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Abstract: The atmospheric corrosion of high-strength steels can lead to hydrogen absorption directly
linked to hydrogen embrittlement or delayed fracture phenomena. A scanning Kelvin probe (SKP)
and electrochemical permeation technique (EPT) were applied to correlate the potential of an oxidized
surface with the flux of hydrogen across a thin steel membrane. The side of the membrane opposite
the corroding or electrochemically charged area was analyzed. The potential drop in the oxide was
calibrated in terms of surface hydrogen activity, and SKP can be applied in situ for the mapping of
hydrogen distribution in the corroding metal. A very low flux of hydrogen can be characterized
and quantified by SKP, which is typically observed under atmospheric corrosion conditions. There-
fore, hydrogen localization that drives steel durability under atmospheric corrosion conditions can
be evaluated.
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1. Introduction

During service life, components and the structure of vehicles can be submitted to
severe corrosion conditions, particularly in areas where de-icing salts are used during
winter periods [1–3]. Under such conditions, corrosion-induced hydrogen uptake can lead
to severe damage to high-strength steels [4–7]. Indeed, the mechanism of hydrogen embrit-
tlement is strongly linked to the quantity of hydrogen, in particular diffusible hydrogen,
that interacts with the microstructure and mechanical field [8–10]. Test methods combining
lateral resolution, time-resolved data, and quantification are required to determine the
critical hydrogen content or hydrogen activity that leads to hydrogen embrittlement.

Based on the electrochemical permeation technique (EPT), Omura et al. [11] showed
that hydrogen can enter steel during the wetting or drying steps of a corrosion cycle. The
amount of permeated hydrogen showed a strong dependence on temperature, relative
humidity, and surface salt contamination (quantity and composition). Similar results have
been reported by Ajito et al. [12], who monitored permeation current and potential in a
drying droplet of salt water. The flux of hydrogen is at its maximum at the end of the drying
process and relates to the increase of local acidity in the anodic sites on the steel surface.
With additional corrosion cycles, the formation of the corrosion products tends to mitigate
pH reduction, decreasing the activity of hydrogen [12]. Increasing the concentration of
salt in the droplet enhances the anodic dissolution and consequently increases the flux
of hydrogen [12]. For mobile conditions, using a specific EPT system, Ootsuka et al. [13]
showed that the amount of absorbed hydrogen in steel on wet roads is related to the
corrosion rate of steel. However, the amount of hydrogen absorbed by steel results from
a complex combination of the driving state of the vehicle (parking or moving), chloride
loading, eventual washing of surfaces, and road-surface conditions.

In the case of the generalized corrosion mechanism, a hydrogen concentration of
0.2 ppm was found in high-strength steel using the hydrogen thermo-desorption spec-
troscopy (TDS) technique [14]. For another high-strength steel, QP1180, a concentration of
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around 0.3 ppm of diffusible hydrogen was measured [15]. An even lower range of hydro-
gen activity can be found in the literature under atmospheric corrosion conditions [16,17].
Hydrogen activity as low as 0.003 ppm has been obtained by an EPT method during the
monitoring of wet–dry transients [17].

Most previous data have been obtained using quantitative methods with overall
concentration detected, such as EPT and TDS methods. Some recent studies have suggested
that the scanning Kelvin probe (SKP), or scanning Kelvin probe force microscopy (SKPFM),
is the most sensitive technique to detect extremely low quantities of hydrogen [18,19]. Using
the SKP method, Rudomilova et al. [20] showed that generalized corrosion led to lower
hydrogen activity compared to localized corrosion, which can greatly promote hydrogen
absorption into steel during atmospheric corrosion processes. Therefore, a technique with
sufficient lateral resolution is necessary to accurately assess the critical hydrogen activity
that would lead to the service failure of high-strength steels [21,22]. Indeed, hydrogen
generated under atmospheric corrosion conditions can lead to the failure of advanced
high-strength steels [23–25]. The presence of a coating, in particular zinc-based coatings,
can further affect the resistance of steel to environmentally assisted failure [26].

The SKP method is now a well-established technique to qualitatively visualize the
hydrogen distribution in various metals [27–33]. For bare steel, hydrogen permeating the
membrane interacts with the native oxide film on the detecting side [34], which directly
impacts the measured Volta potential, leading to a potential drop. The potential is also
affected by the re-oxidation of the oxide film due to the interaction with the oxygen in the
air [32,34]. Consequently, a direct evaluation of hydrogen activity is not possible without
the calibration of the potential variation using a quantitative method. In this case, EPT is
probably the most adapted method due to its very high sensitivity to measuring hydrogen
flux [35].

