Corrosion Science 247 (2025) 112776

FI. SEVIER

AL

CORROSION
SCIENCE

Contents lists available at ScienceDirect
Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Exploring mechanisms and efficacy of passivation films in

blocking hydrogen

Zhiyu Du®, Rongjian Shi*"", Zhishan Mi ¢, Zhao Xu®, Yujie Zhu?, Saiyu Liu”®, Kewei Gao?,

Alex A. Volinsky “©, Xiaolu Pang

a,b,*

2 Beijing Advanced Innovation Center for Materials Genome Engineering, School of Materials Science and Engineering, University of Science and Technology Beijing,

Beijing 100083, China

Y State Key Laboratory of Nuclear Power Safety Technology and Equipment, University of Science and Technology Beijing, Beijing 100083, China
¢ Research Institute of Advanced Materials (Shenzhen) Co., Ltd., Shenzhen 518045, China
4 Department of Mechanical Engineering, University of South Florida, 4202 E. Fowler Ave. ENG030, Tampa 33620, USA

ARTICLE INFO

Keywords:

Passivation films
Hydrogen embrittlement
Hydrogen blocking
Austenitic stainless steel
Surface design

ABSTRACT

Based on hydrogen embrittlement-resistant surface design principles, this study investigates the microstructure
and effectiveness of passivation films in blocking hydrogen. Passivation films, prepared by electrochemical
methods, consist of outer FeOOH layer and inner layers of Cr,O3 and Fe;O3. The FeOOH layer, with a hydrogen
adsorption capacity of —3.555 eV and a diffusion barrier of 3.766 eV, effectively prevents hydrogen penetration.
The Cry03 and Fey03 layers enhance bonding between the films and the substrate as transitional layers. This
synergistic structure enhances hydrogen-blocking capabilities, resulting in a 59.92 % reduction in hydrogen
embrittlement sensitivity index and a 41.27 % decrease in brittle zone depth.

1. Introduction

Hydrogen embrittlement (HE)-resistant surface design aims to
enhance the material surface or form a hydrogen barrier layer on or just
beneath the surface. The principles of hydrogen blocking are as follows
[1]. 1) Enhancing the diffusion barrier from the surface to the interior to
impede hydrogen penetration. 2) Reducing hydrogen adsorption energy
to suppress the dissociation of hydrogen molecules (or water molecules).
3) Facilitating the recombination of hydrogen atoms into hydrogen
molecules and their subsequent release to minimize hydrogen accumu-
lation within the material. The penetration and accumulation of
hydrogen atoms can degrade the internal mechanical characteristics of
the material, leading to the start and spread of fractures, thereby posing
a serious threat to the structural integrity of the material [2,3]. There-
fore, finding a simple and effective method for HE-resistant surface
design is crucial to ensure material performance in harsh environments.

Current surface design for HE-resistant primarily involve introduc-
tion of alloying elements or application of surface coatings. Adding Si to
twinning-induced plasticity steel forms a bilayer of (Fe, Mn)O and (Fe,
Mn),SiO4 on the surface [4], effectively inhibiting hydrogen permeation

into the interior. (TiVAICrZr)O coatings on 316L stainless steel obtained
by magnetron sputtering and oxidation treatment significantly reduce
hydrogen permeation rates [5]. Graphene oxide-alumina composite [6]
and MXene [7] coatings prepared by sol-gel and spin-coating methods,
respectively, have also demonstrated excellent hydrogen blocking per-
formance. Although these methods effectively enhance resistance to HE,
they typically involve complex fabrication processes, have inadequate
adhesion between the coating and the substrate, and high production
costs [8-10]. Compared with traditional methods of designing
HE-resistant surfaces, passivation films offer a cost-effective approach
utilizing natural or electrochemical formation methods. Passivation
films developed on the surface of stainless steel at room temperature are
typically only a few nanometers thick [11,12]. Denser and thicker oxide
passivation layers can be formed by anodic polarization on stainless
steel surfaces, significantly enhancing corrosion resistance [13-15]. The
formation of passivation films are affected by various factors, including
potential, temperature, and polarization duration, resulting in the
passivation films thickness and composition variations [14,16-21].
Passivation films primarily consist of metal oxides, hydroxides, and
bound water [22,23]. Extensive research has been carried out on the
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corrosion resistance properties of passivation films. Ultra-thin 316L foils
exhibited superior corrosion resistance in NaCl solution compared to
deformed 316L, attributed to uniform, continuous, and dense Cr and
Mo-rich passivation layer formed on the surface [14]. Similarly,
double-layer passivation films formed on high entropy alloys (HEAs)
with Co and Mo enriching the outer layer and Cr concentrating in the
inner layer [24]. Despite a decrease in corrosion resistance of HEAs with
temperature, the passivation-protected HEAs still exhibited better
corrosion resistance than the untreated substrates. However, acidic
electrolytes can lead to hydrogen release in corrosive environments,
causing hydrogen atoms to accumulate on the metal surface and diffuse
internally [25], leading to hydrogen-induced cracking [26].

