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Key Role of Magnetite in Rust Layer of Carbon Steel for Cathodic
Reactions and Hydrogen Permeation
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Taichi Abe, m Ryoji Sahara, m Kotaro Doi, m Yoshiharu Murase, m Sachiko Hiromoto, m and
Yusuke Tsutsumi* m

National Institute for Materials Science, Tsukuba 305-0047, Japan

This study investigates the influence of rust layer composition on cathodic reactions and hydrogen permeation behavior of SM490
carbon steel exposed to NaCl-containing environments. Rust layers were formed on the SM490 specimens by repeated wet/dry
cycles using NaCl-containing droplets. Polarization measurements revealed that rust formation and growth enhanced the cathodic
reaction. The reduction reaction of rust components, particularly FeOOH, was identified as one of the predominant contributors to
this enhancement. Notably, the results indicated that, in addition to the reduction of rust components, the hydrogen evolution
reaction could actively proceed on Fe3O4. Because hydrogen evolution occurs less readily on FeOOH, an increase in the Fe3O4

fraction within the rust layer should promote hydrogen evolution reactivity and consequently enhance hydrogen permeation. This
correlation was confirmed by electrochemical hydrogen permeation tests. These findings provided new insights into the relationship
between rust layer composition and hydrogen permeation behavior, thereby advancing mechanistic understanding of hydrogen entry
processes in practical steels under atmospheric corrosion conditions.
© 2026 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ae6483]
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High-strength steels are extensively utilized as structural mate-
rials in automobiles and transportation systems owing to their
excellent mechanical properties. However, hydrogen embrittlement
remains a critical problem that significantly limits structural relia-
bility by causing a reduction in ductility and localized brittle fracture.
In recent years, intensive research efforts have been devoted to
elucidating the mechanisms governing hydrogen permeation and
embrittlement in steels.1–3

Structural steels are frequently exposed to atmospheric environ-
ments, where the formation of rust layers on their surfaces is inevitable.
The presence of rust and corrosion products is known to significantly
influence the susceptibility of steels to hydrogen permeation.4–11

Zakroczymski et al. reported that long, uninterrupted cathodic polariza-
tion of iron in 0.1 M NaOH resulted in the metal surface becoming
more prone to both hydrogen absorption and corrosion, and that this
treatment leads to the formation of a corrosion product layer which does
not hinder hydrogen absorption.4 Sudha et al. conducted hydrogen
charging on DP and IF steels in 0.1 M NaOH, and demonstrated that the
effect of the rust layer depends on its structure; it can promote hydrogen
uptake when it generates catalytic iron particles during reduction, but
may also hinder hydrogen permeation by acting as a physical barrier.11

While these findings were obtained in alkaline environments, there are
also reports under conditions closer to atmospheric corrosion, such as
NaCl solutions. For example, Akiyama et al. investigated hydrogen
permeation behavior in boron-bearing and AISI 4135 steels during wet/
dry cyclic corrosion tests using NaCl solutions and reported a strong
correlation between rust formation and enhanced hydrogen permeation.7

Similarly, Li et al. demonstrated that corrosion products formed on
dispersion-strengthened-high-strength steel during seawater wet/dry
cycles increased hydrogen permeation and embrittlement sensitivity,
particularly in welded joints.9 The promotion of hydrogen permeation
by rust has been attributed to several factors, including local acidifica-
tion beneath the rust layer7,8,10 and restricted oxygen transport caused
by rust coverage.9

Despite extensive research into the effect of rust layers on
hydrogen permeation in alkaline and NaCl environments, the specific
role of rust characteristics—including phase composition—has yet to
be clearly understood. Under atmospheric corrosion conditions, rust
layers generally consist of FeOOH (α, γ, β, etc.) and Fe3O4.12–17

However, the relative fraction of these components varies consider-
ably depending on environmental conditions (temperature, relative
humidity, atmospheric pollutants, etc.), steel composition, and corro-
sion morphology.18,19 Clarifying how such compositional variations
influence hydrogen permeation is essential for evaluating hydrogen
embrittlement risk and improving the durability of structural steels in
service environments.

Hydrogen permeation initiates through electrochemical hydrogen
evolution reaction occurring on steel or rust layer surfaces. A fraction of
the generated hydrogen by this reaction permeates into the steel and
contributes to hydrogen embrittlement. Although various factors, such
as steel surface adsorption characteristics and microstructure,20–22 affect
hydrogen permeation behavior, the hydrogen evolution reactivity is
particularly one of the most critical factors governing the amount of
hydrogen permeating into the steel.23 Therefore, understanding the
propensity for hydrogen evolution is essential for assessing the risk of
hydrogen permeation and embrittlement.

