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Abstract

Hydrogen-steel interactions remain a critical concern for the safe deployment of hydrogen—
natural gas mixtures in pipeline infrastructures. Thermally grown iron oxides may be a
good barrier to hydrogen ingress into the crystalline lattice of pipeline steels, but their
actual effectiveness depends strongly on their composition and stability under service con-
ditions. Several experimental approaches have been proposed to investigate the correlation
between thermally grown oxides and hydrogen permeation. Among these, electrochemical
permeation testing offers a more complex but safer methodology compared to pressurized
hydrogen gas tests. However, when the oxide is directly exposed to the charging side
(cathodic charging conditions), permeation behaviour often appears comparable to that
of bare steel, and rapid oxide degradation occurs. This study introduces an alternative
permeation testing configuration that enables direct assessment of thin thermally grown
oxides while preserving their structural integrity. By deliberately placing the oxide on
the anodic detection side, mechanical removal during hydrogen evolution is suppressed,
allowing the intrinsic resistance of the oxide to hydrogen transport to be evaluated. Car-
bon steel samples were thermally oxidized at 250 °C for controlled exposure times, and
the resulting oxide scales were characterized by Raman spectroscopy, revealing varia-
tions in hematite and magnetite fractions. Hydrogen permeation was evaluated using
a Devanathan-Stachurski cell by positioning the oxidized surface either on the cathodic
charging side or on the anodic detection side. Under these conditions, significant varia-
tions in apparent steady-state permeation current density were observed as a function of
oxidation time and oxide composition.

Keywords: hydrogen permeation; thermally grown iron oxides; hematite/magnetite;
carbon steel; Devanathan—-Stachowski cell

1. Introduction

The interaction between hydrogen and metallic materials is governed by a combina-
tion of bulk transport phenomena and surface-controlled processes that determine the entry
of hydrogen into the metal lattice. In hydrogen permeation experiments, the measured
response is therefore not solely related to diffusion through the bulk material, but is also
strongly affected by the surface condition and by interfacial equilibria established at both
the charging and detection sides of the specimen [1-5]. This aspect is particularly relevant
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for steels, where surface oxides are commonly formed as a consequence of processing,
thermal exposure, or service conditions. Such oxide layers can modify hydrogen flux
by altering surface reactivity, blocking active adsorption sites, and changing the kinet-
ics of hydrogen absorption and recombination reactions [6,7]. In recent years, this topic
has attracted increasing attention because of the growing interest in hydrogen transport,
storage, and pipeline applications, where the control of hydrogen uptake by steels is a
key requirement for safe and reliable operation [8,9]. This renewed interest provided
the main motivation for the present study, which aims to clarify how thermally formed
oxide layers influence hydrogen permeation through carbon steel. Among the various
oxides that may develop on carbon steels, thermally grown iron oxides represent relatively
simple and technologically relevant systems. They form when steel is exposed to elevated
temperatures and can be encountered both during manufacturing processes and under
service conditions. Their widespread occurrence, together with the possibility of producing
them under controlled and reproducible laboratory conditions, makes them suitable for a
systematic investigation of their influence on hydrogen transport. Previous studies have
generally reported a reduction in hydrogen permeation flux in the presence of thermally
grown oxide layers, suggesting a barrier effect associated with changes in surface reactions
and transport processes [10]. Nevertheless, despite this general trend, the relationship
between oxide thickness, oxide composition, and barrier efficiency remains only partially
understood [10]. For carbon steels, thermal oxidation at moderate temperatures in air
typically promotes the formation of iron oxides such as magnetite, Fe304, and hematite,
Fe; O3, with relative amounts depending on the oxidation conditions [11]. In particular,
controlled treatments at 250 °C allow the formation of thin and generally compact oxide
layers with a reproducible phase composition, as reported in the literature [11]. In the
present work, hydrogen permeation was investigated using the electrochemical technique
introduced by Devanathan and Stachurski [12], which remains one of the most established
and standardized methods for quantifying hydrogen diffusion in metals. The study eval-
uates the effect of oxide layers located either on the charging, or entry, side or on the
detection, or exit, side of the sample [13,14]. In addition, the role of the phase composition
of thermally grown oxides, mainly magnetite and hematite, was assessed by Raman spec-
troscopy and related to the observed hydrogen transport behavior. Although gas-phase
hydrogen permeation tests would better reproduce pipeline service conditions, because
hydrogen entry differs between gas-phase exposure and electrochemical charging, the
detection principle remains the same: permeated hydrogen is oxidized at the exit side and
measured as an anodic current. The present electrochemical charging results still provide
meaningful comparative information; nevertheless, future gas-phase tests are needed to
fully assess pipeline-relevant conditions.

