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A B S T R A C T

The metal-hydrogen-vacancy interaction in 𝛼-iron is crucial for understanding hydrogen embrittlement be-
havior and developing reliable materials for green gaseous hydrogen applications; however, it remains
underexplored, particularly in contexts involving external stress and high hydrogen gas pressure. In this study,
we performed quantitative analyses of metal-vacancy–hydrogen interactions in 𝛼-iron, measured by hydrogen
solubility and the thermodynamics of vacancy–hydrogen complexes, under such challenging conditions using
a reliable first-principles neural network potential. High hydrogen gas pressures reaching up to 2 GPa were
investigated. As the atomic concentration surpasses approximately 0.01, hydrogen solubility is dominated by
hydrogen-induced lattice distortion (primarily volumetric expansion) and the interactions between hydrogen
atoms within the metal matrix, resulting in significant deviations from Sieverts’ law. Our results reveal a
significant effect of shear stress on hydrogen solubility, deviating from previously used equations. Moreover,
the influence of external stress on the thermodynamics of the vacancy–hydrogen complex, particularly vacancy
formation free energy, is uniquely characterized by hydrogen solubility, regardless of the external stress
magnitude. It thereby offers a rapid method to estimate the vacancy properties under external stress based on
readily accessible external-stress-free data.
1. Introduction

Green gaseous hydrogen is one of the most promising energy carri-
ers in the near future [1–3], necessitating the compression or liquefac-
tion of the gas under high pressure to increase the volumetric energy
density to a practical level. One of the challenges is establishing reliable
and safe structures for transmission and storage, such as pipelines
and pressure vessels. It is because high-strength steel typically suffers
from a loss in ductility due to hydrogen dissolution when exposed
to high-pressure hydrogen gas, a phenomenon known as hydrogen
embrittlement (HE) [4–6]. Dissolved hydrogen atoms interact with
tensile stress fields at the crack tip and other defects [7,8], in addition
to the reactive chemical field at the defects, which can be significant,
locally increasing the hydrogen content and facilitating the effects
of hydrogen on deformation and fracture processes [7,8]. Assuming
an ideal solution, the equilibrium hydrogen concentration 𝑐H depends
solely on the pressure of H2 in an ideal gas, i.e.,

𝑐H = 𝐾𝑃 1∕2 (1)

∗ Corresponding author.
E-mail address: ogata@me.es.osaka-u.ac.jp (S. Ogata).

1 These authors contributed equally to this work.

where 𝐾 is the temperature-dependent coefficient. At high pressures, 𝑃
should be replaced by the fugacity 𝑓 of hydrogen gas. Eq. (1), known as
Sieverts’ law [9], is applicable under conditions of low concentration.
This law does not consider interactions between hydrogen atoms within
the iron matrix, thus deviations are anticipated at elevated high concen-
trations and high hydrogen pressure. At these levels, the reduction in
inter-atomic distances renders such interactions significant. Therefore,
understanding the ‘‘real’’ solubility of high-pressure hydrogen gas and
the hydrogen–hydrogen interactions within the metal matrix at high
concentrations becomes essential.

Vacancies can be stabilized in a hydrogen environment owing to
the vacancy–hydrogen interaction, leading to the formation of vacancy–
hydrogen complexes and thereby increasing the vacancy concentration
in metals [10]. This phenomenon contributes to hydrogen embrit-
tlement via void formation resulting from vacancy clustering [11,
12]. Consequently, it is critical to determine the extent to which
hydrogen stabilizes vacancies. Understanding how this stabilization
depends on hydrogen gas pressure and temperature is also essential.
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The significant stress fields near crack tips and dislocations, which are
directly associated with hydrogen embrittlement behavior, underscore
the importance of clarifying the external stress’s influence on this
stabilization. Overall, for comprehending HE behavior and developing
reliable materials for green gaseous hydrogen applications, understand-
ing the metal-hydrogen-vacancy interaction becomes crucial, especially
under conditions of external stress and high hydrogen gas pressure, in-
cluding hydrogen solubility and thermodynamics of vacancy–hydrogen
complex. However, experimental reports on these aspects are sparse
due to technical challenges. For instance, so far, there has been no
experimental report on hydrogen solubility with hydrogen gas pressure
larger than 100 MPa [13].

In this work, we conducted molecular dynamics simulations to
estimate the metal-hydrogen-vacancy interaction in 𝛼-iron via the hy-
rogen solubility varying with temperature and external stress under
igh hydrogen gas pressures up to 2 GPa, as well as the vacancy
ormation free energy and vacancy concentration dependent on hydro-
en gas pressure and external stress under the same conditions. It is
mportant to note that hydrogen storage containers typically do not
perate at GPa-level pressures due to the minimal volumetric benefit at
ressures above tens of MPa, as well as challenges related to material
trength. However, in this work, hydrogen solubility at high pressures,
p to 2 GPa, was investigated for the following reasons: (1) GPa-level
ressure is pertinent in conditions such as acid or electrical charg-
ng [14,15], as well as in certain material fracture mechanics testing
latforms using high-pressure hydrogen [16]; (2) Understanding hydro-
en solubility at high concentrations, corresponding to high pressures,
s crucial for assessing areas of high-stress concentration that locally
ncrease hydrogen levels. This is essential for addressing hydrogen
mbrittlement and advancing applications in hydrogen energy. These
imulations employed our first-principles neural network interatomic
otential for the iron/hydrogen binary system [8,17]. We found that
t atomic concentrations exceeding approximately 0.01, solubility is
ffected by hydrogen-induced lattice distortion (primarily volumetric
xpansion) and the interactions between hydrogen atoms within the
etal matrix, resulting in significant deviations from Sieverts’ law.
ur research reveals the significant effect of shear stress on hydrogen

olubility, deviating from previously used equations. It is pivotal for
nderstanding hydrogen behavior in structural materials, especially in
tress–concentration contexts. Furthermore, the role of external stress
n the thermodynamics of the vacancy–hydrogen complex, particularly
n formulating vacancy free energy, is uniquely determined by hydro-
en solubility, regardless of the external stress magnitude. It thus offers
rapid method to estimate vacancy properties under external stress

sing readily available external-stress-free data.