The presence of rust is known to substantially alter the electro-
chemical behavior of steel.24–30 Previous studies have discussed the
influence of rust on anodic reactions on steel surfaces;27,28 however,
systematic understanding of cathodic reactions remains insufficient.
In particular, information regarding the hydrogen evolution reactions
on rust constituents is still scarce. Although rust layers composed of
FeOOH (α, γ, β, etc.) and Fe3O4 are commonly formed under
atmospheric environments,12–17 few researchers have quantitatively
evaluated differences in hydrogen evolution activity between rusted
and bare steel surfaces or identified the specific rust phase respon-
sible for such differences.

The objective of this study was to investigate the influence of rust
layer composition on cathodic reactions and hydrogen permeation
behavior of SM490 carbon steel exposed to NaCl-containing environ-
ments. Rust layers were formed by repeating wet/dry cycles with NaCl-
containing droplets, followed by polarization measurements. To isolate
the effect of Fe3O4, a Fe3O4-dominant specimen was fabricated via spark
plasma sintering and subjected to identical electrochemical evaluation.
Based on these investigations, the role of Fe3O4 in promoting hydrogen
evolution and associated hydrogen permeation was systematically
examined using electrochemical hydrogen permeation tests.

Experimental Methods

SM490 specimens and wet/dry cycling.—Commercial SM490
carbon steel sheets (thickness: 2 mm) were used in this study, and thezE-mail: KADOWAKI.Mariko@nims.go.jp
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chemical composition is listed in Table I. For all experiments except
hydrogen permeation tests, the sheets were cut into coupons
measuring 15 mm × 15 mm. For hydrogen permeation tests, speci-
mens with dimensions of 30 mm × 30 mm were prepared. Prior to
experiments, specimen surfaces were mechanically polished using
1200-grit SiC paper followed by polishing with 1 μm diamond paste.
Rust layers were subsequently formed by subjecting the specimens to
repeated wet/dry cycles using NaCl-containing droplets, following
the procedure reported our previous study.31 The SM490 specimens
were placed horizontally in a temperature- and humidity-controlled
chamber maintained at 25 °C and 60% relative humidity. During the
initial cycle, a 500 μl droplet containing 1 wt% NaCl was deposited
onto the specimen surface. Under these conditions, the droplet
completely dried within approximately 2.5 h, leaving NaCl residue
on the surface. Subsequently, a 500 μl droplet of distilled water was
added to re-form the NaCl-containing droplet. This wet/dry process
was repeated for 5, 10, or 20 cycles.

Preparation of Fe3O4 sintered specimen.—A Fe3O4 specimen
was fabricated by spark plasma sintering of commercially available
Fe3O4 powder (Kanto Chemical Co., Inc., purity 95%). Sintering was
performed using a LABOX-110 spark plasma sintering system
(Sinter Land Inc.) under vacuum conditions of approximately
10 Pa. Although Fe3O4 is the main component in the commercial
powder, minor impurities such as bcc Fe or Fe2O3 may be present
due to phase transformations when the oxygen partial pressure
during the powder manufacturing process deviates slightly from the
exact equilibrium oxygen concentration of Fe3O4 (0.5714 at%).32 If
bcc Fe exists as an impurity in the commercial powder, heating to
high temperature during sintering may induce phase transformation
(Fe+Fe3O4→4FeO), thereby reducing the Fe3O4 fraction in the
obtained sintered specimen. Similarly, the presence of Fe2O3 may
also promote phase transformation that decrease Fe3O4 fraction. To
maximize the Fe3O4 fraction, it is necessary to perform sintering at
temperatures at which such phase transformations cannot occur, even
if these impurities are present in the commercial powder. Based on
these considerations, the sintering temperature was determined based
on the phase diagrams shown in Fig. 1.

Figure 1 shows the calculated temperature-pressure phase dia-
gram from the thermodynamic assessment of the Fe–O binary
system.33 The equilibrium oxygen concentration of Fe3O4 is
0.5714 at%. In Fig. 1a, the oxygen concentration is slightly below
the Fe3O4 equilibrium (0.571 at% O), where the two-phase region of
bcc Fe and Fe3O4 at lower temperature. It corresponds to the case
that bcc Fe coexists with Fe3O4 as an impurity in the powder. If such
powder is used for sintering, at 10 Pa (sintering condition of this
paper, indicated by a red dashed line in Fig. 1), the region where
Fe3O4 and bcc Fe coexist stably extends up to 559 °C. This means
that when bcc Fe is present as an impurity, phase transformation can
be avoided below 559 °C at 10 Pa. In contrast, if it was heated above
559 °C, the phase transformation between Fe and Fe3O4

(Fe+Fe3O4→4FeO) occurs, resulting in a decreased fraction of
Fe3O4 in the obtained sintered specimen. Figure 1b shows the similar
phase diagram where the oxygen concentration is slightly higher than
the Fe3O4 equilibrium (0.572 at% O). This condition corresponds
to the case where Fe2O3 coexists with Fe3O4 as an impurity.
If this powder is used for sintering, at 10 Pa, Fe3O4 and Fe2O3 can
coexist stably at temperatures up to 1105 °C. In other words,
the phase transformation can be avoided below 1105 °C. It is
preferable to perform sintering at the highest temperature to ensure
sufficient densification, while preventing aforementioned phase

transformations. Therefore, the sintering temperature in this study
was determined to be 550 °C.