Using the SKP, potential maps related to the distribution of hydrogen can be ob-
tained [6,27,30,32]. These potential maps can be converted into maps of hydrogen concen-
tration or hydrogen activity with a time-resolved process. In such cases, the distribution of
diffusible hydrogen and hydrogen trapped locally in cracks or inclusions can be observed.
As shown recently [32], the attraction of hydrogen to locations with elevated tensile stress
has also been observed by SKP. However, these results were only qualitative observa-
tions, and it is preferable to transform this potential into quantitative values in terms of
hydrogen concentration.

The objective of the study was to demonstrate the possibility of using the SKP method
to quantify very low hydrogen flux with a spatial resolution compatible with atmospheric
corrosion mechanisms. To do so, a specific setup was developed for the in situ hydrogen
charging of a steel membrane directly in the SKP chamber. The membrane was coupled
with a galvanostat for direct calibration of the signal by EPT tests, which were performed
under the same charging conditions. Similar experiments were also performed using ex situ
charging, followed by immediate SKP mapping. Finally, the hydrogen flux from corroding
steel under a droplet of NaCl was monitored and quantified by SKP.

2. Materials and Methods
2.1. Materials and Specimens

A ferritic carbon steel DC04 was used for analyses. Its chemical composition is
indicated in Table 1.

Table 1. Chemical composition of the DC04 steel (wt.%).

Fe C Mn P S

Bal. <0.08 <0.4 <0.03 <0.01

Flat samples were cut from 0.8 mm plates, and their thickness was further reduced to
roughly 0.5 mm by grinding and polishing using a final step with P4000 SiC paper. Then,
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for SKP measurements, thermal treatment at 100 ◦C was applied for 1 h to stabilize and
calibrate the oxide film, which greatly facilitates SKP investigations. After heat treatment,
the oxide at the entry side (exposed to cathodic charging or corrosion) was removed by
polishing with P4000 SiC paper. For EPT experiments, a palladium layer was deposited on
the detecting side by an electro-deposition process in PdCl2 ammoniacal solution [36]. The
plating conditions were adjusted to obtain a palladium layer thickness of around 200 nm.

2.2. EPT Measurements

EPT experiments were conducted using standard Devanathan–Stachurski cells [37].
Briefly, the steel membrane was fixed between two electrochemical cells using O-rings from
both sides. From the entry side, hydrogen charging was performed in 5 wt.% NaCl solution
at 20 ◦C using cathodic current densities, from 50 µA/cm2 up to 5 mA/cm2. The hydrogen
detection side was made on the Pd-coated side, i.e., from the opposite side of the membrane
in 0.1 M NaOH solution. The area of the Pd-plated side in contact with the NaOH solution
was 0.93 cm2. The counter-electrode was a TiMMO (mixed metal oxide) wire with a large
surface area, and the reference electrodes were a saturated calomel electrode (Hg/Hg2Cl2,
E = 0.241 V vs. SHE—standard hydrogen electrode) and a mercury oxide Hg/HgO electrode
in 0.1 M NaOH (E = 0.165 V vs. SHE). The Pd-plated surface of the steel specimen was
polarized at +200 mV vs. Hg/HgO using a potentiostat until the background current was
stabilized. Then, the entry side was filled with NaCl solution, and hydrogen cathodic
charging was started immediately.

A multichannel potentiostat/galvanostat Origaflex OGR-500 (Origalys, Lyon, France)
was used for both potential monitoring during cathodic current application on the entry side
and for hydrogen permeation current recordings from the opposite side of the membrane.
From the permeation results, the subsurface hydrogen concentration was calculated using
the stabilized permeation currents [38].

2.3. SKP Procedure

SKP experiments were conducted with height-controlled instruments from Wicinski
and Wicinski (Erkrath, Germany). A Ni–Cr alloy needle with a tip diameter of 130 µm was
used as the reference electrode. The distance between the probe and the specimen was
kept constant (50 µm) during the SKP mappings, thanks to simultaneous topography and
potential measurements. A vibration amplitude of 20 µm at a frequency of 1 kHz was set.
The measurements were performed at a temperature of 22 ± 1 ◦C and ambient humidity of
50–60% RH.