Although passivation films have been extensively studied for their
excellent corrosion resistance, their interaction with hydrogen and their
impact on HE behavior remain areas that require further investigation.
Previous studies have shown that hydrogen accumulation on the surface
of stainless steel and within the intrinsic passivation films can weaken
the protective effect of the film [27], and may even lead to the disso-
lution, degradation, or complete disappearance of the intrinsic passiv-
ation layer [28,29]. Hydrogen exposure causes the destabilization of
passivation films, which is closely associated with the formation of de-
fects within the film. These defects can impair the protective perfor-
mance of the film [30,31]. Although previous studies have explored the
potential effects of passivation films preparation methods on hydrogen
blocking and emphasized the importance of further investigating the
hydrogen-blocking mechanisms [32,33], research on the role of
passivation films in improving HE behavior and their hydrogen-blocking
mechanisms remains limited. Therefore, this study aims to further
explore this area and address some of the gaps in existing research. In
austenitic stainless steel, the susceptibility to HE is relatively low under
normal conditions. However, prolonged exposure to hydrogen-rich en-
vironments or extreme conditions can lead to hydrogen ingress and
material degradation. Compared to ferritic stainless steels, the passiv-
ation films formed on austenitic stainless steel substrates exhibit faster
growth rates, higher coverage, and greater thickness [34]. Additionally,
the Cr content of the passivation films on austenitic substrates is more
uniform, resulting in less influence of grain orientation on their per-
formance [35]. These characteristics provide significant advantages for
austenitic substrates in hydrogen-blocking research. As a representative
austenitic stainless steel, 316L is widely used in critical industrial ap-
plications such as hydrogen pipelines, storage tanks, and pressure ves-
sels due to its excellent corrosion resistance and mechanical properties
[36-38], making it an ideal material for investigating the
hydrogen-blocking mechanisms of passivation films. While this study
focuses on typical electrochemical conditions, it also opens opportu-
nities to investigate more complex scenarios, such as the development of
thicker films or modified compositions, in subsequent research [19,39].

Originating from the concept of HE-resistant surface design, this
study confirms that passivation films significantly impede hydrogen,
playing a crucial role in enhancing the material resistance to HE.
Microstructure of passivation films and their ability to impede hydrogen
permeation were investigated using various surface analysis and
microstructure characterization techniques, along with theoretical
calculations.

2. Experiments
2.1. Materials and microstructure characterization

An inductively coupled plasma-optical emission spectrometer (ICP-

Table 1
Chemical composition of the 316L stainless steel.

Corrosion Science 247 (2025) 112776

OES, Agilent 5900) and a carbon sulfur analyzer (CS230), as specified in
Table 1, were used to ascertain the chemical composition of 316L
stainless steel. To prepare the sample for microstructural analysis, the
316L stainless steel surface was sequentially polished using silicon car-
bide (SiC) sandpapers with grit sizes of 400, 1200, 2000, and 5000,
followed by refinement with 2 pm and 1 pm diamond paste to achieve a
smooth, mirror-like finish. The polished sample was then ultrasonically
cleaned in acetone, alcohol, and deionized water to remove any residual
polishing debris. Finally, the material was etched using a solution with a
90:7:3 vol ratio of HCl, HNOs, and HF to reveal the microstructure. The
morphology and phases of the material were examined using optical
microscopy (OM, LEICA DM 2500 M) and an electron back-scatter
diffraction (EBSD, Oxford Nordly Max3 detector). For EBSD analysis,
samples were electro-polished using a mixture of 8 vol% perchloric acid
and 92 vol% ethanol solution at —30 °C and 25 V potential for
approximately 15 s. Channel 5 software was utilized to examine the
grain morphology at a scanning step of 0.5 pm. Fig. 1 displays the
microstructure of 316L stainless steel characterized by OM and EBSD
with grain size distribution analysis. There is typical austenitic structure
features of the steel with an average grain size of 13.2 + 0.2 um.

2.2. Electrochemical measurements

Samples were subjected to dynamic potential scanning in a 0.5 mol/
L sulfuric acid (H2SO4) solution using a workstation connected to a
traditional three-electrode cell with a saturated mercury/mercurous
sulfate (Hg/Hg2S04) electrode as the reference and platinum foil as the
counter electrode. The working electrode was connected to the copper
wire embedded in epoxy resin. The sample was sealed in resin, leaving a
10 x 10 mm? surface exposed, and prepared using the same polishing
procedure described earlier for microstructural analysis. The edges of
the sample were smoothed to ensure a tight seal with the resin, elimi-
nating any gaps, and the specimen was inspected under an OM to
confirm the absence of defects such as bubbles or crevices before testing.
In order to guarantee surface stability, the open circuit potential (OCP)
was stabilized for 30 min before to the tests. Then, the potentiodynamic
polarization was varied from —0.5V to 1.2V with 1 mV/s scanning
frequency. After determining the voltage of the passivation region ac-
cording to the polarization curve, the same electrolyte and three-
electrode system were polarized for 4 h under constant potential.
Cathodic pre-treatment was deliberately omitted to prevent any alter-
ation of the initial native oxide films that could result from reduction
before passivation. For each condition, three specimens were tested.

2.3. Characterization of passivation films

X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha)
was used to analyze the chemical composition of passivation films. To
facilitate the calibration of the binding energy for internal reference, the
C 1s peak was used with a binding energy of 284.8 eV, and background
subtraction was applied. Subsequently, XPS PEAK 4.1 software was
utilized to deconvolute and match the XPS spectra of the identified
components. This procedure provided chemical composition of the
passivation films, as well as the changes before and after passivation.

