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ABSTRACT: The excellent corrosion resistance of stainless steel primarily relies on the formation of a dense passivation film on its
surface. Stress corrosion and hydrogen embrittlement are the primary forms of damage to the stainless steel passivation film, leading
to film rupture and subsequent corrosion of the stainless steel substrate. The passivation film exhibits semiconducting properties and
typically consists of a bilayer structure with a chromium-rich inner layer and an iron-rich outer layer. This study employs molecular
dynamics simulations to investigate the interaction energy between hydrogen atoms and pristine stainless steel passivation films
(Fe,05/Cr,0;) as well as those containing three different types of defects and predicts the diffusion processes of hydrogen atoms in
passivation films. The results indicate that the strongest interaction energy of —1.4402 eV is observed between hydrogen atoms and
the pristine passivation film. However, as defects emerge within the passivation film, the interaction energy decreases, with a
minimum energy of —0.1931 eV observed for the film containing chromium vacancies (V,), representing a nearly one-order-of-
magnitude reduction compared to the defect-free case. Furthermore, the diffusion coefficients of hydrogen atoms in the three
defective passivation films are calculated as 6.437 X 107", 8.249 x 107'% and 50.892 X 107'° m’/s, respectively. Notably, the
presence of a V., defect enhances the hydrogen diffusion coeflicient by an order of magnitude compared to the pristine film.
Anisotropic diffusion paths and properties are elucidated through an analysis of the self-diffusion behavior of hydrogen in different
detective passivation films, providing a theoretical basis for the prediction of hydrogen-induced cracking and the development of
early warning technologies for passivation film surface failure.

1. INTRODUCTION

The excellent corrosion resistance of stainless steel primarily
stems from the formation of a dense passivation film on its
surface. Stress corrosion and hydrogen embrittlement are the
primary forms of damage to this passivation film, leading to

corrosive media directly.”” Hydrogen also modifies the
composition, semiconducting properties, and corrosion resist-
ance of the passivation film.>™> Research indicates that the
passivation film consists of a bilayer oxide structure with a
chromium-rich inner layer and an iron-rich outer layer,”~” and

film rupture and subsequent corrosion of the stainless-steel
substrate. Hydrogen embrittlement plays a major role in the
degradation of the passivation films. Hydrogen, water,
hydrogen sulfide, and other hydrogen-containing gases can
easily dissociate on the surface of stainless steel, producing
hydrogen atoms adsorbed on the surface of stainless steel and
further diffusing into the interior of the steel. Then, hydrogen
atoms diffuse through the film’s defect structures, interact with
these defects, and cause them to propagate and evolve. This
leads to irreversible hydrogen-induced cracking, which is a
manifestation of hydrogen embrittlement and causes the
passivation film to rupture, exposing the base material to
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its hydrogen barrier capability is closely related to its
o 8—10 . . 11

composition and structure. Previous studies have

investigated hydrogen bubbling behavior at the interface

between aluminum metal and its oxide, revealing that a small
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number of hydrogen atoms can induce Wulff reconstruction at
the interface, resulting in the creation of pores. As the number
of hydrogen atoms increases, the pores reach a critical size,
accompanied by an increase in the internal pressure, leading to
bubbling and film rupture. The preferential accumulation of
hydrogen atoms at the interfaces is primarily attributed to the
defects present there. According to the point defect model,
point defects are easily generated and annihilated at the
substrate—film interface, film—solution interface, and within
the passivation film.'”"* The presence of hydrogen degrades
the corrosion resistance of stainless steel, enhancing its
sensitivity to pitting corrosion. Hydrogen reduces the break-
down potential of the passivation film, thereby degrading its
corrosion resistance'© and promoting the initiation and
progression of pitting corrosion. Experimentally, it was found
that pristine Cr,O; in the passivate film before electrochemical
hydrogen charging prevents pitting corrosion from occurring,
thus reducing pitting corrosion sensitivity. However, after
electrochemical hydrogen charging, hydrogen increases the
defects and disorder in the passivation film, which promotes
the growth rate of pitting, resulting in higher pitting corrosion
sensitivity.'>'® Another new explanation for the reduction of
corrosion resistance of passivated membranes by hydrogen has
been proposed, which suggests that hydrogen introduces an
additional electrostatic repulsion between Fe?* or Fe’* and
oxygen vacancies that enhances the transport of cationic and
anionic vacancies in the intramembrane interstitial space,
leading to an increase in the concentration of ferrous ions and
oxygen vacancies, which results in a degradation of the
structure of the membrane.'” Consequently, the intrusion of
hydrogen atoms into the metal passivation film not only alters
its semiconducting properties but also degrades its corrosion
resistance, further increasing the possibility of film rupture.'®"”