. Theory and method

In this study, we employed two simulation methods to determine
he solubility of hydrogen under various hydrogen gas pressures and
emperatures in 𝛼-iron, as illustrated in Fig. 1a. The first method
tilized a hybrid approach that combines molecular dynamics (MD)
nd Grand Canonical Monte Carlo (GCMC) simulations [18] (detailed
n Section 2.1). This method allowed us to link the chemical potential
f interstitial hydrogen atoms in iron, 𝜇H,sol, with the hydrogen con-
entration, 𝑐H. By integrating the relationships between the pressure

and fugacity 𝑓 of hydrogen gas (refer to Section 2.2 and Eq. (4)),
s well as between 𝑓 and 𝜇H,sol (see Section 2.3 and Eq. (8)), we
erived a relationship between the hydrogen concentration 𝑐H and the

gas pressure 𝑃 . Here, a straightforward MD simulation was performed
to establish the 𝑃 –𝑓 relationship for hydrogen gas. The second method
involved direct hydrogen gas charging MD simulations on an 𝛼-iron
lab model until the chemical potentials of hydrogen gas and the
ydrogen atom in iron matrix are balanced. This approach not only
irectly determined the relationship between 𝑐H and 𝑃 but also defined

a fugacity parameter in the fugacity–chemical potential relationship

(detailed in Section 2.4). h

247 
2.1. Hybrid MD/GCMC simulation

The concentration of hydrogen (𝑐H) was determined as a function
of the chemical potential of solvated hydrogen (𝜇H,sol) using a hybrid
MD/GCMC simulation [18], specifically within the NVT (MD) and 𝜇VT
GCMC) ensembles. This setup facilitated the insertion and deletion of
ydrogen atoms at a fixed chemical potential, as illustrated in Fig. 1b.
D simulations were conducted with a constant time step of 0.5 fs,

nd every 10 MD steps were followed by 100 GCMC trials. To achieve
he desired external stress, the size of the supercell was adjusted
ynamically to maintain an average pressure within the simulation cell.

All simulations were conducted using the Large-scale Atomic/
olecular Massively Parallel Simulator (LAMMPS) code [19], paired
ith our previously developed first-principles neural network inter-
tomic potential for the iron/hydrogen binary system [8,17]. This
otential provides accuracy comparable to first-principles calculations
ut at a lower computational cost. For comprehensive details on
he training dataset and validation results, please refer to our prior
ublications [8,17].

.2. Fugacity of hydrogen gas

The thermodynamics of real gases can be rigorously addressed with
he understanding of the fugacity 𝑓 . The concept of fugacity 𝑓 is
ntroduced in a form analogous to that of the ideal case, i.e.,

𝑑𝜇)𝑇 = 𝑅𝑇 (𝑑 ln 𝑓 )𝑇 (2)

ompared to (𝑑𝜇)𝑇 = 𝑅𝑇 (𝑑 ln𝑃 )𝑇 for an ideal gas. By combining them
ith the chemical potential expression of any system (𝑑𝜇∕𝑑𝑃 )𝑇 = 𝑉𝑚
nd the ideal gas law (𝑑𝜇∕𝑑𝑃 )𝑇 = 𝑉 0

𝑚 = 𝑅𝑇 ∕𝑃 , the fugacity can be
elated to the equation of state and the properties of the ideal gas as

n
𝑓
𝑓0

− ln 𝑃
𝑃0

= 1
𝑅𝑇 ∫

𝑃

𝑃0

(

𝑉𝑚 − 𝑉 0
𝑚
)

𝑑𝑃 (3)

Using the limiting behavior of fugacity (𝑓0 → 𝑃0, when 𝑃0 → 0), the
ugacity can be expressed in the following form [20,21]:

ln
𝑓
𝑃

= ∫

𝑃

0

(

𝑉𝑚
𝑅𝑇

− 1
𝑃

)

𝑑𝑃 (4)

where 𝑃 and 𝑇 represent the gas pressure and absolute temperature of
the system, respectively; 𝑃0 is the gas pressure and 𝑓0 is the fugacity at
the reference state; and 𝑉𝑚 is the molar volume of hydrogen molecules
while 𝑉 0

𝑚 are that in the ideal case. 𝑅 is the universal gas constant.
The molar volume of hydrogen molecules 𝑉𝑚, as a function of 𝑃

and 𝑇 , was calculated directly through MD simulations. A total of
600 hydrogen molecules were placed in a simulation cell measuring
3 nm × 3 nm × 3 nm, configured with an NPT ensemble and periodic
boundaries in all directions (see Fig. 1c). A time step of 0.5 fs was used
throughout the simulations. Equal pressure was applied to all three cell
dimensions. 𝑉𝑚 was subsequently derived from the equilibrium volume
of the simulation cell, averaged over 0.5 ns after a 1.0 ns equilibrium
period. 𝑉𝑚(𝑃 , 𝑇 ) was then substituted into Eq. (4) to determine the
fugacity of hydrogen gas for a given set of conditions (𝑃 , 𝑇 ).