Time of flight secondary mass spectrometry (ToF-SIMS, 5-100 ION-
TOF) was utilized for depth profiling elemental analysis of the naturally
passivated (NP), acid passivated (AP), naturally passivated and 72 h
hydrogen charged (NP-72h), and acid passivated and 72 h charged (AP-
72h) samples. The specific experimental conditions for these four sam-
ples are summarized in Table 2. This instrument combines static SIMS

Elements C Mn P
Concentration, wt% 0.035 1.29 0.035

0.0046

Cr Ni Mo Co B
16.54 10.63 2.01 0.25 0.0031
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Fig. 1. Microstructure of the 316L stainless steel: (a) Optical image with a grain size distribution; (b) Inverse pole figure in the Z direction (IPF+BC+GB) map.

Table 2
Preparation conditions for four types of the 316L stainless steel samples.

Sample Passivation process Hydrogen charging conditions

NP exposure to air at room /
temperature

AP 0.5V in 0.5 mol/L /
H,SO,4 for 4 h

NP-72 h exposure to air at room —20 mA/cm? in 0.5 mol/L H,SO, with 2 g/
temperature L thiourea (CH4N,S) for 72 h

AP-72h 0.5V in 0.5 mol/L —20 mA/cm? in 0.5 mol/L HySO, with 2 g/
H,SO,4 for 4 h L CH4N,S for 72 h

and sputtering, employing a 45° incident angle Bi*" primary ions
(30 keV, 0.45 pA) for static SIMS over an area of 40 x 40 prnz, and Cs™
sputtering beam (0.5 kV, 78 nA) over an area of 120 x 120 pmz. To
mitigate edge effects, static SIMS was centered on the sputtering crater.
Utilizing energy-dispersive spectroscopy (EDS) in conjunction with a
field emission transmission electron microscope (FETEM, Titan
ETEMG2, USA), the thickness and elemental distribution of the passiv-
ation layer were examined. Cross-sectional TEM samples were prepared
through focused ion beam (FIB) and ion-beam thinning methods.

2.4. Slow strain rate tensile and hydrogen content tests

Dog-bone-shaped tensile specimens with a gauge length of 12 mm
and a cross-section of 3 x 1 mm?* were prepared for testing. Hydrogen
charging for the slow strain rate tensile (SSRT) tests and hydrogen
content (HC) measurements was performed under the conditions sum-
marized in Table 2. Immediately following hydrogen charging, the SSRT
tests were performed using a universal testing machine (ETM504C,
WANCE, China, 50 kN capacity) at a strain rate of 5 x 107> s~L. Three
specimens were tested for each condition. The fracture morphology of
the SSRT specimens was subsequently analyzed using field emission
scanning electron microscopy (SEM). The HE index (HEI) was calculated
to evaluate the materials’ susceptibility to HE [40]:

Op— — OH-
HEI = 'H—uncharged H—charged %« 100% (1)
5H—charged

Here, Sx.uncharged aNd Sp-charged Tepresent the elongation to fracture of
not charged and hydrogen-charged SSRT specimens, respectively.

Bruker hydrogen analyzer (G4 PHOENIX DH, Germany) was used to
measure the HC of the hydrogen-charged specimens for 10 min at 800
°C.

2.5. Density functional theory calculations

The diffusion energy barriers of hydrogen in FeOOH, a-CryOs,

a-Fey03, and fec-Fe bulk structures were studied by using the first-
principles calculation method based on the density functional theory
(DFT) in the Vienna ab initio simulation package (VASP) [41]. The
projector augmented wave (PAW) [42] method was applied to describe
the core electrons and the electron exchange, and the correlations were
modeled with the Perdew-Burke-Ernzerhof (PBE) method [43]. All
structures were totally relaxed, the residual stress on each atom was less
than 0.01 eV/A, and the total energy converged to 10~® eV/atom for
calculations. For all structures, a5 x 5 x 5 k-point mesh was used in the
Monkhorst-Pack grids to sample the Brillouin zone (BZ). Based on the
principles of transition state theory and the Arrhenius equation, the
diffusion coefficient of a hydrogen atom can be determined using the
following formula [44,45]:

Pvexp( — Ediff) (2)

b (D= kT

where [ represents the hop distance, v is the attempt frequency, Eg
denotes the activation energy for hydrogen diffusion, k is the Boltzmann
constant, and T is the temperature. The hop distance (1) and attempt
frequency (v) are derived from DFT simulation.

3. Results and discussion
3.1. Passivation behavior

Fig. 2(a) presents the cyclic potentiodynamic polarization curves of
316L stainless steel in a 0.5 mol/L HySO4 solution. As the applied po-
tential shifted in the anodic direction, the polarization exhibited a
characteristic progression through the active dissolution, passivation
onset, sustained passivation, and transpassive regions, as typically
observed in austenitic stainless steel within HySO,4 environments [46,
47]. The polarization curves of the 316L stainless steel exhibit broad
passivation that facilitates the formation of a stable and compact
passivation films. Based on the stable passivation region in Fig. 2(a),
0.5V was selected as the passivation potential for subsequent experi-
ments. The voltage of the stable passivation zone serves as a standard for
subsequent passivation voltage. When exposed to acidic solution, the
passivation films may change as a result of the metal dissolving or oxides
and hydroxides forming, ultimately trending towards dynamic equilib-
rium. Fig. 2(b) presents the current density response curve measured at a
passivation potential of 0.5 V, where the passivation films on the surface
of 316L stainless steel rapidly nucleate and grow during the initial stages
of polarization, causing the current density to quickly decrease with
increasing polarization time. As polarization progresses, there is a slight
growth of the passivation films, and the current density remains rela-
tively stable, eventually approaching zero, indicating that the prepared
passivation films have good quality and stability. Different phases in the
current density response curve (double logarithmic curve logi - logt) are
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Fig. 2. Electrochemical behavior of 316L stainless steel: (a) Polarization curves; (b) Time evolution of the passivation current density.