Defect diffusion barriers are impacted by point defects,
which are sources of defects that attract or annihilate defects
and are more common at passivation film interfaces, where the
number of chemical bonds between atoms is mismatched.
Furthermore, the increase of defects at the passivation film
further impacts corrosion resistance. While numerous exper-
imental studies have analyzed the growth theories, semi-
conducting properties, and corrosion resistance of stainless
steel passivation films,”*° microscopic investigations of the film
remain scarce. In addition, the diverse types of defects
encountered in experimental studies make it challenging to
discern which point defects promote hydrogen damage and
which inhibit it. Therefore, exploring the electrical properties
of passivation films at the atomic and electronic scales is crucial
for understanding the mechanisms of stress corrosion and
hydrogen embrittlement in stainless steel. Uncovering the
fundamental interactions between passivation film defect
structures and hydrogen atoms will facilitate the fundamental
improvement and enhancement of the film’s hydrogen
resistance, which is of great significance for the development
of corrosion protection technologies and ensuring the safe
operation of petrochemical equipment.

2. MATERIALS AND METHODS

To investigate the diffusion dynamics of H atoms on the
surface of stainless steel passivation films, this study employed
the Forcite module within the Materials Studio software for
simulation calculations.”" Initially, a pristine 3 X 3 X 1 Fe,O,/
Cr,0; heterojunction structure was established. Subsequently,
the Amorphous cell module was utilized to construct an

amorphous unit of 10 H atoms. Fe,0;/Cr,0; models with an
Fe vacancy defect (Vg,), an O vacancy defect (V;), and a Cr
vacancy defect (V) were created by sequentially removing
one Fe atom as well as one O atom from Fe,O; and one Cr
atom from Cr,Oj, respectively. Due to the formation energy of
Vo defects in Fe,05 is 9.56 eV,*” while the formation energy of
Vo defects in Cr,O; is 5.12 eV,” indicating that V defects in
Cr,0; are more stable than Fe,O;. Therefore, there is only the
V, defect in the outer layer Fe,O; in this study. H- Fe,O5/
Cr,0; models were built, and a 10 A vacuum layer was
inserted to isolate the surrounding lattice interactions. H-
pristine, H—=Vg,, H=V,;, and H=V, denote the models for the
interaction of H with defect-free, containing Vg, Vo, and Vg,
defect passivation films, respectively, as shown in Figure 1.
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Figure 1. Passivation film model for stainless steel defects. (a)
Passivation film model of hydrogen exposed stainless steel. (b)
Enlarged image of the defect passivation film model.

