogen atoms still tend to segregate
to these sites. Although interfacial vacancies significantly
reduce the segregation energies of adjacent iron layers, the
addition of further vacancies within VC (e.g., double or triple
vacancy configurations) scarcely alters these segregation ener-
gies. Therefore, only the C vacancies closest to the interface
significantly affect hydrogen trapping in the Fe layer. Addition-
ally, C vacancies exhibit the strongest trapping ability among all
the sites, with all three configurations acting as strong hydro-
gen traps. Conversely, the triangular interstitial site on the VC
side remains ineffective in trapping hydrogen atoms. There-
fore, it can be concluded that only C vacancies serve as stable
hydrogen trapping sites in carbides within steel.

3.2. Hydrogen diffusion at the a-Fe/VC interface

The mobility of hydrogen atoms towards the trapping site is
essential for hydrogen trapping and embrittlement mitigation.
To that end, we have examined the diffusion behavior of
hydrogen atoms near the interface. The diffusion of hydrogen
in the Z direction (perpendicular to the interface) was scruti-
nized firstly. The diffusion pathways and corresponding energy
barriers for hydrogen atoms in different interface configura-
tions are shown in Fig. 3. Without C vacancies, the diffusion
energy barrier for hydrogen near the interface is similar to that
in the Fe matrix (EFe

mig = 0.09 eV),50,51 allowing hydrogen atoms
to diffuse near the interface. For various hydrogen traps within
steel, extensive literature has determined their corresponding
activation energies via TDS testing. The activation energies for
most traps fall within 100 kJ mol�1.52–54 Only TiC exhibits a
significantly higher activation energy, reaching 145 kJ mol�1.55

Conversely, the energy barrier for hydrogen atoms diffusing
through the interface into the VC layer is exceptionally high
(2.14 eV, 206.5 kJ mol�1), which significantly impedes hydrogen
diffusion into the VC layer. Thus, considering both the segrega-
tion energy and diffusion behavior inferred that hydrogen is
likely to remain within the Fe layer when no C vacancy is
present.

In contrast, when a C vacancy is present at the interface,
hydrogen can still diffuse into the Fe layer, and the energy
barrier for the hydrogen atom to pass through the interface and
occupy a C vacancy in the VC layer is only 0.30 eV. This allows
hydrogen atoms to diffuse into the interface and become
trapped by C vacancies. The interfacial vacancy-induced barrier
(0.30 eV) is 85% lower than the defect-free case (2.14 eV),
demonstrating vacancy-mediated hydrogen permeation. How-
ever, the diffusion energy barrier remains high (42.39 eV) for
hydrogen atoms attempting to move from these C vacancies to
the triangular interstitial sites within VC. This high barrier
prevents hydrogen atoms trapped by the C vacancy from
escaping into the defect-free region of VC. When connected C
vacancies exist in the VC layer near the interface, the diffusion
energy barrier decreases to around 0.82–0.89 eV. This substan-
tial reduction in energy barrier increases the likelihood of
hydrogen atoms being trapped within the interior of the
carbide.

Fig. 1 Four interfacial configurations and corresponding vacancy for-
mation energies: (a) C vacancy-free, (b) single C vacancy, (c) double C
vacancy, and (d) triple C vacancy configurations; and (e) the corresponding
vacancy formation energies.

Fig. 2 (a) Different hydrogen trapping sites and (b) the corresponding
segregation energies near the interface.
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Additionally, TDS has been widely employed to measure the
activation energy of hydrogen traps,56–58 which refers to the
energy needed for hydrogen to escape from a trap. In this study,
this activation energy corresponds to the maximum diffusion
energy barrier that a hydrogen atom must overcome to migrate
from various hydrogen trap sites into the Fe matrix. Based on
the data in Fig. 3, the diffusion energy barriers for hydrogen
atoms from different sites to the matrix have been calculated
(maximum energy barriers required for diffusion from the site
on the right to the site on the left in each picture of Fig. 3), with
the results summarized in Table 1. In this context, the C-
vacancy-free configuration represents the trapping capacity on
the Fe side of the interface, the single C vacancy configuration
corresponds to the ability of the C vacancy at the interface to
trap hydrogen, and the double and triple C vacancy configura-
tions define the trapping capacity within the carbide. The

calculated activation energy of hydrogen in the interfacial Fe
layer is 12.4 kJ mol�1. It is important to note that the interface
creates strain on the Fe side. However, due to the model size
limitation, a strictly strain-free Fe bulk phase is not included in
the calculations, leading to an error in calculating the activa-
tion energy on the Fe side of the interface. To estimate the
activation energy on the Fe side, the formula proposed in the
literature (Eact = Eseg + EFe

mig) can be applied,15,25,59 giving an
activation energy range of 24.5–34.7 kJ mol�1. The hydrogen
activation energy in grain boundaries and dislocations is gen-
erally reported to be in the range of 14.5–18.9 kJ mol�1,60–62

which is categorized as a reversible hydrogen trap at room
temperature (o50 kJ mol�1 (ref. 63 and 64)). Therefore, the
trapping sites on the Fe side of the interface can also be
regarded as reversible hydrogen traps, from which hydrogen
can escape. The activation energy on the Fe side of the interface