2. Materials and Methods
2.1. Samples

The samples consisted of C-steel coupons which chemical composition is reported
in Table 1, and ferrite-pearlite microstructure (Figure 1). Each sample measured
70 mm x 80 mm with an average thickness of 1.4 mm. All samples underwent a sur-
face preparation protocol involving progressive mechanical polishing with abrasive papers
up to 1200 grit to achieve a uniform finish. The final thickness of each coupon was mea-
sured at a minimum of five locations using a mechanical dial gauge, as suggested by the
international standards ISO 17081 and ASTM G148 [15,16]. The samples were cleaned
and washed in ultrasonic bath. To form a controlled thermal oxide layer, the samples
were exposed in the furnace at 250 £ 5 °C in air for different times as shown in Table 2.
After thermal oxidation, the samples were removed from the furnace, air-cooled to room
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temperature and stored in a desiccator. For all samples, one side was cleaned from thermal
oxides using abrasive papers up to 1200 grit. For comparison, some samples without
any thermal oxide layer (“blank samples”) were prepared following the same procedure
described above, except for the furnace thermal treatment. Before and after the permeation
test, a Raman analysis of the thermally oxidized surface of the samples was performed in
order to characterize it.

Table 1. Mass fraction composition of steel samples.

Weight % C Mn P S Al Fe
C-steel 0.05 0.33 0.01 0.02 0.03 balance

Figure 1. Ferrite—pearlite microstructure revealed by Nital etching for 50 s (300).

Table 2. Summary of the prepared samples and their exposure time at 250 °C for thermal oxi-

de formation.

Sample Thickness  Time of Exposure at

%

Label

[mm] 250 °C [min]

1 T5-2 1.4 5

2 T5-3 1.4 5

3 T12-2 12 12
4 T12-3 1.4 12
5 T12-4 1.4 12
6 T24-1 12 24
7 T24-2 12 24
8 T36-2 1.4 36
9 T48-2 14 48
10 T48 charging side 14 48
11 T60 1.2 60
12 T250-2 1.4 250
13 Blank-2 14 /

14 Blank-3 14 /

2.2. Devanathan—Stachurski Permeation Cell

The hydrogen permeation experiments were conducted using a modified Devanathan-
Stachurski diffusion cell comprising a charging compartment and a detection compart-
ment [12]. The charging electrolyte consisted of a modified parkins solution of carbonate—
bicarbonate (26.5 gl_1 NayCO3 and 42 gl_1 NaHCO3) [17], which was deaerated with
nitrogen to ensure that hydrogen evolution constituted the primary cathodic reaction.
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Continuous recirculation of the electrolyte was employed to mitigate local alkalisation at
the sample surface on the charging side. The detection solution was 0.1 M NaOH (pH = 15).
This was selected as it promotes the formation of a passive film on the steel surface, thereby
reducing the corrosion current and allowing stable detection of hydrogen permeation
current, as suggested by the international standards ISO 17081 and ASTM G148 [15,16].
Recirculation and degassing were not required in this compartment.

On the charging side, cathodic polarization was applied by means of a galvanostat.
The potential in the charging compartment was monitored using a double-junction sat-
urated calomel reference electrode (AMEL 390 TCG, +243 mV vs. SHE) placed 3 mm
from the sample surface. Hydrogen detection in the anodic compartment was carried
out by applying a constant anodic potential using a potentiostat. The metal sample was
short-circuited to the working electrode terminals of both instruments, acting as the com-
mon working electrode. The potential in the anodic compartment was measured with an
Ag/AgCl reference electrode (AMEL 373 SCG, +223 mV vs. SHE). The surface area exposed
to the charging side was 4.52 cm?, whereas the detection side area was reduced to 4.05 cm?
as recommended by ISO 17081 and ASTM G148. The cell was maintained at 23 + 1 °C
throughout the tests.