.3. Thermodynamics of hydrogen molecule dissolution

The dissolution of 𝑥∕2 hydrogen gas molecules H2 by iron can be
escribed by the reaction: Fe+(𝑥∕2)H2 → FeH𝑥+𝑥𝛥𝐻 , where 𝛥𝐻 is the
nthalpy of solution, representing the heat released per absorbed hy-
rogen atom. The thermodynamic equilibrium for the reaction requires

1
2
𝜇H2 ,gas = 𝜇H,sol(𝑐H) (5)

where 𝜇H2 ,gas is the chemical potential of hydrogen gas, 𝜇H,sol is the
hemical potential of hydrogen atoms interstitial in iron, 𝑐H is the
ydrogen concentration in iron, and the factor 1∕2 accounts for the
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Fig. 1. (a) The workflow of this work to determine the high-pressure hydrogen solubility, where 𝑃 and 𝑓 are the pressure and fugacity of hydrogen gas, 𝜇H2 ,gas and 𝜇H,sol are
the chemical potentials of the hydrogen gas and the interstitial hydrogen atoms in iron, and 𝑐H is the hydrogen concentration, respectively. (b-d) The schematic drawing of MD
simulation settings for (b) the hybrid MD/GCMC model, which allows for the insertion and deletion of hydrogen atoms at a fixed chemical potential, (c) the hydrogen gas model
used to calculate the fugacity, and (d) the direct H-charging model used to perform the direct H-charging MD simulation of gas solubility.
fact that a hydrogen molecule consists of two hydrogen atoms. Taking
𝜇0
H,sol = 𝜇H,sol(𝑐0H) as a reference state, which reaches thermodynamic

equilibrium with the hydrogen gas with chemical potential 𝜇0
H2 ,gas

and
fugacity 𝑓0, Eq. (5) can be expressed as

1
2

(

𝜇0
H2 ,gas

+ 𝑅𝑇 ln
𝑓
𝑓0

)

= 𝜇0
H,sol + 𝛥𝜇H,sol (6)

where (1∕2)𝜇0
H2 ,gas

= 𝜇0
H,sol, and 𝑐0H is the hydrogen concentration in iron

at the reference state. Therefore,
1
2
𝑅𝑇 ln

𝑓
𝑓0

= 𝛥𝜇H,sol (7)

i.e.,

𝑓 = 𝑓0 exp
(2𝛥𝜇H,sol

𝑅𝑇

)

(8)

The prefactor 𝑓0 in Eq. (8), corresponding to an equilibrium hydrogen
concentration of 𝑐0H, was determined through a single MD simulation of
direct hydrogen gas charging (refer to Section 2.4).

2.4. Direct hydrogen gas charging MD simulations on an 𝛼-iron slab model

For the direct H-charging MD simulation to determine the hydrogen
gas solubility, an atomistic slab model of 𝛼-iron measuring 2.3 nm
× 2.3 nm × 2.3 nm was constructed, consisting of 1088 iron atoms.
248 
The model’s orientation was 𝑥: [100], 𝑦: [010], and 𝑧: [001] (see
Fig. 1d). A total of 1000 hydrogen molecules were then introduced
into the vacuum regions above and below the iron specimen, and
the hydrogen gas pressure was controlled within the NPT ensemble.
Periodic boundary conditions were applied in all three dimensions. A
time step of 0.5 fs was used throughout the simulations. To mitigate
the undesired expansion of the simulation cell in the 𝑥 and 𝑦 directions
due to the influence of hydrogen gas pressure 𝑃 in the 𝑧 direction, we
introduced a specified pressure component in the 𝑥 and 𝑦 directions:

𝑃𝑥𝑥 = 𝑃𝑦𝑦 =
𝐻𝑧𝑧 − ℎ𝑧𝑧

𝐻𝑧𝑧
𝑃 (9)

where 𝐻𝑧𝑧 represents the length of the simulation cell along the 𝑧-
axis, and ℎ𝑧𝑧 is the thickness of the iron bulk in the 𝑧 direction as
illustrated in Fig. 1d; 𝑃𝑥𝑥 and 𝑃𝑦𝑦 are the pressure components of the
entire simulation cell along x- and y-axes, respectively. This adjustment
effectively eliminated the non-negligible stress effects, resulting from
the expansion of the simulation cell, on the hydrogen solubility.

To ensure an accurate assessment of hydrogen solubility, we mon-
itored the concentration of hydrogen atoms in the iron bulk region,
excluding the outermost three layers of iron atoms in the slab model.
Throughout the simulation, more than 3.0 ns was allotted for the
system to reach equilibrium. Then, a time frame of 1.0 ns was used
to calculate the equilibrium hydrogen concentration 𝑐 with the given
H
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pressure and temperature of hydrogen gas by averaging over the time
interval. This approach effectively eliminated the impact of hydrogen
near the iron surfaces.

2.5. Thermodynamics of vacancy–hydrogen complex in 𝛼-iron

Based on the definition of chemical potential [22], the effect of
the trapped H atoms on the formation free-energy 𝛥𝐺𝑓 = 𝐺H

𝑓 − 𝐺0
𝑓 of

monovacancy can be determined as

𝛥𝐺𝑓 = −∫

𝜇∗H,sol

−∞
⟨𝑁⟩𝑑𝜇H,sol (10)

where 𝐺H
𝑓 and 𝐺0

𝑓 are the formation free energy of H-trapped vacancy
with 𝜇H,sol = 𝜇∗

H,sol and H-free vacancy with 𝜇H,sol = −∞, respectively;
⟨𝑁⟩ is the average number of the trapped H atoms at vacancy as a
function of the 𝜇H,sol. The brackets ⟨ ⟩ means the ensemble average.
Based on the general relationship 𝑐0vac = exp(−𝐺0

𝑓∕𝑅𝑇 ) and 𝑐Hvac =
exp(−𝐺H

𝑓 ∕𝑅𝑇 ) in the dilute limit of vacancy concentration [23,24], the
hydrogen-induced change of the equilibrium concentration of vacancy
is given by

𝑐Hvac
𝑐0vac

= exp
(

−
𝛥𝐺𝑓

𝑅𝑇

)

(11)

where 𝑐Hvac and 𝑐0vac are the equilibrium concentration of vacancy in
H-charged iron and H-free iron, respectively.