Fig. 3 Hydrogen diffusion paths and energy barriers for different interfaces: (a) C vacancy-free, (b) single C vacancy, (c) double C vacancies, and (d) triple
C vacancies.

Table 1 Calculated and experimental values of hydrogen escape at different sites of the VC/a-Fe interface

Site

Interface Interior of the carbide

Fe side C vacancy on the interface Double C vacancies Triple C vacancies

This work (kJ mol�1) 24.5–34.7 67.5 82.2 83.9
Experiment (kJ mol�1) 19.8–29.8,29 62–65,17 62–82,28 87.366

26.8,29 49.6–69.6,29

33–3565 6267
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is close to the TDS results reported in the literature (19.8–29.8
kJ mol�1,29 26.8 kJ mol�1,18 33–35 kJ mol�1 (ref. 65)). The fact
that APT results did not detect hydrogen trapping at the inter-
face could be attributed to the lack of low-temperature APT, as
the hydrogen might have already escaped from the trapping
sites by the time of detection.

For the trapping sites in the VC layer, the activation energy
obtained by the equation is lower than the calculated value from
CINEB. Thus, the activation energies for interfacial C vacancies
and internal C vacancies in carbides are determined using
CINEB. The calculated escape energies for hydrogen at the
interfacial C vacancies and within the carbides are 67.5 kJ mol�1

and 82.2–83.9 kJ mol�1, respectively. This indicates that both
interfacial and internal C vacancies in carbides act as irreversible
hydrogen traps, significantly reducing the susceptibility of steel
to hydrogen embrittlement.27 These values are close to the
activation energies obtained by TDS,17,28,29,66,67 and the presence
of hydrogen trapping at interfacial C vacancies and within
carbides has been confirmed by characterization techniques
such as atomic force microscopy (AFM), APT and secondary
ion mass spectrometry (SIMS). The synergy between interfacial
and connected bulk vacancies creates a ‘‘vacancy highway’’ for
hydrogen diffusion, explaining the high hydrogen retention
observed in APT studies. The computational results presented
here further substantiate the potential for hydrogen trapping
within carbide phases and offer a valuable reference for future
TDS experiments aimed at verifying hydrogen trapping sites.

The diffusion of hydrogen atoms within the xy-plane of the
interface was analyzed to understand the impact of the inter-
face and the presence of C vacancies on hydrogen diffusion.
The study focused on the five Fe layers closest to the interface,
with the diffusion paths and corresponding energy barriers
illustrated in Fig. 4. When C vacancies are absent, the diffusion
energy barrier for the hydrogen atom is the lowest within the
first two layers adjacent to the interface. This suggests that
when hydrogen diffuses toward the VC/a-Fe interface, it

preferentially migrates along the z-axis (perpendicular to the
interface) toward the interface, followed by diffusion within the
xy plane (parallel to the interface) in these two closest layers.
When C vacancies are introduced, the diffusion energy barrier
for the hydrogen atom in the two layers closest to the interface
is further lowered, while it increases in the remaining three
layers. As a result, even if there is no C vacancy directly beneath
the hydrogen moving from the Fe matrix to the interface, the
hydrogen is attracted by the nearby C vacancy, causing the
hydrogen atom to diffuse along the xy-plane of the interface
toward the C vacancy. As the hydrogen atoms move towards
these vacancies, they can eventually break through the interface
and become trapped within the C vacancies. The process
continues until all available vacancies at the interface are filled.