2.3. Experimental Procedure

Prior to the beginning of each test, the permeation cell was thermostatically controlled
and the charging solution was degassed. All samples (except for the T48 charging side
sample) were mounted in the permeation cell with the thermally grown oxide layer facing
the detection compartment and the clean surface facing the charging compartment. The
T48 charging side sample was mounted in the opposite configuration, with the thermal
oxide facing the charging compartment and the clean surface facing the detection compart-
ment. Each test was conducted in two consecutive stages. During the first stage, only the
detection compartment was filled with 0.1 M NaOH solution, and an anodic potential of
+0.340 V vs. Ag/AgCl was applied. The anodic current was subsequently monitored up to
threshold value of 0.1 nA cm~2 (typically reached within 24 h from the beginning of the
test). Under these conditions, the passivation current is considered negligible compared
to the hydrogen permeation current. Thus, the second stage involved maintaining the
detection compartment under the same conditions as in the first stage, while the charg-
ing compartment was filled with deaerated carbonate-bicarbonate solution. A constant

cathodic current density of —0.5 mA cm—2

was imposed on the charging side, whereas the
anodic potential on the detection side was kept at +0.340 V vs. Ag/AgCl. During charging,
the potential on the charging side was continuously monitored to ensure stable and repro-
ducible conditions. Current and potential signals in both compartments were recorded
every 30 s throughout the experiment. Strict steady-state conditions were not always fully
achieved for each sample, even after several hours from the start of the permeation test; in
these cases, the test was terminated when the variations in the detection current over time
became negligible relative to its magnitude, which was deemed sufficient to ensure reliable
comparison among the different samples. The cell was then disassembled, and the sample

was rinsed with distilled water and stored in a desiccator.

2.4. Instruments and Software Used

The digital microscope utilized in this study was a KEYHENCE VHX-7000 (KEYENCE,
Osaka, Japan). Samples were also analyzed using a HORIBA XploRA PLUS Raman spec-
troscopy system (HORIBA, Kyoto, Japan) with a 638 nm laser; the acquired spectra are
the result of 5 accumulations with 35 s of acquisition time, performed in a backscattering
configuration using a 100 x lens. To avoid overheating the deposit, the laser power was
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kept at 8.75 mW. The data were processed and subsequently represented in the graphs of
this article by means of MATLAB® R2025a elaborations.

3. Theory and Calculations

The hydrogen permeation current density (iperm) was calculated as the difference
between the total current density (it¢) and the passivation background current density
(ipass) as shown in Equation (1).

i i i Iror — Ipass (1)
erm — tot — lpass — —
: Adet

where I represents the total current measured on the detection side during hydrogen
permeation, Ipass is the passivation background current measured on the detection side after
24 h of passivation and prior to the onset of hydrogen charging, and A;,; is the exposed
surface area on the detection side.

The apparent diffusion coefficient was determined using a mean square error min-
imization procedure applied to the analytical expression describing the permeation rise
transient through a thin metal layer (Equation (2)), obtained through the Laplace transfor-
mation method as proposed by McBreen et al. [18].

o - —(2n+1)°12
i R Yy ,e 4Dt )

oo — Ip M?‘L’Dappt

In this formulation, i; represents the measured hydrogen permeation current density

at time ¢, ij is the initial steady-state hydrogen permeation current density at the onset of
charging, i is the steady-state hydrogen permeation current density as t — co and L is
the sample thickness. MATLAB® was employed to fit each experimental permeation tran-
sient using the corresponding analytical solution, allowing determination of the apparent
hydrogen diffusion coefficient (Dgpp).

In an ideal permeation experiment, the hydrogen concentration on the entry side is
proportional to the steady-state permeation current density and can be calculated using
Equation (3) [18], where F is the Faraday’s constant.