divided into three stages [48-50]. In the initial stage, the anodic current
density remains largely stable, suggesting that the growth of the
passivation films is balanced by their dissolution, resulting in no net film
growth. During the second stage, a decline in current density with po-
larization time marks the transition period. Finally, in the third stage, as
the metal undergoes dissolution and the passivation films develop, the
current density decreases logarithmically with continued polarization.

3.2. Composition, structure and micromorphology of passivation films

To compare the compositional characteristics of the passivation films
on NP and AP samples, XPS was utilized to examine the metallic,
oxidized, and hydrolyzed states of Cr 2p, Fe 2p, and O 1s. The spectra for
Mo and Ni were excluded from the analysis due to their weak signals and
the absence of significant changes. After deconvolution, the Cr spectrum
revealed two primary peaks: Cr 2p3/2 and Cr 2p1/2. Notably, Cr 2p3/2
was further resolved into three component peaks: Cr metal (573.16 eV),
Cry03 (575.57 eV), and Cr(OH)3 (577.48 eV). Similarly, Cr 2p1/2 was
deconvoluted into three distinct peaks: Cr metal (582.52 eV), CryO3
(585.43 eV), and Cr(OH)3 (587.58 eV) [51-54], as seen in Fig. 3(a, d).

Following sulfuric acid passivation, the CryOs content within the
passivation films increased, a phenomenon attributable to the formation
of the -Cr-O-Cr- bond, which enhanced the films stability and protective
efficacy. The dense arrangement of Cr atoms allowed oxygen ions to a
bridge, forming continuous clusters of CryO3, a structure crucial for
protecting the substrate. It is these continuously covered Crp03 clusters
that are key to the protective effectiveness of the passivation films,
ensuring that it impedes the ingress of hydrogen [55].

The spectra of Fe were deconvoluted to reveal two primary peaks: Fe
2p3/2 and Fe 2pl/2. The Fe 2p3/2 peak was further resolved into four
component peaks, namely Fe metal (706 eV), FeO (707.68 eV), Fe;O3
(709.79 eV), and FeOOH (712.17 eV). Similarly, the Fe 2p1/2 peak was
decomposed into three component peaks: Fe metal (719.05 eV), FeO
(721.60 eV), and FeyO3 (722.68 eV), FeOOH (723.66 eV) [56,57], as
illustrated in Fig. 3(b, ). Fe?* predominantly exists in the form of FeO,
while Fe" is mainly found in the forms of Fe;O3 and FeOOH. After
electrochemical passivation, the Fe2*/Fe>™ ratio decreased from 0.51 to
0.43, indicating an increase in the formation of Fe>*. It was also found
that the passivation films might contain magnetite (Fe3O4), and surface
Fe3O4 can decompose into FeO and FepO3 [58]. It was calculated
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Fig. 3. XPS spectra of the (a, d) Cr 2p; (b, e) Fe 2p; (c, f) O 1s compounds in the (a-c) NP and (d-f) AP samples, along with pie charts showing compound composition.
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analytically that the Cr/Fe ratio in AP is 0.78, significantly higher than
0.44 in NP. This result indicates a substantial enrichment of Cr during
the AP, leading to the formation of a higher content of Cry03 on the steel
surface. Thus, sulfuric acid passivation not only enhances Cr content
within the passivation films but also forms the more protective and
denser surface films.

As illustrated in Fig. 3(c, f), the O 1s peak was deconvoluted into
three main component peaks: 0% (529.15 eV), OH™ (530.78 eV), and
H20 (532.03 eV), representing metal oxides, metal hydroxides, and
water molecules that are adsorbed on the films, respectively [59]. After
passivation treatment, the 02~ /OH ratio increased from 0.38 to 0.63,
indicating a greater conversion of hydroxides into oxides, which is
consistent with the corresponding changes in the Cr 2p and Fe 2p
spectra. Metal oxides were observed to exhibit greater stability
compared to metal hydroxides, attributed to their lower number of
active sites [60]. The increase in the 02~ content suggests that during
the electrochemical passivation process, the -M-O-M- structure forms
more readily compared to -M-OH-M-. Applying an external voltage ac-
celerates the conversion from OH™ to 02~, diminishing the presence of
active sites and thereby enhancing the protective effectiveness of the
passivation films. Although the passivation films are primarily
composed of oxides, XPS results show that the hydroxide signal exceeds
that of oxides. This phenomena can be explained by the continuous
potential polarization that forms the passivation films on 316L stainless
steel in a sulfuric acid solution. Due to the hydrophilic nature of the
metal oxide surface, OH  in the solution readily adsorb onto the
passivation films surface and form surface hydroxyl groups in these
areas. These adsorbed hydroxyl groups produce a strong XPS signal
[61].