The powder was loaded into a cylindrical graphite die with a
diameter of 15 mm. Under an applied pressure of 5.3 kPa, the
temperature was increased from room temperature to 550 °C over
30 min, and maintained at this temperature for 4 h. The specimen
was subsequently cooled to room temperature.

Polarization measurements.—Potentiodynamic polarization
measurements for the SM490 specimens (with and without rust
layers) were conducted using a conventional three-electrode cell with
a platinum counter electrode and an Ag/AgCl (3 M KCl) reference
electrode. All potentials reported in this study are referenced to this
electrode. The measurements were performed in naturally aerated
1 wt% NaCl solution at room temperature using an EC Frontier VM3
electrochemical cell. The SM490 specimen was positioned

Table I. Chemical compositions of SM490 (mass%).

C Si Mn P S Fe

0.15 0.20 0.84 0.02 0.05 Bal.

Figure 1. Calculated temperature-pressure phase diagrams from the thermo-
dynamic assessment of the Fe-O binary system. (a) The oxygen concentration
is set as 0.571 at%, corresponding to the case that bcc Fe coexists with Fe3O4

as an impurity in the powder. (b) The oxygen concentration is set as 0.572 at
%, corresponding to the case that Fe2O3 coexists with Fe3O4 as an impurity in
the powder.
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horizontally, and the cell was sealed against the surface using an O-
ring, providing an exposed area of 1 cm2. Prior to polarization
measurements, specimens were stabilized at the open circuit poten-
tial for 10 minutes. Potential scans were subsequently conducted at a
scan rate of 20 mV min−1, in accordance with our previous
studies.34–36

Potentiostatic polarization measurements were also conducted for
SM490 specimens (with and without rust layers) and the Fe3O4

specimen fabricated by spark plasma sintering. These measurements
were carried out in 1 wt% NaCl solution at −1.0 V for 7 h, at room
temperature under naturally aerated conditions. The cell configura-
tion, including the counter and reference electrodes, was identical to
that used for potentiodynamic measurements. For the SM490 speci-
mens, the connection to the cell was performed in the same manner
as described above for potentiodynamic polarization. For the Fe3O4

specimen, to prevent solution ingress into the specimen if surface
pores were present, the specimen was suspended over the solution,
exposing only the outermost surface to the solution. Prior to
immersion, all areas of the Fe3O4 specimen except the outermost
surface were coated with epoxy resin to prevent contact with the
solution.

X-ray diffraction analysis.—X-ray diffraction (XRD) analysis was
performed to determine the phase compositions of rust layers on the
SM490 specimens before and after the potentiostatic polarization, and
to characterize the sintered Fe3O4 specimen. Measurements were
carried out using a BRUKER Advanced X-ray Solutions D2 Phaser
with Cu-Kα radiation, a step width of 0.02° and a scan rate of 1° min−1.

Microscopic observation.—For the rust layers on the SM490
specimens, surface appearance before and after potentiostatic polar-
ization measurements was examined using an optical digital micro-
scope (KEYENCE, VHX 5000). Cross-sectional observations of rust
layers were performed by a scanning electron microscope (SEM,
HITACHI High-Tech SU5000) operated at an accelerating voltage of
15 kV. In addition, for the sintered Fe3O4 specimen, the surface
appearance and topography were analyzed using a 3D microscope
(KEYENCE, VR Series One-shot 3D).

Hydrogen permeation test.—Electrochemical hydrogen permea-
tion tests were conducted using a Devanathan-Stachurski cell.37,38

The SM490 specimen was positioned horizontally between the
cathodic polarization cell (commonly referred to as hydrogen
charging cell) and the detection cell, as illustrated in Fig. 2. The
rusted surface served as the cathodic polarization side. The hydrogen
detection side was coated with nickel plating. Nickel plating was
carried out in an electrolyte containing NiSO4·6H2O (250 g l−1),
NiCl2·6H2O (45 g l−1), and H3BO3 (40 g l−1) at 60 °C under
galvanostatic polarization at −3 mA cm−2 for 180 s.

Two types of specimens with different rust compositions were
prepared: (1) the specimen subjected to 10 wet/dry cycles with 1 wt%
NaCl-containing droplets resulting in a FeOOH-dominant rust layer,
and (2) the specimen subjected to additional potentiostatic polarization
at −1.0 V for 2.5 h in 1 wt% NaCl solution after the 10 wet/dry cycles
resulting in a Fe3O4-dominant rust layer. After rust formation,
specimens were stored in air at room temperature for at least 24 h
prior to Ni plating and the hydrogen permeation test. This exposure
period allowed any hydrogen that may have permeated the steel during
above rust formation processes to diffuse out; therefore, it did not
affect the results of the hydrogen permeation test.