Co ==l )

4. Results
4.1. Thermally Grown Steel Oxides Caracterisation

Optical microscopy of the oxidized samples reveals clear colour variations as a function
of oxidation time (Figure 2). These changes reflect the evolution of the oxide composition
and thickness during thermal exposure at 250 °C [11]. The thickness of these thermally
grown oxide layers was not measured directly due to its very limited scale, but was instead
estimated based on the correlations reported in the work of Wielant et al. [11] as a function
of oxidation temperature and exposure time.

The thermally grown steel oxide layers exhibited a characteristic composition consist-
ing of both hematite and magnetite phases, as identified by Raman spectroscopy (Figure 3).
Hematite is identified by the presence of peaks at 1320 ecm~!, 412 em~?! and 293 ecm 1,
which are commonly attributed to 2-magnon scattering and the A;g and Eg vibrational
modes, respectively [19-21]. Magnetite, in contrast, is identified by the presence of a strong

1

Raman band at approximately 680 cm™", commonly associated with its A;g vibrational

mode, along with weaker bands at 540 cm~ ! and 310 em~!, which are respectively the Tog
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and Eg vibrational modes [20,22]. With increasing furnace exposure time, the thickness of
the magnetite layer increased by more than one order of magnitude compared to that of
the hematite layer [11]. As a result, the magnetite to hematite ratio progressively shifted
in favour of magnetite, as confirmed by the gradual decrease in the relative intensity of
the hematite-related peak at ~1320 cm ! in the Raman spectra, while the magnetite band
at ~680 cm~! remained dominant, indicating an increasing prevalence of magnetite in the
surface oxide scale.

Figure 2. Surface appearance of samples oxidized at 250 °C for different durations: (a) 5 min;
(b) 24 min; (c) 60 min; (d) 250 min.

15 HEMATITE MAGNETITE
| —T12
10 H ——T24 '
—T36
—T48
=08 ——T60
Z [
2| LTS
£ i
§05 1 x
5 i :
: T12/T36/
I T48/T60

2000 1750 1500 1250 1000 750 500 250 0
Raman shift [cm™]

Figure 3. Comparison of Raman spectra of oxide layers, formed on samples after increasing furnace
exposure time, normalized to the intensity of the magnetite peak.

With longer oxidation times, the hematite-to-magnetite ratio decreases and the surface
becomes progressively darker, in agreement with the intrinsic optical properties of mag-
netite, which exhibits a grey to black coloration. Overall, the observed optical variations are
consistent with the compositional changes identified by Raman spectroscopy and with the
expected morphological evolution of thermally grown oxides at this temperature [11,19,20].

4.2. Permeation Current Density

Figure 4 shows the evolution of the current density measured on the detection side
throughout the entire test. During the first stage, the detection current density decreased
until it reached the passivation current density. In the second stage, during cathodic
charging, the detection current density increased until it reached an apparent steady-state
values. The permeation current density curves reported in Figure 5 represent the transient
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current density measured on the detection side during cathodic charging, corrected for
the passivation contribution (Equation (1)), and used to evaluate the hydrogen flux. The
permeation current density values under apparent steady-state conditions are reported
in Table 3, together with the calculated diffusion coefficient for each curve. Each curve in
Figure 5 corresponds to a different sample, and each colour indicates a different condition
(a different furnace exposure time). For each condition, several samples were tested to
reduce statistical variability. Each sample was used for only one permeation test and then
stored in a desiccator for subsequent analysis. The solid black curve represents the blank
sample, without thermal oxide on either side. The dashed black curve corresponds to the
sample with a thermal oxide layer formed after 24 min of furnace exposure on the charging
side and a clean surface on the detection side (T48 charging side sample). These two curves
are nearly superimposed and exhibit the highest permeation current density values. The
red curves correspond to the samples with thermal oxide on the detection side formed after
12 min of furnace exposure (T12). The light-blue curves show the lowest permeation current
density values and correspond to the samples with thermal oxide on the detection side
formed after 5 min of furnace exposure (T5). All the other curves, corresponding to furnace
exposure times of 24 min or longer, largely overlap and display intermediate permeation
current density values between the T12 (red curves) and T5 (light-blue curves) conditions.
Overall, when the thermal oxide is present on the detection side, the permeation current
density decreases compared to the other conditions.
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Figure 4. Permeation curve showing both the passivation and detection phases.
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Figure 5. Permeation curves corrected by subtracting the passivation current density.
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Table 3. Summary of the permeation current density values (ipern) measured at apparent steady-state
condition, diffusion coefficient (D)), apparent entry-side hydrogen concentration (Cp) and time lag
for all tested samples.