Additionally, the possibility of hydrogen diffusion in the Fe
layer toward the second-layer C vacancy (Vac1NN

C ) near the inter-
face, in the absence of an interfacial C vacancy (Vacint

C ), was
considered. The results are shown in Fig. 5. The vacancy formation
energy for Vac1NN

C is �0.24 eV, indicating that this configuration is
energetically favorable. The diffusion energy barrier for a hydrogen
atom moving from the Tetint

Fe site in the Fe layer to the Vac1NN
C site

in the VC layer was then calculated. The diffusion energy barrier
for hydrogen via this pathway to the VC layer is quite high
(2.15 eV), which is similar to the diffusion barrier without C
vacancies. This result suggests that hydrogen atoms have difficulty
in diffusing through this pathway to reach and be trapped by the C
vacancies within the VC layer. These findings emphasize the
importance of interfacial C vacancies: without them, even if
numerous C vacancies exist inside VC, VC cannot act as an
irreversible hydrogen trap, as hydrogen atoms struggle to pene-
trate the interface and reach the deeper hydrogen traps.

3.3. Hydrogen diffusion in the interfacial VC layer

The case of diffusion of hydrogen occupying the interfacial C
vacancies through the C vacancies located at the second and
third nearest neighbors (cross-layer diffusion) was also

Fig. 4 Hydrogen diffusion paths and energy barriers on the xy-plane of the interface. (a) Schematic of diffusion, (b) diffusion paths, and (c) diffusion
energy barriers.
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considered, and the results are shown in Fig. 6. The formation
energies of the second and third nearest neighbor C vacancies
were �0.11 eV and �0.77 eV, respectively. These results indi-
cate that both vacancy configurations are energetically feasible.
However, the diffusion energy barriers for hydrogen atoms
through these second and third nearest neighbor C vacancies
(3.56 eV and 2.58 eV) are much larger than the energy barriers
for diffusion through the nearest neighbor C vacancies directly
connected to the interface. Therefore, the hydrogen atoms in
the VC layer at the interface are more inclined to diffuse into
the interior of the carbide through the connected C vacancies
between neighboring layers, making cross-layer diffusion diffi-
cult to occur.

The trapping ability of the interfacial C vacancies also merits
further exploration, which is related to the number of hydrogen
atoms that can be captured by the C vacancies. Therefore, the
ability of three different C vacancy configurations to trap
multiple hydrogen atoms was examined, and the findings are
shown in Fig. 7. It can be found that even as the number of
trapped hydrogen atoms increases, the segregation energy at
any C vacancy remains low (o�0.5 eV). This indicates that the
hydrogen atoms occupying the C vacancies have little effect on
the trapping capacity of the adjacent C vacancies. Therefore,
under favorable conditions, hydrogen atoms are energetically
inclined to occupy all C vacancies in VC.

Besides single hydrogen atom diffusion, we have examined
the diffusion of multiple hydrogen atoms within the interfacial
VC layer, focusing on diffusion along the network of C vacancies.
We have used a model with the three C vacancy configuration

and examined two potential diffusion paths. The first path
involves hydrogen diffusion through the C vacancies that are
directly connected as nearest neighbors. In this path, only after
the first hydrogen atom diffuses into the interior of VC through
the nearest neighbor C vacancy, the second hydrogen atom can
diffuse into the interior of VC in the same manner. The second
diffusion path considers the hydrogen atom bypassing the
hydrogen atom occupying the nearest neighbor C vacancy and
directly diffusing to the third nearest neighboring C vacancy. The
schematic diagrams of these two diffusion paths and their
respective energy barriers are presented in Fig. 8. The energy
barrier for the first diffusion pathway is 0.87 eV, whereas the
second path shows a barrier of 1.57 eV. This indicates that
hydrogen atoms are more likely to diffuse sequentially into the
VC interior via the nearest neighbor connected C vacancies. The
energy barrier for the first path aligns with experimental values
obtained by TDS,17,66,67 supporting the feasibility of this diffu-
sion process. Therefore, hydrogen atoms diffusing from the a-Fe
matrix into the VC layer can only enter the interior of vanadium
carbide through the nearest neighboring carbon vacancies. The
subsequent hydrogen atom can follow the same diffusion path
only after the previous one has diffused into the VC interior.

3.4. Effect of C vacancies on hydrogen diffusion at the
interface

Based on the computational data presented in this paper, a
schematic diagram of hydrogen diffusion near the a-Fe/VC
interface with and without C vacancies is constructed, as shown
in Fig. 9. When no C vacancies are present in VC, the Fe layers

Fig. 5 Formation energy and hydrogen diffusion of the Vac1NN
C configu-

ration. (a) Formation energy of the Vac1NN
C configuration; (b) path of

hydrogen diffusion into the Vac1NN
C site, and (c) energy barrier of hydrogen

diffusion into the Vac1NN
C site.

Fig. 6 Paths and energy barriers for hydrogen atom diffusion through
other near neighbor C vacancies. (a) Paths of hydrogen diffusion between
the second nearest neighbor C vacancies, (b) paths of hydrogen diffusion
between the third nearest neighbor C vacancies, and (c) diffusion energy
barriers corresponding to different paths.