The hydrogen detection side was potentiostatically polarized at
0.14 V in 0.1 M NaOH solution. Although Hg/HgO was used as the
reference electrode for the detection cell, all potentials reported in
this paper were converted to and are presented relative to the Ag/
AgCl reference electrode. After the background current reached a
steady value below 0.07 μA cm−2, a 1 wt% NaCl solution (adjusted
to pH 3 with HCl) was introduced into the cathodic polarization cell.
Previous studies have reported that the hydrogen permeation current
in rusted steel is around 0.1 to 0.2 μA cm−2.39 In this study, we

ensured that the background current was sufficiently lower than these
values. To observe the hydrogen permeation behavior clearly, an
acidic solution (pH 3) was used in this experiment. The cathodic
polarization side (rusted surface) was potentiostatically polarized at
−1.0 V. During the hydrogen permeation tests, the cathodic current,
which reflects the hydrogen evolution reaction and other cathodic
reactions, was measured on the cathodic polarization side. The
anodic current, corresponding to the oxidation of permeated
hydrogen, was measured on the detection side.

Results and Discussion

Characterization of rust layers formed during wet/dry cycles.—
Optical microscopy images of the SM490 specimen surfaces after
5, 10, and 20 wet/dry cycles using droplets containing 1 wt% NaCl
are shown in Figs. 3a–3c. In all cases, the specimen surfaces were
entirely covered with rust layers. The corresponding XRD patterns of
these specimens are presented in Fig. 4. Diffraction peaks attribu-
table to α-FeOOH, γ-FeOOH, and Fe3O4 were observed for all
specimens, indicating that the rust layers consisted primarily of these
phases. Generally, FeOOH appears as red rust, whereas Fe3O4

exhibits a black coloration. Because the rust layers of all specimens
exhibited reddish coloration in the optical images (Fig. 3), it is
considered that FeOOH is the dominant constituent. The cross-
sectional SEM images of the rust layers are shown in Fig. 5. The rust
layer thickness increased progressively with increasing number of
wet/dry cycles, confirming continuous rust growth during cyclic
exposure.

As a side note, for the specimen after 5 cycles in Fig. 4, the Fe signal
(around 2θ = 44.5°) was shifted toward the high-angle side, which is
likely due to the influence of surface roughness. According to previous
studies, surface roughness can affect XRD peak positions.40 As the
number of wet/dry cycles increases, the rust layer becomes more
homogeneous, and this peak shift is no longer observed.

Enhancement of the cathodic reaction by the presence of rust
layer.—To clarify changes in electrochemical behavior associated

Figure 2. Schematic illustration of a Devanathan-Stachurski cell used for
hydrogen permeation tests.
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with rust formation, potentiodynamic polarization measurements
were conducted in 1 wt% NaCl solution for the SM490 specimens
before and after wet/dry cycling, as shown in Fig. 6.

As discussed in the Introduction, the present study primarily
focuses on cathodic polarization behavior. For the specimen without
rust (before wet/dry cycles), diffusion-limited oxygen reduction was
observed in the potential range from −0.6 to −0.9 V, exhibiting a
low current density of approximately 2× 10−5 A cm−2. At potentials
below −0.9 V, the cathodic current increased logarithmically with
decreasing potential, corresponding to hydrogen evolution reaction.
These results represent typical cathodic behaviors of carbon steel in
NaCl solutions.41 In contrast, specimens subjected to wet/dry cycling
exhibited significantly higher cathodic current densities over the
entire cathodic potential region compared with the rust-free spe-
cimen. Furthermore, below −0.7 V, the magnitude of cathodic
current slightly increased with increasing number of cycles. These
results clearly indicate that rust formation and growth promote
cathodic reaction.

Although the main focus of this study is cathodic behavior, it is
noteworthy that the formation of the rust layer also affected the
anodic current in Fig. 6. Compared to the specimen without rust, the
anodic current increased after 5 cycles while it decreased at 10 and
20 cycles. Similar phenomena have been reported in previous
studies.27,28 Based on these studies, the increase in anodic current
during the initial cycles is attributed to the cracking in the rust layer,
which facilitates the transportation of the corrosive electrolytes (such
as Cl−) to the steel. In contrast, at later cycles, the formation of a
protective inner last layer is considered to suppress the anodic
reaction.27 Although anodic processes are not examined in detail
here, the observed trend is consistent with established corrosion
behavior of rusted steels.

Potentiostatic polarization behavior of the rust layer.—Based on
the potentiodynamic polarization results shown in Fig. 6, the
presence of rust was found to significantly enhanced cathodic
reactions. To further clarify the cathodic processes occurring on
rust layers, potentiostatic polarization measurements were conducted
at −1.0 V in 1 wt% NaCl solution. A sufficiently negative potential
of −1.0 V was selected to minimize the influence of competing
anodic reactions.