Permeation

N° Label Furnace Time Current Density at Apparent D Apparent En’?pr_’gir;:tc t_lag
[min] Steady-State Condition [m?s~1] Ty 3 0 [s]
[UA cm 2] [mol/m?]
1 T5-2 5 0.016 29 x 10711 0.05 1200
2 T5-3 5 0.026 6.1 x 10711 0.1 2200
3 T12-2 12 0.149 6.9 x 1071 0.3 800
4 T12-3 12 0.151 43 x 10711 0.5 2700
5 T12-4 12 0.147 53 x 10711 0.4 2500
6 T24-1 24 0.067 6.1 x 10711 0.1 1500
7 T24-2 24 0.072 8.1 x 101 0.1 1650
8 T36-2 36 0.072 62 x 1071 0.2 1650
9 T48-2 48 0.075 51x 1071 0.2 1650
10 T48 charging side 48 0.506 53 x 1071 14 1200
11 T60 60 0.075 94 x 10711 0.1 600
12 T250-2 250 0.1 6.5 x 10711 0.3 1350
13 Blank-2 0 0.695 6.1 x 10711 1.7 /
14 Blank-3 0 0.533 69 x 10711 2.1 /

5. Discussion

By comparing the permeation current densities of the blank samples with those of
samples with a thermally grown oxide layer on one side, two main trends can be identified:
the effect of the thermal oxide on the charging side and on the detection side.

5.1. Effect of Thermal Oxide on the Charging Side

As shown in Figure 5, the permeation current densities of the blank samples and
the sample with the thermal oxide only on the charging side (T48 charging side sample)
are nearly identical. Therefore, the presence of steel thermal oxide on the charging side
does not significantly affect the hydrogen permeation response under the investigated
conditions. A comparison of the surface exposed to the charging compartment, performed
before and after the permeation test (Figure 6), confirms a substantial alteration of the oxide
layer during the experiment.

BEFORE

Figure 6. Charging side surface of the same sample before (left) and after (right) the permeation test.

Raman spectroscopy was employed to investigate possible phase transformations or
compositional modifications of the oxide layer induced by cathodic charging and hydrogen
permeation. As shown in Figure 7, the characteristic Raman band of magnetite, detected
on the surface prior to the permeation test, disappears after the experiment. Moreover, the
Raman spectrum acquired after permeation closely resembles that of a steel virgin surface
without thermal oxides.
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MAGNETITE

‘ T48 charging side before permeation ‘

x

‘ T48 charging side after permeation ‘

‘ Non oxidesed samm

2000 1750 1500 1250 1000 750 500 250 0
Raman shift [cm™1]

intensity [a. u.]

Figure 7. Raman spectra of the sample surface before and after the permeation test, compared with
that of the blank sample.

The marked modification of the oxide layer after the permeation test may be attributed
to cathodic debonding. One possible explanation is the accumulation of hydrogen at the
metal/oxide interface during cathodic charging. Hydrogen atoms can recombine at the
interface to form molecular hydrogen, and the local pressure generated by hydrogen bubble
formation at the metal/oxide interface may weaken interfacial adhesion and promote
mechanical detachment of the oxide scale [23]. Alternatively, the oxide layer may have
undergone partial electrochemical reduction during the permeation experiment. According
to the Pourbaix diagram of iron, considering that the cathodic potential on the charging
side was approximately —1.2 V vs. SCE and that the pH was above 10, the system lies
within the immunity region of iron. Under these conditions, the oxide is therefore not
thermodynamically stable and may be reduced during cathodic polarization. Under
sufficiently cathodic potentials and in the presence of hydrogen transport phenomena, iron
oxides can be reduced to lower oxidation states, resulting in structural destabilization of the
oxide scale [4,5,24]. Such cathodic transformations may lead to thinning, fragmentation, or,
in some cases, partial or complete loss of the oxide layer. Therefore, the Raman spectrum
of the surface after the permeation test, which closely resembles that of a pristine steel
surface, may reflect a hydrogen-induced mechanical delamination or a cathodic reduction
and dissolution of the oxide layer or a synergistic contribution of both mechanisms.