Using ToF-SIMS, a thorough examination of the surface chemical
composition of four types of 316L stainless steel samples was performed.
The depth profiles of negative ions are displayed in Fig. 4(a, c). It should
be emphasized that the selected ions do not represent the actual stoi-
chiometry of the species within the sample but are appropriate markers
for the studied species. As ToF-SIMS is a non-quantitative technique, the
ion intensities in the depth profiles are influenced by strong matrix ef-
fects during ion emission. Consequently, these intensities reflect relative

| \/ \\_/

/ : | \
‘ J | \
%ou— | FeOH-

&
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signals rather than absolute concentrations of the associated species in
the sample. However, variations within the intensity of a single ion
provide insights into the depth-dependent distribution of that species.
Secondary ions such as CrO3, CrOH ™, FeO;, FeOH ™, NiO3, MoO3, 18O’,
and '80H" are attributed to the passivation films, while Ni;, Fe; and
Cry are attributed to the metal substrate. The feeble signal of Moz was
disregarded in this analysis. In the analysis of the metal substrate
composition, mass numbers representing metal clusters, M, rather than
individual metal anions, M, were chosen for calibration. This approach
primarily reduces interference from metal ions in metal oxides. Simi-
larly, choosing MO5 over MO™ is based on similar considerations. The
combination of two oxygen atoms with a metal atom is less likely to arise
from the recombination of metal atoms from the metal substrate
compared to a combination of one oxygen atom with one metal atom.
This selection helps increase the certainty between the corresponding
species and the ions generated, thereby ensuring the accuracy and
reliability of the analysis results [62]. Besides the oxide and hydroxide
films themselves, an alloyed region can be defined, as extensively re-
ported, with nickel enrichment observed between the metal substrate
and the oxide layer in austenitic and duplex stainless steels [63,64].
Therefore, the maximum intensity of Niy, shown by dashed lines in
Fig. 4(b, d), determines the location of the alloyed-films interface, and a
3D depth profile analysis of the chosen ions was carried out.

The ion peak intensities of the NP samples mainly appear within the
first 17 s of sputtering in Fig. 4(a, b). Comparing the distribution of
80H" and 807, 180OH" reaches its peak at 5s and then rapidly de-
creases, while *¥0~ shows a more uniform distribution, peaking at 9 s.
This indicates the presence of an inner oxide layer and an outer hy-
droxide layer, although this structure is not very distinct. For the AP
samples, as seen in Fig. 4(c, d), the FeOH ™ peak intensity is higher than
CrOH™ and appears earlier than other components. Combined with XPS
data, this implies that iron hydroxide (FeOOH) makes up the majority of
the outer layer. The peaks of CrO2 and FeOy appear at 10 and 9 s of
sputtering, while the maximum intensities of NiOz, and MoO3 are
observed at around 5 s. Spectral-related noise typically does not exceed
+ 3, indicating that CrOz and FeO3 are more concentrated near the
substrate, with the inner layer primarily composed of CroO3 and Fe2O3.

~ Erﬁz’—Feﬁz’ —Nlﬁz’ —Moﬁz’
" 180" == CrOH ==FeOH ==NiOH"
BelSQH- == Cr,” == Fe,” == Ni,

0 50 00 150 200
Sputter Time (s)

I -‘_\—Erﬁz-' —Feﬁz' —N|ﬁz' —Moﬁg‘
b= 1807 == CrOH" ==FeOH == NiOH|
==BOH == Cr, ==Fe,” == NiS

50 00 150 200
Sputter Time (s)

Fig. 4. ToF-SIMS depth profiles of the 316L stainless steel: (a, b) NP; (c, d) AP; (a, ¢) 3D element distribution map; (b, d) Element depth profile map.
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When analyzing '80H~ and 1807, similar behavior is observed. The
OH™ peak appears earlier and then quickly decreases, while the 180~
peak appears slightly later and decreases more gradually. This phe-
nomenon confirms that the passivation films formed on 316L stainless
steel has a dual-layer structure: an inner oxide barrier layer and an outer
exchange layer, consistent with previous reports [19,64,65]. When the
Ni intensity peaks at 53s, it indicates the interface between the
passivation films and the metallic substrate. Compared to the NP sam-
ple, the increased sputtering time of hydroxides and oxides suggests that
the passivation films thickens. The broader and stronger peaks of
FeOH ™, FeO3, and CrO3 indicate the growth and enrichment of Cr and
Fe hydroxides and oxides in the passivation films. Due to the assumption
that each sample has a nearly constant sputtering yield in depth distri-
bution analysis, accurately determining the thickness of the passivation
films from the sputtering depth distribution becomes challenging [21,
66].