To determine the average number of hydrogen trapped at vacancy
under an applied chemical potential 𝜇H,sol, the hybrid MD/GCMC simu-
lations [18] were carried out. Every 10 MD steps, 100 GCMC trails were
carried out, and hydrogen atoms were therefore inserted in and ex-
tracted from the sample. The size of the simulation model is (8 × 8 × 8)
a0, where a0 is the lattice constant of 𝛼-iron. The periodic boundary
conditions were imposed in all three directions and a monovacancy was
created in the model by removing an iron atom. The average number of
hydrogen atoms trapped at vacancy was determined by averaging over
0.2 ns after 0.05 ns for equilibrium.

3. Fugacity of hydrogen gas

For conditions where the Abel-Noble (AN) equation of state [25] is
appropriate, i.e., 𝑉𝑚 = 𝑅𝑇 ∕𝑃 + 𝑏 and 𝑉𝑚∕𝑅𝑇 − 1∕𝑃 = 𝑏∕𝑅𝑇 , fugacity
can be expressed as a simple function of pressure and temperature by
substituting the AN equation into Eq. (4):

𝑓 = 𝑃 exp
( 𝑃𝑏
𝑅𝑇

)

(12)

where 𝑏 is a constant. With 𝑏 = 15.84 cm3 mol−1, Eq. (12) has been
demonstrated to agree well with the experimental value [21] with the
pressure of hydrogen gas ranging from 5 to 300 MPa.

Fig. 2a shows the value of 𝑉𝑚∕𝑅𝑇 − 1∕𝑃 as a function of hydrogen
gas pressure 𝑃 . In the case of high gas pressure, the value of 𝑉𝑚∕𝑅𝑇 −
1∕𝑃 is no longer equal to a constant 𝑏∕𝑅𝑇 as predicted by the AN
equation but decreases linearly as the gas pressure increases. Therefore,
in this work, we modified the AN equation as:
𝑉𝑚
𝑅𝑇

− 1
𝑃

= 𝑎𝑃
𝑅𝑇

+ 𝑏
𝑅𝑇

(13)

where 𝑎 and 𝑏 are constants, determined by linearly fitting the
(

𝑉𝑚∕𝑅𝑇 − 1∕𝑃
)

− 𝑃 curve shown in Fig. 2a. In this work, 𝑎 and 𝑏
were determined as −0.003118 cm3 mol−1 MPa−1 and 16.26 cm3 mol−1,
respectively. The determined value of 𝑏 is very close to the experimental
value of 15.84 cm3 mol−1 [21]. Inserting the modified AN equation
(i.e., Eq. (13)) into Eq. (4), Eq. (12) changes to

𝑓 = 𝑃 exp
(

𝑃 2𝑎
2𝑅𝑇

+ 𝑃𝑏
𝑅𝑇

)

(14)

Fig. 2b presents the fugacity of hydrogen gas as a function of
pressure determined directly through MD simulations. The relationship
249 
Fig. 2. (a) The relationship between 𝑉𝑚∕𝑅𝑇 − 1∕𝑃 and 𝑃 . The lines show the linear
fitting results. (b) Fugacity of hydrogen gas as a function of its pressure, as determined
using the hydrogen gas model shown in Fig. 1c (represented by symbols), with
the results computed via Eq. (14) (represented by lines), where 𝑎 =-0.003118 cm3

mol−1 MPa−1 and 𝑏 = 15.84 cm3 mol−1. The experimental data [21] is also shown for
comparison.

Fig. 3. The chemical potential of hydrogen gas 𝛥𝜇H2 ,gas = 𝜇H2 ,gas−𝜇0
H2 ,gas

= 𝑅𝑇 ln 𝑓∕𝑓0 as
a function of hydrogen gas pressure 𝑃 , taking the hydrogen gas with chemical potential
𝜇0
H2 ,gas

and fugacity 𝑓0 ≈ 𝑃 = 10 MPa as a reference state.



S. Zhang et al.

,
,

International Journal of Hydrogen Energy 90 (2024) 246–256 
between the fugacity and pressure of hydrogen gas adheres to the
modified AN equation up to pressures of 2 GPa. To be noted that at
a high pressure of 2 GPa, it is more appropriate to refer to hydrogen as
being in a fluid state rather than as a gas [26]. By integrating both side
of Eq. (2), we have the relationship 𝜇H2 ,gas = 𝜇0

H2 ,gas
+𝑅𝑇 ln 𝑓∕𝑓0, where

𝜇0
H2 ,gas

and 𝑓0 are the chemical potential and fugacity of hydrogen gas at
a reference stare. By inserting the results of 𝑓 as a function of pressure
𝑃 shown in Fig. 2b into the above equation, we can directly derive
the relationship between the chemical potential and the pressure of
hydrogen gas. The results are illustrated in Fig. 3.