Figure 7 shows the time variation of the cathodic current during
potentiostatic polarization at −1.0 V. For the specimen before wet/

Figure 3. Optical microscopy images of rust layers formed on SM490
specimens after repeating wet/dry cycles: (a) after 5 cycles, (b) after 10
cycles, and (c) after 20 cycles.

Figure 4. XRD patterns of rust layers formed on SM490 specimens after
repeating wet/dry cycles.
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dry cycling (without rust), the cathodic current remained nearly
constant at approximately 3 × 10–5 A cm−2 throughout the measure-
ment period, with no significant changes observed. Specimens
subjected to wet/dry cycling exhibited higher cathodic currents
than the specimen without rust, and the current increased with
increasing number of cycles. These results demonstrate that rust
formation and growth markedly enhances cathodic reaction,

consistent with the potentiodynamic polarization behavior shown in
Fig. 6.

Focusing on time-dependent behavior, rusted specimens after the
wet/dry cycles initially exhibited high current values exceeding
1× 10–3 A cm−2. The current subsequently decreased and reached to
the order of 10–4 A cm−2. After this decline, the current value
remained relatively stable and maintained the order of 10–4 A cm−2

until the end of polarization. Specimens subjected to a larger number
of wet/dry cycles exhibited slower current decay and higher steady-
state current values.

Reduction reaction of rust components.—Figure 8 presents
optical microscopy images of the specimen surfaces after potentio-
static polarization in Fig. 7. Compared with surfaces prior to
polarization (Fig. 3), the rust layers exhibited a distinct color change
from reddish to black following polarization. The corresponding
XRD patterns of the polarized specimens are shown in Fig. 9.

Figure 5. Cross-sectional SEM images of rust layers formed on SM490
specimens after repeating wet/dry cycles: (a) after 5 cycles, (b) after 10
cycles, and (c) after 20 cycles.

Figure 6. Potentiodynamic polarization curves of SM490 specimens with
rust (after repeating wet/dry cycles) and without rust in 1 wt% NaCl solution.
Solid and dashed lines show the cathodic and anodic polarization curves,
respectively.

Figure 7. Time variation of cathodic current during potentiostatic polariza-
tion at −1.0 V for SM490 specimens with rust (after repeating wet/dry
cycles) and without rust in 1 wt% NaCl solution.
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Compared with the data before polarization (Fig. 4), diffraction
peaks associated with FeOOH became significantly weaker, whereas
peaks corresponding to Fe3O4 were markedly intensified after
polarization. These results indicate a decrease in FeOOH content
accompanied by an increase in Fe3O4 within the rust layer during
polarization. Because Fe3O4 exhibits black coloration, this composi-
tional transformation is consistent with the optical observations in
Fig. 8.

FeOOH is known to undergo electrochemical reduction according
to the following reaction:42–45

+ + + [ ]+3FeOOH H e Fe O 2H O 13 4 2

Therefore, it is reasonable to conclude that this reduction reaction
proceeds during potentiostatic polarization in Fig. 7. The time-
dependent decrease in cathodic current observed in Fig. 7 can be
attributed to the progressive reduction and consumption of FeOOH
within the rust layer. In other words, as the amount of reducible
FeOOH decreases with polarization time, the contribution of this
reduction reaction diminishes, resulting in the observed decline in
cathodic current. Notably, specimens subjected to fewer wet/dry
cycles exhibited faster current decay, which is consistent with their
smaller amount of rust and correspondingly lower FeOOH content.
Figure 10 shows cross-sectional SEM images of the specimens after
potentiostatic polarization in Fig. 7. Compared to Fig. 5 (before
polarization), the rust layer thickness decreased slightly due to
polarization, but the difference was minimal overall.

Implication of additional cathodic reactions attributed to Fe3O4
.—As shown in Fig. 7, after the cathodic current decreased and
reached steady-state values, specimens with rust layers continued to
exhibit higher cathodic currents than the rust-free specimen
throughout the polarization period. At this stage, surface observa-
tions (Fig. 8) and XRD results (Fig. 9) indicate that the rust layer
consisted predominantly of Fe3O4. Because Fe3O4 is stable and is not
further reduced under this condition,46 the sustained cathodic current
observed at steady state cannot be attributed to continuous reduction
of rust components. This finding suggests that in addition to the
reduction reaction of rust components, other cathodic reactions
occurred on the rust layer.

Figure 8. Optical microscopy images of rust layers formed on SM490
specimens after repeating wet/dry cycles—(a) after 5 cycles, (b) after 10
cycles, and (c) after 20 cycles— after potentiostatic polarization at −1.0 V as
shown in Fig. 7.