For the AP sample, cross-sectional thin sections were cut perpen-
dicular to the alloy surface using focused ion beam and observed using
HRTEM. As depicted in Fig. 5(a-b), the cross-sectional layers are dis-
played sequentially from the top as the protective Pt layer, the passiv-
ation films, and the alloy substrate. The thicknesses of the passivation
films were measured at 50 different positions, and the average thickness
was determined to be approximately 60.04 + 3 nm, indicating the uni-
formity of the passivation films. Fast Fourier transform (FFT) analysis of
different areas within the passivation films revealed diffraction spots
with orthorhombic in Fig. 5(e) and hexagonal in Fig. 5(f) crystal struc-
tures, which correspond to FeOOH and Cry03/Fey0s3, respectively, ac-
cording to previous literature results [67,68]. Inverse fast Fourier
transform (IFFT) analysis allowed clear well-ordered atomic arrange-
ments in Fig. 5(g-i). Further analysis using high-angle annular dark field

Corrosion Science 247 (2025) 112776

scanning transmission electron microscopy (HAADF-STEM) equipped
with energy dispersive X-ray spectroscopy (EDS) showed that the
passivation films are rich in O in Fig. 5(j). These findings align with
literature results, suggesting that the passivation films in acidic solutions
behave as a three-layer model [69-71]. The outermost layer is a hy-
droxide film, beneath which lies an oxide film, forming over a Ni-rich
alloy substrate layer.

316L stainless steel facilitates the early development of Cr-rich ox-
ides at the metal/solution contact by preferentially dissolving its pri-
mary component, Fe, and its secondary component, Cr. An outer Fe-rich
precipitate layer is then formed by the hydrolysis and redeposition of the
dissolved Fe and Cr cations. The passage of metal ions from the substrate
and the transfer of oxygen from the solution cause the passivation films
to develop and dissolve throughout their growth phase. Over time, a
dynamic equilibrium is reached where the growth rate of the film equals
its dissolution rate, maintaining a consistent film thickness despite the
ongoing movement of the metal/film interface [15]. Additionally, dur-
ing the growth of the passivation films, crystal growth requires stress
accommodation between the film and the substrate, resulting in char-
acteristic morphology at the interface seen in Fig. 5(d). This morphology
is likely caused by lattice mismatch and internal stress within the film,
forcing the film to adjust its structure to accommodate the substrate
[72].

3.3. SSRT tests and fracture morphology

Fig. 6(a) illustrates the engineering stress-strain curves obtained
from SSRT testing on four differently treated 316L stainless steel samples
at a current density of —20 mA/cm?®. Corresponding statistical results
are presented in Table 3. Additionally, the uniform elongation (6u) and

Austenite [011]

Fig. 5. TEM images of the AP sample: (a) Overall TEM image showing the cross-sectional structure; (b) Magnified view of (a); (c) and (d) Magnified TEM images near
the Pt layer and the substrate in the passivation films, respectively; (e) and (f) FFT images corresponding to (c) and (d). (g-h) IFFT images of different spots; (j) EDS

image and corresponding elemental maps of Pt, O, Cr, Fe, and Ni.
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Table 3

SSRT test results and HC of four 316L stainless steel samples.
Sample oy, MPa Guts, MPa Su, % HC, ppm HEI, %
NP-Air 349+ 6 680 + 10 91 +1.4 N/A N/A
NP-72h 346 £ 9 658 +7 74.4 £ 2.5 36.71 + 0.84 18.24 +£1.51
AP-Air 345 + 14 660 + 11 88.9+1.9 N/A N/A
AP-72h 338+8 654 + 5 82.4 +£2.5 25.14 £ 0.72 7.31 £1.42

HEI are summarized in Fig. 6(b). According to the statistics, the &, for
the NP sample was 91 + 1.4 %, which decreased to 74.4 + 2.5 % after
hydrogen charging. The AP sample showed an §,, of 88.9 + 1.9 %, which
decreased to 82.4 + 2.5 % after hydrogen charging. Pre-charged speci-
mens with hydrogen showed less ductility than those without charge.
After electrochemical passivation and hydrogen charging, the HEI was
reduced by 59.92 %, demonstrating improved resistance to HE.
Furthermore, hydrogen content (HC) was 36.71 + 0.84 ppm in the NP-
72h samples, compared to 25.14 + 0.72 ppm in the AP-72h samples.
This further confirms that the passivation films formed by sulfuric acid
passivation offers a substantial barrier against hydrogen, effectively
slowing hydrogen permeation and thereby enhancing the overall per-
formance of the material.

Fig. 7(a;—ag) and (c1—c3) depict the fracture surfaces of 316L stainless
steel samples NP and AP without hydrogen charging. These images
clearly show a uniform distribution of fine dimples formed by micropore
aggregation, indicating a ductile dimpled fracture morphology.
Conversely, Fig. 7(b;-bs) and (d;-ds) show the SEM images of the frac-
ture surfaces after NP and AP followed by hydrogen charging for 72 h. A
degree of susceptibility of 316L stainless steel to HE was shown by the
brittle fracture areas represented by quasi-cleavage planes and second-
ary fractures along the fracture edges in all hydrogen-charged samples.
The red gradient area in the images indicate changes in the depth of the
brittle regions affected by hydrogen under both NP and AP conditions. It
was observed that the average depth of the brittle region decreased from
around 24.74 +1.54 pm to 14.53 + 1.17 pm after electrochemical
passivation and hydrogen charging, a reduction of 41.27 %, a change
consistent with the reduction in the HEI Furthermore, this suggests that
the passivation films formed by AP provides a certain barrier against
hydrogen, effectively mitigating the impact of HE.