5.2. Effect of Thermal Oxide on the Detection Side

To ensure that exposing the oxide layer to the detection side environment did not
significantly alter its surface characteristics during the course of the permeation test, a
Raman spectra of the oxide layer on the detection side was acquired both before the
start of the permeation experiment and after its completion. The spectra acquired for the
samples exposed 48 min at 250 °C are shown in Figure 8 as a representative example. The
comparison confirmed that the spectra were essentially identical, indicating that the oxide
layer on the detection side remained structurally unchanged throughout the test duration.
Although anodic polarization in the detection compartment promotes oxide formation on
the detection side, this effect is common to all specimens tested under identical detection
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conditions. Therefore, since this study focuses on a comparative assessment rather than on
absolute permeation parameters, it does not affect the validity of the comparison among
the different sample conditions.

: MAGNETITE
1.0 + m
508 4
L&‘ L
2 i
E I T48
% " ! T48 detection
i I detection side after
B 1
i
03 4 side before permeation
Tt permeation ,/
0.0 Ly e L . ; [,

2000 1750 1500 1250 1000 750 500 250 0
Raman shift [cm™]

Figure 8. Raman spectra of the T48 sample surface (48 min at 250 °C) exposed to the detection side,
acquired before and after the permeation test.

Since the oxide layer did not show any apparent change after the test, the apparent
diffusion coefficients were calculated according to Equation (2) and are reported in Table 3.
The permeation current densities, also reported in Table 3, were plotted as a function of
oxidation time in Figure 9. The average apparent diffusion coefficient is 5.9 x 10~ m? s~1,
with a standard deviation of 1.7 x 10~ m? s~1. This value is lower than that reported by
Koren et al. [25] for the same steel with a palladium-coated detection surface, which was on
the order of 3 x 1071 m? s~! at room temperature. The standard deviation obtained in the
present study appears consistent with the expected experimental uncertainty associated
with electrochemical hydrogen permeation measurements. The apparent diffusion coef-
ficients reported in Table 3 remain within a relatively narrow range, from 2.9 x 107! to
9.4 x 10711 m? s~1, regardless of the presence, thickness, or composition of the oxide layer.
This suggests that the thermally grown oxides do not significantly affect hydrogen diffusion
through the bulk metallic membrane. Conversely, the steady-state permeation current
density varies markedly, decreasing from approximately 0.5 pA cm~?2 for the blank samples
to much lower values for most oxidized samples. Therefore, the oxide layer appears to act
mainly by modifying the interfacial boundary conditions, affecting the exit electrochemi-
cal kinetics, rather than altering hydrogen transport through the bulk metal lattice. The
corresponding Cy values, calculated according to Equation (3), also decrease from about
2 mol m~3 for the blank samples to 0.05-0.5 mol m—3 for most oxidized samples. Also,
the sample with the oxide layer on the charging side (T48 charging side sample) shows a
relatively high Cy value, comparable to that of the blank samples. Equation (3) was used to
estimate the initial hydrogen concentration on the entry side. However, this equation is
valid only if the hydrogen concentration on the exit side is assumed to be maintained close
to zero by the anodic polarization applied in the detection compartment. It should be noted
that, if the oxide layer modifies the apparent hydrogen concentration on the exit side, this
assumption may no longer be fully valid. In this case, Equation (3) cannot be rigorously
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applied, since it assumes a zero-hydrogen concentration at the exit surface. Therefore,
the values should be considered as apparent entry-side hydrogen concentrations, useful
for comparative purposes among the tested samples rather than as absolute hydrogen
concentration values.