Figure 9. XRD patterns of rust layers after potentiostatic polarization at
−1.0 V as shown in Fig. 7.
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Figure 11 shows the relationship between the steady-state
cathodic current (measured at 25 ks in Fig. 7) and the rust layer
thickness. The thickness was determined from cross-sectional SEM
observations (Fig. 10). In Fig. 10, although the thickness was not
uniform across different locations, the measurements at five different
points for each specimen were averaged and are plotted in Fig. 11.
Since the data for all specimens are aligned almost linearly, a clear

correlation between steady-state cathodic current and rust layer
thickness was observed. Because the rust layer was primarily
composed of Fe3O4 at this time, the thickness of the rust layer can
be regarded as the amount of Fe3O4, or the available Fe3O4 surface
area participating in cathodic reactions. These results therefore
indicate that cathodic reactions other than the FeOOH reduction
reaction are closely associated with Fe3O4.

Among possible cathodic reactions on Fe3O4, the contribution of
oxygen reduction is expected to be limited. Oxygen reduction is
diffusion-limited, and typically produces maximum cathodic current
on the order of 10–5 A cm−2,41 which are significantly lower than the
steady-state cathodic currents observed in Fig. 7. Furthermore, Fe3O4

is a stable compound and is not further reduced.46 The electrolyte
was NaCl and contained no additional reducible species.
Accordingly, the dominant cathodic reaction occurring on Fe3O4 is
reasonably attributed to the hydrogen evolution reaction.

Fe3O4 has been reported as an electrocatalytically active material
for hydrogen evolution reaction in energy-conversion systems such
as water electrolysis and fuel cells owing to its spinel structure and
favorable electronic conductivity.47,48 Although most previous
studies have been conducted under strongly alkaline and elevated-
temperature conditions, to the best of our knowledge, there is no
information regarding the hydrogen evolution reactivity of Fe3O4

under neutral or acidic pH and room temperature, which are
conditions similar to the atmospheric corrosion environment as-
sumed in this study. On the other hand, the results obtained in this
paper suggest that the hydrogen evolution reaction can actively
proceed on Fe3O4 even under such conditions.

Preparation of Fe3O4 sintered specimens.—As discussed above,
in addition to the reduction of rust components, other cathodic
reactions occur on the rust layer, and these reactions are likely to be
predominantly associated with Fe3O4. However, the electrochemical
behavior of rust layers formed during wet/dry cycling reflects the
combined response of multiple phases, including Fe3O4 and FeOOH.
Consequently, direct evaluation of the intrinsic electrochemical
contribution of Fe3O4 from rusted specimen alone is difficult.
Therefore, to isolate the electrochemical contribution of Fe3O4, a
Fe3O4-dominant specimen was fabricated by spark plasma sintering
of commercial Fe3O4 powder. The detailed sintering conditions were
described earlier in Experimental Methods section.

Optical microscopy images of the sintered Fe3O4 specimen are
shown in Figs. 12a and 12b. The surface exhibited no visible cracks
or pores, indicating that the sintered specimen possessed high density
and structural integrity. The corresponding surface hight profile

Figure 10. Cross-sectional SEM images of rust layers formed on SM490
specimens after repeating wet/dry cycles —(a) after 5 cycles, (b) after 10
cycles, and (c) after 20 cycles— after potentiostatic polarization at −1.0 V as
shown in figure 7.

Figure 11. Relationship between cathodic current measured at 25 ks of the
potentiostatic polarization in Fig. 7 and the average thickness of the rust layer
for SM490 specimens subjected to wet/dry cycles.
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Fig. 12c confirms that the specimen surface was nearly flat, with only
minor surface roughness of approximately 60 μm.

The XRD pattern shown in Fig. 12d (black graph, labeled “before
polarization”) confirms that Fe3O4 is the dominant phase in the
specimen. Minor diffraction peaks corresponding to Fe2O3 were also

detected, which are attributed to impurities originating from the
starting powder (explained in Experimental Methods “Preparation of
Fe3O4 sintered specimen” section). The intensity of the main peak
of Fe3O4 (2θ = 35°) is approximately 8.6 times greater than that of
Fe2O3 (2θ = 33°). Although this is only a rough estimation since no
Rietveld refinement or similar analysis was conducted, it is reason-
able to consider that Fe3O4 is the dominant component.

Cathodic polarization behavior of sintered Fe3O4 specimen.—
Potentiostatic polarization measurements were performed on the
sintered Fe3O4 specimen in 1 wt% NaCl solution at −1.0 V under
conditions identical to those used for the rusted SM490 specimens
shown in Fig. 7. The time-dependent variation of cathodic current
during polarization is shown in Fig. 13. The Fe3O4 specimen
initially exhibited a high cathodic current of approximately
4× 10−3 A cm−2, followed by a rapid decrease within approxi-
mately 2 ks before reaching a steady-state value. As indicated by the
XRD results in Fig. 12d, the sintered specimen contained a minor
amount of Fe2O3 impurity. The high current observed during the
initial stage is therefore attributed to reduction of Fe2O3 to Fe3O4. As
this reduction proceeds and Fe2O3 is consumed, its contribution to
the cathodic current diminishes, resulting in the observed current
decline. The XRD results of the Fe3O4 specimen after the polariza-
tion is also shown in Fig. 12d. The characteristic peaks of Fe3O4 are
clearly observed both before and after polarization, indicating that
Fe3O4 does not transform into other phases during the polarization.
On the other hand, the peaks assigned to Fe2O3 are much less
prominent after the polarization. Although a small Fe2O3 peak at 2θ
= 33° is still observed, the signals at 2θ = 24°, 49° and 54° are
nearly flat and the corresponding Fe2O3 peaks have almost com-
pletely disappeared after the polarizaton. These results also supprots
our interpretation that the intial high current observed in Fig. 13 was
cuased by the reduction of Fe2O3.