3.4. Hydrogen distribution and effects on passivation layers

Using consistent hydrogenation processes and parameters, a detailed
analysis of the distribution of specific ions within 316L stainless steel

NP-Air

NP-72 h

Dimpl
RIS Quasi-cleavage

step

| AP-Air || AP-72 h |

Ductile-dimpled
fracture

Secondary crack
A
Quasi-cleavage
plane™

Fig. 7. SEM micrographs of the fracture surfaces: (a;—az) NP-Air; (b;—b3) NP-72h; (c;—c3) AP-Air; (d;-d3) AP-72h.
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samples was performed, with data normalized by volume values. For the
NP-72h samples, H atoms were found not only concentrated on the
surface but also extensively distributed throughout the passivation layer
and the metallic substrate in Fig. 8(a-b). Moreover, the hydrogen signal
intensity decrease gradually with increasing sputtering time, indicating
deeper hydrogen penetration into the substrate. While the inherently
slow hydrogen diffusion rate in austenite phase helps to limit hydrogen
ingress [73-75], the high surface hydrogen concentration [27] and
deeper penetration into the substrate can be attributed to surface
adsorption effects and the insufficient density of the naturally formed
passivation layer. Moreover, the harsh experimental conditions (e.g.,
—20 mA/cm? cathodic charging for 72 h) exacerbated hydrogen ingress,
further damaging the metallic substrate. This effect is evidenced by the
uneven coloration in the 3D images of CrO3, FeO; and FeOH ™, high-
lighting the destructive impact of hydrogen on the passivation layer.

In contrast, the AP-72h samples demonstrated a stronger capability
to impede hydrogen atoms, with most hydrogen effectively confined to
the sample surface and within the passivation layer. The sharp decline in
hydrogen signal intensity demonstrates the effectiveness of the elec-
trochemically formed passivation films as a barrier, attributed to their
crystalline structure, greater thickness, and enriched oxide composition
(Cry03, Fey0O3, and FeOOH), which significantly enhance hydrogen
resistance. These properties not only improve the density and stability of
the passivation layer but also effectively block hydrogen penetration
into the substrate, as indicated by the uniform coloration in the 3D
images of CrO5 FeO3 and FeOH™ in Fig. 8(c-d).

While the inherently slow diffusion rate of hydrogen in the austenite
phase contributes to limiting hydrogen penetration, the observed
hydrogen distribution highlights that the dominant factor in hydrogen
blocking is the quality of the passivation films. The stark differences
between the NP and AP samples demonstrate the critical role of elec-
trochemical passivation in mitigating hydrogen ingress, even under se-
vere conditions. These findings illustrate that electrochemical treatment
significantly enhances the surface properties of 316L stainless steel and
improves the efficacy of passivation films in blocking hydrogen.

YT X
S
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3.5. Atomic-scale mechanisms of hydrogen adsorption and diffusion

After determining the structure and hydrogen blocking efficiency of
the passivation films, DFT was employed to understand the hydrogen
blocking behavior among different materials at the atomic level. The
interactions and related energetics between hydrogen and various con-
stituents of the passivation films (FeOOH, Cry03, FeoO3) were assessed,
including the matrix (fcc-Fe). Fig. 9(a—d) displays the representative
atomic structures of different materials used in the DFT calculations,
along with the diffusion paths of hydrogen atoms in these structures.
Initially, the dissolution energy of H at various sites within the structures
of FeOOH, Cr203, Feo03, fcc-Fe was calculated, as shown in Fig. 9(e). To
make comparisons easier, we set the starting point of all structures to 0.
The adsorption energy (Es) of hydrogen is defined as [76]:

En
Es = E(Stmc[ure with H) — E(S[ructure) - (22) 3

Here, E(sructure with 1) Tepresents the total energy of the structure
containing an interstitial hydrogen, E(srucuure) is the total energy of the

E,
(';2) refers to the energy of a

structure without a hydrogen atom, and
single hydrogen atom in Hp.

Thus, a structure that is more conducive to hydrogen binding has a
lower hydrogen adsorption energy, suggesting greater energy release
and more stable existence of hydrogen atoms in that structure [77].
Statistical calculations show that the Eg energy at the octahedral sites in
fcc-Fe is the lowest at 0.114 eV, consistent with calculated structures
[78], verifying the accuracy of the model. For Cro03 and Fe30s3, E values
are 0.718 eV and 0.888 eV, respectively, while for FeOOH, E; is the
lowest at —3.555 eV, indicating that FeOOH has the greatest hydrogen
adsorption capacity. In the passivation films, the outer layer of FeOOH,
due to its strong hydrogen adsorption effect, effectively prevents further
diffusion of hydrogen into the interior.