1
% E Blank samples steady-state current density dispersion
s - _ _ _ _ _ _ -«  ————————————— -
A L
2 L
£
Vv
&) L
s
: 0.1 ¢ T
.9 [ e o 00
: - ge
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g - interpolation of o
2 - oxidised samples |’
"i i steady-state il
g current density
0‘01 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 11 11111
0 10 100 1000 10,000 100,000
oven time @ 250°C [s]

Figure 9. Apparent steady-state hydrogen permeation current densities as a function of the oxidation
time at 250 °C.

Raman analysis of the oxide layers shows that they consist of hematite and magnetite,
which grow in different proportions, as reported in Figure 3. However, determining their
exact proportions requires more advanced techniques than Raman spectroscopy alone.
Wieland et al. [11] used spectroscopic ellipsometry to measure the thickness of the oxide
layers. The total oxide thickness nor the thickness of the individual phases was directly mea-
sured in this work; instead, they were estimated based on the values reported by Wieland
et al. [11] under comparable thermal treatment conditions. Accordingly, these values
should be considered approximate and would require direct thickness measurements and
detailed microstructural characterization for full validation. For each sample, the total oxide
thickness, the thickness of the individual phases and the calculated hematite-to-magnetite
ratio are reported in Figure 10, together with the apparent steady-state permeation cur-
rent density. With increasing furnace time, the total thickness increases monotonically,
as expected; however, the hematite-to-magnetite ratio is higher for samples with shorter
exposure times and decreases for samples subjected to longer oxidation times, indicating
a progressive enrichment in magnetite. The apparent steady-state permeation current
density trend exhibits a change in slope after approximately 24 min of oven time, when the
theoretical hematite thickness remains relatively constant and the hematite-to-magnetite
ratio decreases (Figure 10). This increase in permeation current density can be correlated
with the decrease in the hematite to magnetite ratio, but it may also be associated with
features typical of thicker oxide scales. As the oxide layer grows, it may develop a higher
density of defects, microcracks, or structural inhomogeneities, which could locally reduce
its effectiveness as a barrier and partially counteract the expected shielding effect [11,23].
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Figure 10. Correlation between permeation current density, thickness, and composition of thermal
oxides: (a) trend of the theoretical thickness of magnetite and hematite correlated with the permeation
current density; (b) trend of the theoretical magnetite-to-hematite thickness ratio correlated with the
permeation current density.

The variation of the permeation current densities as a function of the hematite-to-
magnetite ratio (Figure 11) shows that apparently a higher hematite fraction leads to a re-
duction in the permeation current density. Taking into account the different interpretations
proposed in the literature to explain the influence of oxide layers on hydrogen permeation
current density [3,5,8,9,23,24,26], the inverse correlation observed in the present work may
be discussed in relation to the different transport and electrochemical properties of hematite
and magnetite. In particular, hematite is generally reported to have a significantly lower
electronic conductivity than magnetite [11]. Since previous studies have shown that the
overall electrical resistance of thermally grown iron oxide scales is strongly affected by
the thickness and continuity of the outer hematite layer [10,11], a hematite-rich surface
may contribute to limiting interfacial charge-transfer reactions involved in hydrogen entry
and recombination.
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Figure 11. Proposed correlation between the hematite to magnetite ratio and the permeation current
density under apparent steady-state conditions.
6. Conclusions

The presence of a thermally grown oxide layer on the charging side does not signifi-
cantly affect the apparent steady-state permeation regime, as the oxide is likely removed
during the early stages of testing, leading to behaviour comparable to that of non-oxidized
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samples. Conversely, oxides on the detection side systematically reduce the measured
permeation current density, indicating an active role in controlling hydrogen permeation.
This behaviour could be measured thanks to the specific experimental approach of placing
the oxide layer on the detection side rather than on the hydrogen entry side. The reduc-
tion in permeation current is not governed primarily by oxide thickness, since thinner
oxides formed after short oxidation times produced a stronger decrease than thicker oxides
formed after longer treatments. This suggests that phase composition, particularly a higher
hematite-to-magnetite ratio, plays a dominant role. However, although a reduced outward
hydrogen flux may limit surface release, it could also promote hydrogen retention within
the metal, potentially increasing susceptibility to hydrogen embrittlement. This aspect re-
quires further investigation under conditions representative of gaseous hydrogen exposure.
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