The Forcite module was subsequently employed to optimize
the structures of the four H—Fe,0;/Cr,0; models. During
structural relaxation, the energy convergence criterion was set
to 1 X 1075 kcal/mol, the force convergence criterion was
0.001 kcal/mol/A, and the displacement convergence criterion
was 1 X 10> A. The COMPASS force field”* was assigned for
these calculations. Previous research has applied the
COMPASS force field to the calculations of Fe,0;,>° TiO,,*
MgO,”” and CuO.”® In order to substantiate the applicability
of the COMPASS force field to study the properties of metal
oxide structures, we have compared the experimental lattice
parameters, 4 and ¢, and internal oxygen positional parameters,
u, of the metal oxides (Fe,O; and Cr,0;) with those of the
minimized crystal structure predicted by the COMPASS force
field. The lattice parameter values of a = 5.035A° and ¢ =
13.720A° were used for the crystal structure of Fe,O; By
selecting the oxygen atom at position (u, u, 0), the coordinates
of the oxygen atom were found to be (0.03333333,
0.36666667, 0.91666667). As for Cr,05, the lattice parameters
are a = 49589 A and ¢ = 13.59308 A, and the coordinates of
the oxygen atom were found to be (0.02733333, 0.36066667,
0.91666667). As the bonds between metal and oxygen atoms
are ionic in nature, the parameters do not exist for covalent
bonds between them, and hence, the bonds must be removed
for optimization to proceed. After the optimization, for Fe,O;,
the values of 4, ¢, and (u,, u,, u,) are 5.035 A, 13.720 A, and

https://doi.org/10.1021/acsomega.4c07162
ACS Omega 2024, 9, 46270—-46275


https://pubs.acs.org/doi/10.1021/acsomega.4c07162?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07162?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07162?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07162?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Total Energy (Er,)of the Stainless Steel Passivation Film System under Different Defect Types, Energy of the
Single-Layer Oxide Film System (Eg. o, Ec,,0,), Hydrogen Atom Energy (Ey), and Interaction Energy between Passivation

Fllm and Hydrogen (Einteraction)
ETotal/eV EFe,OS/EV ECrZOJ/eV EH/eV Einteracﬁon/ev
H-pristine —53268.6571 —18240.05966 —35013.55444 —13.6028 —1.4402
H—Vg, —53267.9667 —18240.05966 —35013.55444 —13.6028 —0.7498
H-V, —53268.1948 —18240.05966 —35013.55444 —13.6028 —-0.9779
H-Vc, —53267.41 —18240.05966 —35013.55444 —13.6028 —0.1931
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Figure 2. Root mean square displacement (MSD) of hydrogen atoms in passivation films with different defects over time: (a) pristine, (b) Vg, (c)

Vo, and (d) Vg,

(0.03307476, 0.36382243, 0.90955606), respectively. For
Cr,0; the values of a, ¢, and (u, u, u,) are 49589 A,
13.59308 A, and (0.02712130, 0.35786897, 0.90955606),
respectively. The optimized geometric parameters are con-
sistent with the experimental results.”””" After structural
optimization, annealing was performed, in which the initial
temperature was set to 300 K, dynamics steps per ramp was set
to S, and the total number of steps was 5000. Then, the
isothermal isobaric ensemble (NPT) was used for dynamic
simulation at 300 K, with a time step of 0.01 fs and a
simulation duration of $ ps.

3. RESULTS

3.1. Interaction Energy between Hydrogen Atoms
and Fe,0;/Cr,0; Passivation Films. The movement and
diftusion of hydrogen within the passivation film inevitably
interact with the film, and the strength of this interaction
directly influences the hydrogen’s diffusivity within the film.
The interaction energy (Eijeracion) Detween hydrogen and
three types of defective passivation films is defined as follows”':

Einteraction = EH—FeZOS/CrZO3 - (EFeZO3 + ECrZO3 + EH) (1)

46272

wherein, Ey_ge,0,/cr,0, represents the total energy of the
passivation film with hydrogen atoms. Eg. o, and Ec,,o,

represent the energies of the passivation films without H
atoms, and Ey is the energy of one hydrogen atom. The
calculation results are presented in Table 1. It is observed that
the pristine passivation film exhibits the strongest interaction
energy with hydrogen, at —1.4402 eV, indicating a substantial
binding effect on hydrogen, thereby hindering further
diffusion. In contrast, the interaction energies of Vg, and Vg
defective passivation films decrease by 0.9604 and 0.4623 eV,
respectively, compared to the pristine film, suggesting a
weakened binding effect for these two types of defects.
Notably, the interaction energy between the V(, defective
passivation film and hydrogen decreases by nearly an order of
magnitude compared to the pristine film, indicating the
weakest binding effect of Vi, defects on hydrogen, thereby
facilitating hydrogen’s further diffusion within the film.