4. Hydrogen solubility

Using Eq. (14) together with Eq. (8), we have the relationship be-
tween 𝛥𝜇H,sol and 𝑃 as 𝑃 exp

(

𝑃 2𝑎
2𝑅𝑇 + 𝑃𝑏

𝑅𝑇

)

= 𝑓0 exp
( 2𝛥𝜇H,sol

𝑅𝑇

)

. Combining
with the relationship between 𝛥𝜇H,sol and 𝑐H, determined via the hybrid
MD/GCMC simulation in this work, we illustrate the atomic concentra-
tion of hydrogen (𝑐H) as a function of the square root of hydrogen gas
pressure (𝑃 1∕2) in Fig. 4a. Additionally, we plot experimental data on
hydrogen solubility in super-pure iron single crystals at temperatures
of 555 K and 794 K [27], providing context for our findings within es-
tablished research. For hydrogen gas pressures less than approximately
4 MPa, 𝑐H increases linearly with increasing 𝑃 1∕2, thereby adhering
to Sieverts’ law (Eq. (1)). Linear fitting yielded constants (𝐾 values)
of 0.36 × 10−4 and 6.3 × 10−4 MPa−1∕2 for temperatures of 500 K
and 800 K, respectively. However, as 𝑃 continues to increase, the
relationship between 𝑐H and 𝑃 1∕2 deviates from linearity, indicating the
‘‘real’’ behavior of hydrogen gas measured by the fugacity 𝑓 . As shown
in Fig. 4b, 𝑐H is linearly related to 𝑓 1∕2 until reaching approximately
0.01 atomic concentration.

Upon exceeding a hydrogen atomic concentration (𝑐H) of 0.01,
substantial hydrogen-induced volumetric expansion is observed. Fig. 5a
demonstrates this expansion, showcasing a linear increase in the vol-
ume per iron atom as 𝑐H rises, resulting in a partial molar volume of
hydrogen 𝑉H of 4.1 Å3/atom. This value aligns with experimental val-
ues of 3.3, 2.0, 4.4, and 5.0 Å3/atom reported in previous studies [28–
31]. Due to this hydrogen-induced volumetric expansion, a steep rise
in 𝑐H is noted in Fig. 4, which is further depicted in Fig. 5b, illustrating
the correlation between the volume per iron atom, 𝑐H, and the square
root of hydrogen gas pressure. This steep rise owing to hydrogen-
induced volumetric expansion is further supported by results from our
hybrid MD/GCMC simulations with a fixed model volume [17] shown
in Fig. 4b, where the steep rise is absent.

Additionally, the 𝑐H determined with a fixed model volume deviates
from linearity with respect to 𝑓 1∕2 as the atomic concentration sur-
passes 0.01. This suggests that hydrogen–hydrogen interactions within
the iron matrix become pronounced, increasing the dissolution energy
of hydrogen atoms in iron and thereby suppressing hydrogen solubility.
As the concentration rises, the effect of hydrogen–hydrogen interactions
on hydrogen solubility becomes dominant compared to the effect of
hydrogen-induced volumetric expansion, creating a noticeable inflec-
tion point on the 𝑐H–𝑓 1∕2 curve when 𝑐H ≈ 0.08, as shown in Fig. 4b.
To be noted that under the hydrogen gas pressure up to 2 GPa, no
hydride formation occurs because hydride formation in iron requires
significantly higher pressures, e.g., 3.5 GPa at 298 K [32] and 6 GPa at
523 K [33].

In summary, the study into hydrogen solubility under high-pressure
gas conditions, reaching up to 2 GPa with the aid of a neural network
potential, unveils significant deviations from Sieverts’ law once the
atomic concentration surpasses 0.01. The corresponding pressures of
hydrogen gas are approximately 960 MPa at 500 K and 130 MPa at
800 K under external-stress-free conditions in an iron matrix. The devi-
ations are attributed to the hydrogen-induced volumetric expansion and
hydrogen–hydrogen interactions within the iron matrix. These findings
provide critical physical insights that are unattainable through tradi-
tional experimental and simulation approaches, such as the embedded
atom method potential and density functional theory calculation, yet
essential for advancing hydrogen energy engineering applications [16].
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Fig. 4. Hydrogen atomic concentration (𝑐H) as a function of (a) the square root of
hydrogen gas pressure 𝑃 1∕2 and (b) the square root of hydrogen gas fugacity 𝑓 1∕2, as
determined through hybrid MD/GCMC simulation and direct H-charging MD simulation.
The results of the hybrid MD/GCMC simulation with a fixed model volume [17] are
also included for comparison. Experimental results of super-pure-iron single crystals
at temperatures of 555 K and 794 K [27] are also shown for comparison. The
corresponding mass concentrations of hydrogen are also shown.

5. Effect of external stress on hydrogen solubility

Based on the results discussed in the previous section regarding
lattice strains induced by hydrogen charging, it is anticipated that
hydrogen concentration will vary as a result of these strains and/or the
associated external stresses. Such strains and external stresses may be
imposed by mechanical loads applied externally to the material or may
arise locally due to stress concentrations caused by lattice defects. In
particular, stress intensification near crack tips and edge dislocations is
expected to produce tensile stresses that significantly exceed those from
the external load, thereby leading to a marked increase in local hydro-
gen concentration. This localized hydrogen distribution can promote
defect evolution, such as crack propagation and dislocation activities,
potentially enhancing HE.