Importantly, after reaching steady-value, the cathodic current for
the sintered Fe3O4 specimen remained within the same order of
magnitude (10−4 to 10−3 A cm−2) as that observed for rusted SM490
specimens in Fig. 7. Since the rusted specimens in Fig. 7 were
composed of multiple phases (FeOOH and Fe3O4), it was not
possible to conclusively attribute the steady-state cathodic current
sorely to Fe3O4. However, the fact that the sintered Fe3O4 specimen,
which is predominantly composed of Fe3O4, exhibited a comparable
steady-state current clearly indicates that Fe3O4 itself functions as a
major active site for cathodic reactions at this time.

Discussion on the effect of Fe3O4 content on hydrogen evolu-
tion and permeation.—Based on the results presented so far, it is
suggested that cathodic reactions occur actively on Fe3O4. As

Figure 12. (a)–(b) Optical microscopy image, (c) topographic height profile,
and (d) XRD pattern of the Fe3O4 sintered specimen.

Figure 13. Time variation of cathodic current during potentiostatic polariza-
tion at −1.0 V for the Fe3O4 specimen in 1 wt% NaCl solution.
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discussed earlier, the dominant cathodic reaction occurring on Fe3O4

is considered to be the hydrogen evolution reaction. In contrast,
based on the literature, FeOOH exhibits relatively low electronic
conductivity because of its crystal structure, and cannot adequately
supply electrons required for electron transfer reactions (hydrogen
evolution reaction).49 In addition, unlike FeOOH, which consists
exclusively of trivalent iron (Fe3+), Fe3O4 contains Fe2+ states that
are considered to enhance the catalytic activity of the surface for
cathodic reactions.50,51

Based on these considerations, it is reasonable to expect that an
increase in the fraction of Fe3O4 within the rust layer (i.e., a decrease
in the proportion of FeOOH) would enhance hydrogen evolution
reactivity. Here, it should be noted that this estimated relationship is
not necessarily strictly proportional. This is because various factors,
such as the distribution of phases, interface effects between Fe3O4

and FeOOH, and the surface morphology of the rust layer, can
influence electron transport and reaction pathways. On the other
hand, as a general trend, it is reasonable to assume that a higher
fraction of Fe3O4 tends to increase hydrogen evolution reactivity.
Previous studies have shown that the more actively hydrogen
evolution occurs, the more hydrogen permeation into steel is
promoted.23 Therefore, it is estimated that increasing the Fe3O4

fraction in the rust layer enhances hydrogen permeation into the
steel. To verify this interpretation, hydrogen permeation tests were
conducted using two rusted SM490 specimens possessing different
rust compositions, as described below.

Influence of Fe3O4 in rust layers on hydrogen permeation
behavior.—To evaluate the influence of rust composition on
hydrogen permeation behavior, hydrogen permeation tests were
conducted using two SM490 specimens possessing FeOOH-domi-
nant and Fe3O4-dominant rust layers. Optical microscopy images of
both specimen surfaces are shown in Fig. 14. First, two SM490
specimens were subjected to repeated 10 wet/dry cycles with 1 wt%
NaCl droplets, to form FeOOH-dominant rust layers as shown in
Fig. 14a. Subsequently, to increase the Fe3O4 fraction, one specimen
was subjected to additional potentiostatic polarization at −1.0 V for
2.5 h in 1 wt% NaCl solution. As shown in Fig. 14b, the surface of
this specimen was black, indicating the formation of Fe3O4-dominant
rust. After these processes, the specimens were stored in air at room
temperature for more than 24 h prior to the hydrogen permeation tests.
This exposure period allowed any hydrogen that may have permeated
the steel during above rust formation processes to diffuse out;
therefore, it did not affect the results of the hydrogen permeation tests.

The conditions of hydrogen permeation tests were explained earlier
in Experimental Methods section. Briefly, the hydrogen detection side
(Ni-plated surface without rust) was potentiostatically polarized at
0.14 V in 0.1 M NaOH. After the background current stabilized below
0.07 μA cm−2, 1 wt% NaCl solution (pH 3) was introduced to the
cathodic polarization side (rusted surface) and the specimen was
polarized at –1.0 V. The time variations of the current on the cathodic
polarization side and hydrogen detection side are shown in Figs. 15a
and 15b, respectively. In these graphs, cathodic polarization at –1.0 V
was started at 1.5 ks, as indicated by dashed lines.