3.2. Diffusion Coefficient of the H Atom in Fe,0;/
Cr,0; Passivation Films. Furthermore, the diffusion
behavior of hydrogen within the passivation film is
investigated. The dynamics process of hydrogen diffusion is
not only determined by hydrogen’s inherent structure, charge
distribution, and migration capability but also intimately
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Table 2. Different Diffusion Coefficients of Hydrogen Atoms in Passivation Films®

(O C, C. Cyy
pristine 1.368 0.055 1.167 0.552
VEe 1.895 0.975 2.393 0.560
Vo 1.245 1.751 3.772 0.552
Ve 2422 2.703 6.13 0.690

Ce: G Crota ACrow

0.068 0.066 3278

0.561 0.053 6.437 3.162

0.179 0.750 8.249 4.974
14.221 24.726 50.892 47.617

“The unit of diffusion coefficient is 107°m?/s.

(b)
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AR TS
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Figure 3. Charge density distribution results of Fe,05/Cr,O5 passivation film. (a) Pristine passivation film without H atom, (b) V, passivation film

without H atom, and (c) V(, passivation film with H atom.

related to the interaction between hydrogen and the film as
well as hydrogen’s self-diffusion properties within the film. The
self-diffusion performance of hydrogen atoms can be evaluated
through mean squared displacement (MSD) and self-diffusion
coeflicient curves. Based on molecular dynamics simulations,
the positions of hydrogen atoms over time are recorded and
their displacements relative to their initial positions are
calculated. The squared displacements are accumulated to
obtain the total squared displacement, which is then divided by
the number of hydrogen atoms to yield the average squared
displacement, as shown in eq 2:

. | R =2
dD = lim —{I7(¢t) — 7(0)I
1m2Nt{n() 7. (0)

t— oo

)

where 7, — (t) represents the displacement vector of the
hydrogen atom at time t, r, = (0) is the displacement vector of
the hydrogen atom at time 0, N denotes the dimensionality of
the system, which in this case is three for a three-dimensional
system, and t represents time. By performing a linear fitting on
the MSD—t curve, the diffusion coeflicient d of the hydrogen
atom can be obtained as one-sixth of the slope of the fitted
linear function, as shown in Equation 3°*:

N,
_ 1 . d ¥ _ 2
4= qim 5 2 (0 =l

N,
1 A
= —1lim — MSD
61\Lt—>oo t Z
=a/6 (3)

To analyze the hydrogen diffusion behavior along different
directional paths within the passivation film, the motion of
hydrogen atoms is decomposed to calculate the variations in
the MSD across various path orientations. Consequently, the
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self-diffusion properties of hydrogen along the xx, yy, zz, xy, xz,
and yz directional paths in passivation films with different
defects are obtained, as depicted in Figure 2.