We investigated the impact of various types of external stress
on hydrogen solubility, including: (i) volumetric stress, (ii) uniax-
ial stress along [001], (iii) uniaxial stress along [011], (iv) uniax-
ial stress along [111], (v) shear stress in the (001)[100] direction,
and (vi) shear stress in the (110)[111] direction. The stress con-
ditions were defined in Voigt notation [34] as follows: (i) 𝝈𝑒𝑥 =
{𝜎1, 𝜎2, 𝜎3, 𝜎4, 𝜎5, 𝜎6} = {𝜎∕3, 𝜎∕3, 𝜎∕3, 0, 0, 0}, (ii) 𝝈𝑒𝑥 = {0, 0, 𝜎, 0, 0, 0},
(iii) 𝝈𝑒𝑥 = {0, 𝜎∕2, 𝜎∕2, 𝜎∕2, 0, 0}, (iv) 𝝈𝑒𝑥 = {𝜎∕3, 𝜎∕3, 𝜎∕3, 𝜎∕3, 𝜎∕3, 𝜎∕3}
(v) 𝝈𝑒𝑥 = {0, 0, 0, 𝜎, 0, 0}, and (vi) 𝝈𝑒𝑥 = {(

√

6∕3)𝜎,−(
√

6∕3)𝜎, 0,−(
√

6∕6)𝜎
(
√

6∕6)𝜎, 0}, within the coordinate frame of 𝑥[001], 𝑦[010], and 𝑧[001],
respectively, where 𝜎 is the stress value. For the volumetric stress
and the uniaxial stresses along [001], [011], and [111], the value of
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Fig. 5. Relationships of the volume per iron atom and volumetric strain 𝜀V =
(𝛺H −𝛺0)∕𝛺0 with (a) the hydrogen atomic concentration 𝑐H and (b) the corresponding
square root of hydrogen gas pressure 𝑃 1∕2. 𝛺H and 𝛺0 are the volumes per iron atom of
H-charging and H-free samples, respectively. It is important to note that the dissolution
of hydrogen does not induce shear strain, i.e., 𝜀𝑥𝑦 = 𝜀𝑦𝑧 = 𝜀𝑥𝑧 = 0.

�̄� = 𝜎𝑖𝑖∕3 (i.e., 1/3 of the trace of the stress tensor 𝝈) remains the same
and is equal to 𝜎∕3, albeit with different shear components. Conversely,
for the shear stresses in the (001)[100] and (110)[111] directions, the
value of �̄� = 0.

The hydrogen atomic concentration (𝑐H) as a function of external
stress 𝜎 is depicted in Figs. 6a–b. The results, determined using the
following equation, are also presented:
𝑐𝜎H
𝑐H

= exp
(

𝑉H�̄�
𝑅𝑇

)

(15)

which has been widely used to characterize the effect of external stress
on hydrogen solubility [35,36]. Here, 𝑐H represents the hydrogen con-
centration in the unstressed lattice, and 𝑐𝜎H denotes the concentration
in the lattice under external stress �̄� = 𝜎𝑖𝑖∕3 (i.e., one-third of the trace
of the stress tensor 𝝈); 𝑉H is the partial molar volume of hydrogen in
the lattice and was determined to be 4.1 Å3/atom by linearly fitting the
external-stress-free results under 500 K and 800 K shown in Fig. 5a. As
illustrated in Fig. 7, the value of 𝑉H remains nearly unchanged under
stress compared to its external-stress-free value (i.e., 4.1 Å3/atom).

For compressive stress up to −6 GPa, the effects of the volumetric
stress and the uniaxial stresses along [001], [011], and [111] can be
effectively described by Eq. (15). However, in the case of tensile stress,
the effect of these external stresses is different, which follows the order:
𝜎[001] > 𝜎[011] ≈ 𝜎[111] > 𝜎V. The effect is more significant than that
predicted by Eq. (15). For instance, under a tensile stress of 5 GPa,
𝑐𝜎[001]∕𝑐 ≈ 55 and 𝑐𝜎V∕𝑐 ≈ 9.5. These values are much larger than
H H H H
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those predicted by Eq. (15), i.e., 𝑐𝜎H∕𝑐H ≈ 2.7. In comparison, shear
stress shows a slight effect on hydrogen solubility with the shear stress
less than approximately 4 GPa, but under higher shear stress, the effect
is comparable to that of tensile stress. The (110)[111] shear stress
has a greater effect on hydrogen solubility than the (001)[100] shear
stress. These results are significantly different from those predicted by
Eq. (15), in which the (001)[100] and (110)[111] shear stresses should
have negligible effect where �̄� = 0. The varying effects of volumetric
stress and uniaxial stresses along [001], [011], and [111], which share
the same value of �̄� = 𝜎𝑖𝑖∕3 = 𝜎∕3, coupled with the significant impact
of high (001)[100] and (110)[111] shear stresses where �̄� = 0, suggest
that the effect of external stress on hydrogen solubility is related not
only to tensile components but also to shear components.

Aligning with the fact that hydrogen macroscopically induces vol-
umetric expansion in iron, the effect of external stress on hydrogen
solubility is due to its impact on the volume of the iron matrix.
Tensile stress increases the volume of the iron matrix, thereby pro-
viding additional space for hydrogen dissolution. Therefore, different
types of external stress, leading to varying degrees of volume change,
subsequently affect the solubility of hydrogen in various ways. Figs. 6c–
d shows the results of 𝛥𝛺 induced by external stress. The crystalline
anisotropy results in variability in the value of 𝛥𝛺 for different external
stresses. The [001] uniaxial tensile stress results in the largest 𝛥𝛺
compared to those of other types of external stress under the same value
of 𝜎. Therefore, it leads to the most significant increase in hydrogen
solubility. The (001)[100] and (110)[111] shear stresses also cause
noticeable volume expansion under high shear stress, resulting in a
comparable effect on hydrogen solubility to that of tensile external
stress.

The stress fields surrounding four typical defects in 𝛼-iron are
illustrated in Fig. S1 in the Supplementary, including vacancy-type
and interstitial-type dislocation loops [37–40], screw straight disloca-
tion [41,42], and crack tip [7,43,44]. The stress fields surrounding
these defects exceed 2 GPa in a region spanning tens of angstroms
and can reach up to 6 GPa. Therefore, the external stress surrounding
defects significantly affects localized hydrogen solubility. Specifically,
for the crack tips, the high tensile stress level causes hydrogen atoms to
preferentially be trapped at the crack tip. The aggregation of hydrogen
can lead to brittle-cleavage failure followed by crack growth, resulting
in a ductile-to-brittle transition [8].