Hydrogen diffusion within these materials was further analyzed
using the CI-NEB calculations. Fig. 9(f) illustrates the energy variations
of hydrogen atoms along their relaxation diffusion paths, where the
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Hydrogen diffusion barriers of FeOOH, Cr,03, Fe,03, fcc-Fe structure.

highest energy barrier corresponds to the transition state location in the
migration step. FeOOH exhibits the highest diffusion barrier of
3.766 eV, significantly surpassing those of Cry03 (0.689 eV) and Fe;O3
(0.681 eV). This pronounced barrier underscores the exceptional resis-
tance of FeOOH to hydrogen diffusion, highlighting its highly effective
hydrogen impeding action within the passivation films. This resistance
substantially slows down hydrogen permeation, thereby greatly
enhancing the overall HE-resistant of the passivation films. Further-
more, the tight integration of CroO3 and FesO3 with the substrate pro-
vides an effective transition layer function, enhancing the structural
integrity of the films [79]. This not only stabilizes the growing passiv-
ation layer but also augments the overall hydrogen blocking effect of the
passivation films through the high hydrogen adsorption capability and
diffusion resistance offered by the FeOOH layer. Additionally, the dense,
multi-layered configuration of the passivation films significantly limits
the connectivity of grain boundaries and defects within the films,
thereby reducing potential hydrogen diffusion pathways. In comparison,
the diffusion barrier for hydrogen in fcc-Fe is the lowest, at only
0.188 eV, indicating easier diffusion within this structure. However,
grain boundaries in the substrate act as preferential pathways for
hydrogen diffusion, potentially accelerating hydrogen ingress [80-82].

Hydrogen diffusion coefficients in fcc-Fe were estimated using
calculated diffusion barriers and vibrational frequencies in conjunction
with the Arrhenius Eq. (2):

2183.94

D (T)= -

9.157 x 1078 mz/sexp(— ) 4)

The calculated hydrogen diffusion coefficient at room temperature
(T =298 K) is 6.011 x 10~ m?/s, as detailed in Table 4, reflecting the
relatively easy diffusion of hydrogen within the fcc-Fe structure,
consistent with values reported in previous studies [83,84]. The
hydrogen diffusion coefficients for the passivation films, Cry03, FeOs,
and FeOOH, were also calculated. Cry03 and Fe,O3 exhibited diffusion
coefficients of 4.609 x 107*° m?/s and 5.216 x 107*° m?/s, respec-
tively. Most notably, FeOOH demonstrated an exceptionally low diffu-
sion coefficient 5.737 x 1077 m2/s, indicating that hydrogen diffusion
in this material is nearly negligible. This is attributable to its high
diffusion barrier (3.766 eV) and strong hydrogen adsorption capacity
(—3.555 eV). It is important to note that these calculations are based on

Table 4
Diffusion coefficients of hydrogen atom in FeOOH, Cr,03, Fe,O3 and fcc-Fe.

Composition 1A v D (T) (m?%/s) T D (T) (m?%/s)
(HZ) X)

FeOOH 3.3735 243 2765 x 1077 m?%/s 298 5737 x 107!
exp(—43,697.43/T)

Cry03 31945 202  2.061 x 1077 m?%/s 298  4.609 x 1071°
exp(—7994.25/T)

Fe,03 29449 197  1.708 x 1077 m?%/s 298 5216 x 107 1°
exp(—7901.43/T)

fee-Fe 2.4385 1.54  9.157 x 10 8 m?%/s 298  6.011 x 107!

exp(—2183.94/T)

idealized structures of the passivation films. Despite this limitation, the
results provide critical insights into the intrinsic hydrogen blocking
capabilities of these material.

The calculated energy barriers and diffusion coefficients, consistent
with experimental results, highlight the critical role of passivation films
in effectively reducing grain boundary diffusion and obstructing overall
hydrogen diffusion within the substrate. Additionally, it provides a
foundation for refining the design of passivation films and exploring the
synergistic effects of multi-layer gradient structures, particularly for
applications in hydrogen-rich environments.

4. Conclusions

In this study, passivation films were prepared on the surface of 316L
stainless steel using electrochemical methods, and their structure,
composition, hydrogen-blocking capabilities, and mechanisms were
systematically investigated. The following main conclusions can be
drawn:

1. The passivation films formed in a 0.5 mol/L sulfuric acid solution
under a 0.5 V treatment for 4 h exhibited a dual-layer structure. The
outer layer was primarily composed of orthorhombic FeOOH, while
the inner layer consisted of hexagonal CryO3 and Fe;Os. This dual-
layer design significantly enhanced the passivation films’
hydrogen-blocking performance.
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2.

Electrochemical passivation treatment significantly reduced the HEI,
decreasing from 18.24 % to 7.31 %, a reduction of 59.92 %. The
depth of the brittle zone also decreased by 41.27 %, from 24.74 ym
to 14.53 ym. SIMS analysis further confirmed that the passivation-
treated samples exhibited enhanced hydrogen-blocking capabil-
ities, with hydrogen primarily confined to the surface and passiv-
ation layer.

. DFT calculations indicated that the outer FeOOH layer has a high

hydrogen adsorption capacity (—3.555 eV) and significant diffusion
barrier (3.766 eV), with an extremely low hydrogen diffusion coef-
ficient (5.737 x 10771 m?/s). This further confirms that hydrogen
diffusion in this layer is negligible, making it an effective hydrogen
barrier. The inner layers of CroO3 and Fe,Og act as transition layers,
strengthening the bonding between the passivation films and the
substrate. The synergistic effect of this multilayer structure greatly
enhances the hydrogen-blocking performance of the passivation
films on the austenitic stainless steel substrate, effectively prolonging
the service life of the material in hydrogen-rich environments.

. This study not only deepens the understanding of the hydrogen-

blocking mechanisms of passivation films but also provides a scien-
tific basis for the design of multilayer or gradient films with
hydrogen-blocking capabilities, particularly in hydrogen-enriched
environments.
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