Furthermore, by solving the differential ratio of MSD with
respect to diffusion time, the total diffusion coeflicient of
hydrogen in the four passivation film systems and also the
diffusion coefficients along various path directions were
obtained, as shown in Table 2. For pristine Fe,O5/Cr,0;,
the diffusion coefficient of H atoms is 3.75 X 10™'°m?/s, which
is on the same order of magnitude as the previously studied
diffusion coefficients of H atoms in Fe,O; and Cr,05.°*~** For
defective Fe,0,/Cr,0;, the diffusion coefficients (C,,) of H
atoms along the xx, yy, zz, xy, xz, and yz directions, the total
diffusion coefficient (Cryy), and the difference between the
diffusion coefficient of H atoms in the defect passivation film
and their diffusion coefficient in the pristine passivation film
(ACg,.1) were obtained and shown in Table 2. It was found
that the type of defect has little effect on the diffusion
coefficient of H atoms along the xx and xy directions but has a
significant effect on the diffusion coefficient of H atoms along
the z direction, including zz, xz, and yz directions. Especially
when H atoms diftuse along the yz direction, V., defects cause
an increase of 2 orders of magnitude in the diffusion coeflicient
of H atoms, which is consistent with the MSD results discussed
earlier. In addition, when there are Vg, or V, defects in the
outer layer of Fe,0;, compared to the original passivation film,
the total diffusion coeflicient of H atoms increases by 3.162 X
107" and 4.974 X 107'°m?/s, respectively. Once Cr vacancy
defects appear in the inner layer of Cr,O; the diffusion
coefficient of H atoms will increase by 47.617 X 107'* m?/s,
indicating that the diffusion of H atoms into the stainless steel
matrix will be accelerated after defects appear in the inner layer
of Cr,0;.
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Based on the above analysis of diffusion coefficient, it was
found that the diffusion coefficient of the passivation film
containing V¢, defects increased by 1 order of magnitude
compared to other passivation film systems. Therefore, the
properties, of Vi, defects in Fe,0;/Cr,0O; were analyzed by
calculating the electronic properties, and the results are shown
in Figure 3. The charge density distribution of the defect-free
passivation film is shown in Figure 3a, and the charge density
distribution of the V., defect passivation film before and after
hydrogen atom diffusion is shown in Figure 3b,c, respectively.
The light green color in the figure represents the charge
density contour surface with a value of 0.03e/A3.

4. DISCUSSION

It is found that the total MSD slope is the highest for the V¢,
passivation film, indicating the strongest self-diffusion perform-
ance of hydrogen within this film. Additionally, based on the
MSD results, hydrogen does not diffuse uniformly along all
directional paths within the passivation film. For pristine Vg,
and Vg passivation films, hydrogen exhibits a preference for
diffusion along the zz-directional path. Unlike defect-free and
passivation films containing Vg, and V defects, the diffusion
anisotropy of hydrogen atoms in passivation films containing
V¢, defects is not significant, and H atoms tend to diffuse more
concentrated along the yz direction. By comparing the vertical
axis of MSD of four kinds of passivation films, it was found that
the MSD of H atoms in the passivation film containing V¢,
defects increased by 2 orders of magnitude, indicating that
under the same diffusion time, the diffusion rate of H atoms in
the passivation film containing V., defects is higher. For the
V. passivation film, the zz and xx paths serve as the primary
channels for hydrogen diffusion. As for the V passivation film,
the yy path is the second most significant diffusion channel
after the zz path. On the other hand, for the Vi, passivation
film, hydrogen exhibits a preference for diffusion along the yz
and xz paths. It was found that before the diffusion of H atoms,
the charge density of the passivation film containing Vi,
defects was concentrated near the V. defects compared to
the defect-free Fe,0;/ Cr,O5. Once the H atoms diffused to
the interface between Fe,O; and Cr,0;, the charge density
increased from the V¢, defects to the vicinity of the H atoms.

5. CONCLUSIONS

In this study, the interaction energies between hydrogen and
stainless steel passivation films with different defect structures
have been calculated by molecular dynamics and the
microscopic mechanisms of hydrogen diffusion by metal-
atom vacancies and oxygen vacancy defect types have been
revealed. By studying the self-diffusion properties of hydrogen
in pristine films and three different defect-containing
passivation films, the anisotropic diffusion behaviors and
characteristics of hydrogen in passivation films with different
defect structures are found, and it is found that Cr vacancy
defects lead to an increase in the H diffusion coefficient by 1
order of magnitude. In addition, the main paths of hydrogen
diffusion under different defect structures were predicted,
which provided a theoretical basis for the prediction of
hydrogen-induced cracking and the development of early
warning technology for the surface failure of stainless steel.
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