Overall, these results highlight how the shear stress component sig-
nificantly influences hydrogen solubility. There is a marked deviation
of the effects of external stress from the predictions of the widely-
used Eq. (15). The effect of shear stress on hydrogen solubility has
been explored in previous studies [45,46], where the effects of shear
strain on hydrogen solution energy in iron were investigated using first-
principles calculations. In our study, we extend this understanding by
exploring how various types of shear stresses affect hydrogen solubility,
utilizing direct computations through our neural network potential.
This insight is pivotal in elevating the understanding of the behavior
of hydrogen in structural materials. It acquires a unique significance
in scenarios marked by the concentrations of shear stress, such as
screw dislocations, as reaffirmed by our emphasis on the considerable
importance of the shear stress component.

As discussed in Section 4, when 𝑐H > 0.01, both hydrogen-induced
volumetric expansion and hydrogen–hydrogen interaction significantly
affect hydrogen solubility. It is typically difficult for the hydrogen
atomic concentration to reach 0.01 due to the high corresponding hy-
drogen gas pressure, especially at low temperatures. However, with the
aid of stress acting on the iron lattice, the corresponding gas pressure
can be significantly reduced. In regions with large stress fields, such
as at a crack tip, the localized hydrogen atomic concentration could
reach 0.01 even under low hydrogen gas pressures, which typically
dominates the mechanism of HE. Therefore, it is crucial to consider
the non-ideality in hydrogen solubility induced by hydrogen-induced
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Fig. 6. The hydrogen atomic concentration (𝑐H) as a function of stress 𝜎 under various conditions: (a) volumetric stress, uniaxial [001], [011] and [111] stresses, and (b) (001)[100]
and (110)[111] shear stresses. The scenario is depicted with a chemical potential 𝜇H,sol = −2.3 eV, corresponding to an unstressed hydrogen concentration of 2550 atomic ppm at
500 K. The results calculated via Eq. (15) are represented by a black dashed line, where �̄� = 𝜎∕3 for (a) and �̄� = 0 for (b). The volume change per atom 𝛥𝛺 of H-free sample
as a function of stress 𝜎 under various stress conditions: (c) volumetric stress, uniaxial [001], [011] and [111] stresses, and (d) (001)[100] and (110)[111] shear stresses. The
corresponding mass concentrations of hydrogen are also shown in (a–b).
volumetric expansion and hydrogen–hydrogen interaction to reveal the
atomic mechanisms of HE in iron and steel.

It is important to note that, apart from stress fields generated by
defects, hydrogen–defect chemical interactions can also attract more
hydrogen to the defects, such as monovacancies, surfaces, grain bound-
aries, and dislocation cores. These interactions can alter the thermody-
namic and kinetic properties of the defects, further enhancing HE. In
the next section, we will discuss how monovacancy–hydrogen chem-
ical interactions, through the formation of monovacancy–hydrogen
complexes, lead to monovacancy stabilization.

6. Effect of external stress on the thermodynamics of vacancy–
hydrogen complex

The interaction between monovacancies and hydrogen is critical be-
cause it is well-documented that monovacancies can trap hydrogen and
become stabilized, even in the absence of external pressure [10]. The
number of hydrogen atoms trapped by a monovacancy and the extent of
monovacancy stabilization depends on variables such as hydrogen gas
pressure (or hydrogen chemical potential), temperature, and external
stress. Here, we demonstrate these relationships.

The average number ⟨𝑁⟩ of hydrogen atoms trapped at monova-
cancy at 500 K and the resulting difference in the formation free energy
of the vacancy 𝛥𝐺𝑓 as a function of external stress 𝜎 are shown in
Fig. 8. Under the volumetric stress and uniaxial [001], [011] and [111]
stresses, the ⟨𝑁⟩ increases linearly from 3.2 to 4.2 with the value of 𝜎
increasing from −6 GPa to 6 GPa as shown in Fig. 8a. As a result, the
formation free energy difference 𝛥𝐺𝑓 decreases linearly from −0.58 eV
to −0.83 eV (see Fig. 8c); the vacancy concentration change 𝑐Hvac∕𝑐

0
vac,

determined using the 𝛥𝐺 (i.e., Eq. (11)), increases from 6.4 × 105 to
𝑓
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2.4 × 108 (see Fig. 8e). In comparison, (001)[100] and (110)[111] shear
stress shows little effect on the thermodynamics of vacancy–hydrogen
complex, and the values of ⟨𝑁⟩ and 𝛥𝐺𝑓 almost keep as a constant with
the increasing value of the external shear stress as shown in Figs. 8b,
d, and f.

In addition, Fig. 9 shows the ⟨𝑁⟩ and 𝛥𝐺𝑓 as a function of hydrogen
atomic concentration 𝑐H with a variable of the external volumetric
stress and uniaxial [001], [011] and [111] stresses with a constant
𝜇H,sol = −2.3 eV. The ⟨𝑁⟩ and 𝛥𝐺𝑓 , resulting from variations in
the chemical potential 𝜇H,sol without external stress, are also plotted
for comparison. Given the same 𝑐H, the values of ⟨𝑁⟩ and 𝛥𝐺𝑓 for
the vacancy–hydrogen complex in both stressed and unstressed 𝛼-iron
are nearly identical. It indicates that the influence of external stress
on the values of ⟨𝑁⟩ and 𝛥𝐺𝑓 for the vacancy–hydrogen complex
is uniquely described by the hydrogen solubility, regardless of the
external stress magnitude. Thereby, this finding suggests a pathway to
quickly estimate the vacancy properties under external stress based on
readily accessible external-stress-free data.