In the case of cathodic polarization side (Fig. 15a), for both
specimens, the cathodic current initially exhibits values on the order
of 10–3 A cm−2, and subsequently decreased toward approximately
10–4 A cm−2. As discussed in Figs. 7–9, this initial high current is
considered to be due to the reduction of FeOOH within the rust layer.
As FeOOH was reduced and consumed, the cathodic current
associated with the reduction of FeOOH decreased. The
Fe3O4-dominant specimen exhibited a more rapid current decrease,
which is reasonable because of its lower FeOOH content. For the
Fe3O4-dominant specimen, the cathodic current reached a steady
value of approximately 2× 10–4 A cm−2 around 4 ks. This steady
value, observed after the reduction of FeOOH had sufficiently
proceeded, was considered to result from the hydrogen evolution
reaction on Fe3O4.

In the case of hydrogen detection side (Fig. 15b), the anodic
current began to increase at 3 ks (that is, approximately 1.5 ks after
cathodic polarization was started). This increase indicates that the
hydrogen generated on the cathodic polarization side permeated
through the specimen and detected on the detection side. It is
important that the Fe3O4-dominant specimen exhibited a higher rate
of current increase than the FeOOH-dominant specimen. These
results clearly demonstrate that the composition of the rust layer
influences hydrogen permeation behavior, and Fe3O4 enhanced the
hydrogen permeation. As discussed in the previous section, Fe3O4

exhibits higher hydrogen evolution activity than FeOOH, which is
considered to be a factor for the enhanced hydrogen permeation
observed for the Fe3O4-dominant specimen.

For both specimens, the detection side current reached similar
values beyond approximately 8 ks. This convergence can be
reasonably explained by progressive reduction of FeOOH during
potentiostatic polarization at –1.0 V in the FeOOH-dominant spe-
cimen. In other words, the specimen that was initially FeOOH-
dominant ultimately became Fe3O4-dominant during the measure-
ment, resulting in hydrogen permeation behavior comparable to that
of the specimen that was initially Fe3O4-dominant.

Figure 14. Optical microscopy images of rusted surfaces of SM490 speci-
mens used for the hydrogen permeation test: specimens with (a) FeOOH-
dominant and (b) Fe3O4-dominant rust layers.
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Here, it should be noted that the unstable behavior observed in the
cathodic current and hydrogen permeation current in Fig. 15 has also
been reported in previous studies, and is generally characteristic of
rusted specimens.39,52 This tendency arises because rust layers are
composed of multiple phases, such as Fe3O4 and FeOOH, and
reduction reactions (e.g., FeOOH to Fe3O4) do not proceed uni-
formly across the surface, resulting in local and stepwise changes in
the rust structure that manifest as fluctuations in the current.

Overall, these results demonstrate that rust layer composition
significantly influences the cathodic reaction and hydrogen permea-
tion behavior of SM490 carbon steel. In particular, it was found that
the Fe3O4 within the rust layer promotes hydrogen evolution reaction
and consequently enhances hydrogen permeation. In actual atmo-
spheric environments, the rust composition varies depending on the
steel types, and some practical steels (including weathering steels)
develop rust layers with a uniquely high FeOOH content (i.e. low
Fe3O4 fraction). According to the findings of this study, such steels
may exhibit greater resistance to hydrogen permeation and embrit-
tlement compared to conventional steels. Further investigation from
this perspective will be important for enhancing the service
reliability of steel in practical applications. While this study focused
on the effect of the rust composition on the hydrogen evolution
reaction, it should be noted that other processes, such as hydrogen
adsorption, diffusion, and trapping, also play a role in hydrogen

embrittlement. Therefore, further investigations targeting these
additional processes are necessary to achieve a deeper understanding
of hydrogen embrittlement mechanisms.

Conclusions

1. Rust layers formed on SM490 carbon steel was composed of
FeOOH (α and γ) and Fe3O4. Potentiodynamic polarization
measurements revealed that rust formation and growth signifi-
cantly enhanced the cathodic reactions.

2. Potentiostatic polarization revealed that the reduction reaction of
FeOOH within the rust layer is one of the primary factors
contributing to the enhanced cathodic reaction.

3. Even after the reduction reaction of FeOOH proceeded suffi-
ciently, the cathodic current remained high for the rusted SM490
speicmen, indicating that further cathodic reactions occur
specifically on the rust layer. It was indicated that the hydrogen
evolution reaction can actively proceed on Fe3O4.

4. Electrochemical hydrogen permeation tests confirmed that rust
layer composition influences hydrogen permeation behavior.
The specimen possessing Fe3O4-dominant rust exhibited en-
hanced hydrogen permeation compared with FeOOH-dominant
rust. The higher hydrogen evolution activity on Fe3O4 is
considered to be a key factor responsible for this behavior.
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