Fig. 7 Multi-hydrogen trapping at C vacancies at the interface. (a1)–(a3)
Trapping sites and (b) segregation energy.

Fig. 8 Multi-hydrogen diffusion in the C vacancy at the interface. The first
(a) and second (c) diffusion pathways, and the diffusion energy barriers for
the first (b) and second (d) diffusion paths.

Paper PCCP

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

by
 W

uh
an

 U
ni

ve
rs

ity
 o

n 
2/

8/
20

26
 9

:2
9:

46
 A

M
. 

View Article Online

https://doi.org/10.1039/d5cp04264j


3288 |  Phys. Chem. Chem. Phys., 2026, 28, 3282–3290 This journal is © the Owner Societies 2026

near the interface is able to trap hydrogen, but these traps are
reversible that do not effectively stabilize hydrogen atoms.
Therefore, they cannot substantially mitigate hydrogen embrit-
tlement in steel. Additionally, hydrogen faces significant diffi-
culty in diffusing across the interface into the VC layer, where
the hydrogen trapping sites are insufficient to trap hydrogen
atoms effectively. In contrast, when C vacancies are present at
the interface and a grid of connected C vacancies exists within
the VC layer, the hydrogen atom can diffuse sequentially
through the channel to the interior of the carbide, and effective
hydrogen trapping occurs within the carbide. These sites func-
tion as irreversible hydrogen traps, maximizing the hydrogen
trapping capacity of VC precipitates to reduce the hydrogen
embrittlement susceptibility of steel.

Notably, the vacancy formation energy of the first layer of C
vacancy near the interface is only �0.03 eV, while for the third
layer of C vacancy, it is �0.47 eV. Although both formation
energies are negative, indicating that vacancies can form, C
vacancies inside VC are more easily generated than those at the
interface, suggesting that the concentration of C vacancies
inside VC should be higher than at the interface. This is
consistent with the higher hydrogen concentration at the
carbide center shown in the APT results.30,68 Thus, exploring
methods to increase the number of C vacancies at the a-Fe/VC
interface would be beneficial, since it would increase the
effective trapping sites in VC and enhance the likelihood of
hydrogen diffusion into the interior of VC, maximizing the
hydrogen trapping potential of VC. Furthermore, the connected
C vacancies play a key role in facilitating hydrogen diffusion
into the VC interior. This configuration allows VC to trap

hydrogen atoms effectively. VC in steel commonly exists as
the sub-stoichiometric carbide V4C3, which contains a substan-
tial number of C vacancies.69 Maximizing the utilization of
these C vacancies would significantly reduce the hydrogen
embrittlement susceptibility of steel. Based on previous litera-
ture studies, two primary strategies can be employed to achieve
this. The first involves alloy composition design. The formation
of complex carbides such as (V, Mo)C, (V, Nb)C, and (Ti, Mo)C
can effectively promote hydrogen entry into the carbide
lattice.30,66,70 The second strategy concerns optimizing the heat
treatment process. Specifically, elevating the heat treatment
temperature and prolonging the soak time can promote the
generation of carbon vacancies, thereby increasing the effective
vacancy concentration within the precipitated phase.29,71

4. Conclusions

We have systematically investigated the role of carbon vacan-
cies in hydrogen trapping and diffusion at the a-Fe/VC interface
using first-principles calculations. In the absence of carbon
vacancies, hydrogen atoms are confined to reversible trapping
sites within the Fe layer near the interface, with an activation
energy of 24.5–34.7 kJ mol�1, and cannot penetrate the VC
layer. The introduction of interfacial carbon vacancies, how-
ever, significantly reduces the diffusion barrier across the
interface, enabling hydrogen atoms to be trapped irreversibly
at these sites. Furthermore, hydrogen migrates preferentially
along the xy-plane via interconnected carbon vacancy networks,
sequentially occupying vacancies and diffusing into the VC

Fig. 9 Schematic of diffusion near the a-Fe/VC interface without and with C vacancies.
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interior. Both interfacial (67.5 kJ mol�1) and internal carbide
vacancies (82.2–83.9 kJ mol�1) serve as irreversible hydrogen
traps, with calculated activation energies consistent with
experimental TDS data. Our work highlights that engineering
interfacial carbon vacancies and ensuring connectivity within
the vacancy network are key strategies to enhance the hydrogen
trapping capacity of VC precipitates, thereby effectively mitigat-
ing hydrogen embrittlement in advanced steels.
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