7. Summary

In the present study, we carried out assessments of the metal-
hydrogen-vacancy interaction via hydrogen solubility and thermody-
namics of the vacancy–hydrogen complex with high gas pressures
up to 2 GPa. These assessments were performed through molecular
dynamics simulations and a first-principles neural network interatomic
potential of the binary system of iron/hydrogen. Our research reveals
that when the atomic concentration of hydrogen surpasses roughly
0.01, hydrogen solubility is impacted by the volumetric expansion
induced by hydrogen and the interactions between hydrogen atoms in
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Fig. 7. Hydrogen charging induced volumetric strain 𝜀V = (𝛺𝜎
H −𝛺𝜎

0 )∕𝛺
𝜎
0 as a function

of the hydrogen atomic concentration 𝑐H under various stress conditions at 500 K: (a)
volumetric stress, uniaxial [001], [011] and [111] stresses, and (b) (001)[100] and
(110)[111] shear stresses. 𝛺𝜎

H and 𝛺𝜎
0 are the volumes per iron atom of H-charging

and H-free samples under stress 𝜎, respectively. The black dashed lines show the
results calculated with 𝑉H = 4.1 Å3/atom, which was determined by linearly fitting the
external-stress-free results under 500 K and 800 K shown in Fig. 5a. The corresponding
mass concentrations of hydrogen are also shown.

the metal matrix, causing a significant departure from Sieverts’ law.
Our research reveals a significant effect of shear stress on hydrogen
solubility, deviating from previously used equations. It is pivotal for
understanding hydrogen behavior in structural materials, especially in
stress–concentration contexts. Furthermore, the role of external stress
on the thermodynamics of the vacancy–hydrogen complex, particularly
in formulating vacancy free energy, is uniquely determined by hydro-
gen solubility, regardless of the strength of the external stress. It thus
offers a rapid method to estimate vacancy properties under external
stress using readily available external-stress-free data.
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Appendix A

List of symbols used in this article as well as the calculated param-
eters in this work. 𝑓 : fugacity.
𝑃 : pressure.
𝑃0: pressure for the reference state.
𝑓 : fugacity.
𝑓0: fugacity for the reference state.
𝑅: universal gas constant.
𝑇 : temperature.
𝑉𝑚: molar volume of hydrogen molecules.
𝑉 0
𝑚 : molar volume of hydrogen molecules in the ideal case.

𝜇: chemical potential.
𝜇H,sol: chemical potential of hydrogen atoms interstitial in iron.
𝜇H2 ,sol: chemical potential of hydrogen gas.
𝜇0
H,sol: chemical potential of hydrogen atoms interstitial in iron for the

reference state.
𝜇0
H2 ,sol

: chemical potential of hydrogen gas for the reference state.
𝑐H: equilibrium concentration of hydrogen within the iron matrix.
𝑐0H: equilibrium concentration of hydrogen within the iron matrix for
the reference state.
⟨𝑁⟩: average number of the trapped hydrogen atoms at vacancy.
𝐺H
𝑓 and 𝐺0

𝑓 : formation free-energy of H-charged and H-free vacancy,
respectively.
𝛥𝐺𝑓 : the change of the formation free-energy of vacancy owing to the
trapping of H atoms at vacancy, i.e., 𝛥𝐺𝑓 = 𝐺H

𝑓 − 𝐺0
𝑓 .

𝑐Hvac and 𝑐0vac: equilibrium concentration of vacancy in H-charged iron
and H-free iron, respectively.
𝑐𝜎H: equilibrium concentration of hydrogen within the iron matrix under
external stress.
𝑉𝐻 : partial molar volume of hydrogen in the iron lattice, 4.1 Å3/
atom determined in this work.
𝜎: value of the external stress.
̄ : 1/3 of the trace of the external stress tensor 𝝈.
𝛺: volume per iron atom.
𝑎: −0.003118 cm3 mol−1 MPa−1 in Eq. (13).
𝑏: 16.26 cm3 mol−1 in Eq. (13).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ijhydene.2024.09.378.
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Fig. 8. (a–b) The average number ⟨𝑁⟩ of hydrogen atoms trapped at monovacancy, (c–d) the formation free energy difference 𝛥𝐺𝑓 of vacancy, and (e–f) the vacancy concentration
change 𝑐Hvac∕𝑐

0
vac as a function of stress 𝜎 under various stress conditions: (a, c, e) volumetric stress, uniaxial [001], [011] and [111] stresses, and (b, d, f) (001)[100] and (110)[111]

shear stresses. The scenario is depicted with a chemical potential 𝜇H,sol = −2.3 eV, corresponding to an unstressed hydrogen concentration of 2550 atomic ppm at 500 K. The
dashed lines represent the linear fitting of the results.
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Fig. 9. The average number ⟨𝑁⟩ of hydrogen atoms trapped at monovacancy and the formation free energy difference 𝛥𝐺𝑓 of vacancy as a function of hydrogen atomic concentration
𝑐H with a variable of the external (a) volumetric stress, (b) uniaxial [001] stress, (c) uniaxial [011] stress, and (d) uniaxial [111] stress with a constant 𝜇H,sol = −2.3 eV. The
corresponding values of stress 𝜎 are marked. The ⟨𝑁⟩ and 𝛥𝐺𝑓 , resulting from variations in the chemical potential 𝜇H,sol (ranging from −2.80 to −2.24 eV) without external stress,
are plotted in all of (a)–(d) as solid and open stars for comparison. The corresponding mass concentrations of hydrogen are also shown.
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