The potential of the SKP probe was systematically calibrated using a saturated
Cu/CuSO4 electrode before each experiment and verified at the end of the measurement by
the same method. The hardware of the SKP equipment was upgraded to reduce the noise
linked to the use of a galvanostat for the in situ cathodic charging. Hydrogen charging was
carried out using the setup described in Figure 1.
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Figure 1. Setup for SKP measurements under hydrogen-charging conditions.

Ex situ experiments were also conducted using a similar setup to EPT. To limit hydro-
gen bubbling during cathodic charging, as the charging side was facing down during in
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situ charging, the maximum charging current was limited to 150 µA/cm2. This was not an
issue for ex situ charging, as hydrogen bubbles could easily escape from the charging surface
when facing up. Most of the experiments were conducted in the range of 0–200 µA/cm2,
leading to rather low hydrogen uptake under atmospheric corrosion conditions.

To check the ability of the SKP technique to quantify hydrogen flux from atmospheric
corrosion, a second SKP setup was designed using an NaCl droplet instead of the small
reservoir with NaCl solution from Figure 1. The volume and concentration of the NaCl
droplet were controlled to obtain surface contamination of 3 g/m2. Sequential mappings of
the detecting side were performed, and the potential drop was evaluated. The hydrogen
activity from the corrosion induced by the droplet was determined.

3. Results and Discussion
3.1. Hydrogen Activity under Cathodic Charging Conditions

EPT experiments were conducted under cathodic charging conditions to quantify the
concentration of the diffusible hydrogen at the entry side of the permeation membrane,
which characterizes the efficiency of the hydrogen entry into the metal [38], also called
subsurface hydrogen concentration C0 or hydrogen activity. An average hydrogen diffusion
coefficient was directly extracted from the permeation transients [35], as illustrated in
Figure 2a. Then, the subsurface hydrogen concentration was calculated using Equation (1):

C0 =
i∞
p × L
F × D

(1)

where D is the hydrogen diffusion coefficient (5.0 × 10−10 m2/s), L is the thickness of the
membrane, F is the Faraday constant, and ip∞ is the steady-state permeation current. The
density of the steel is required to convert the data into ppm.
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Figure 2. (a) Permeation transients under different cathodic charging current densities, and (b) the
relationship between hydrogen subsurface C0 concentration and cathodic current density, determined
from EPT experiments.

As illustrated in Figure 2a, the transient method was used to obtain several subsurface
hydrogen values from a single sample. Three steel membranes with very similar thicknesses
(0.5 ± 0.02 mm) were studied to plot the data presented in Figure 2b.

As shown, C0 rapidly decreased with increasing charging current density. In theory,
hydrogen production would be directly proportional to charging current [39]. However,
surface conditions can greatly affect hydrogen uptake and therefore permeation current.
Indeed, as shown in [40], the ratio between permeation and charging currents systematically
decreased when charging current increased. This can be related to the coverage of the
steel surface by the adsorbed hydrogen as a function of the rate of water reduction. Then,
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electrochemical (Heyrovsky reaction) and/or chemical (Tafel reaction) hydrogen desorption
reactions can become dominant, limiting the increase of hydrogen uptake.

Investigations were conducted in situ using the SKP to map the potential distribution
at the opposite side, similar to the EPT tests. The charging current was kept constant
throughout the whole test for in situ charging conditions. Therefore, one sample was used
for each cathodic charging level. An example of a stabilized potential map for a charging
current of −100 µA/cm2 is presented in Figure 3a. The initial potential of the steel before
cathodic charging, related to the passive state, was in the range of 300–350 mV/SHE. After
1 h of hydrogen charging from the opposite side, a potential drop was observed directly
opposite the charging area. Then, the stabilized potential drop was obtained within 2 to 3 h.
The size of the area affected by hydrogen permeation at the detection side corresponded to
the size of the charging area in contact with the solution. For longer charging time, only a
slight increase in the size of the affected zone was observed, which was probably related to
the lateral hydrogen diffusion.
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(b) evolution of the potential drop measured by SKP as a function of cathodic charging current.

The stabilized potential drop was calculated for each map from the potential of the
passive state of the steel surface that was not affected by permeated hydrogen and the
potential affected by hydrogen permeation, as described in [6,33] and shown in Figure 3a.
Some of the experiments were also carried out ex situ to compare with in situ measurements.
Under these conditions, charging in the electrolyte was carried out for 2 h and SKP analysis
of the detecting side was obtained within 15 min of the end of the cathodic charging. To do
so, the maps were carried out from the center of the samples, corresponding to the center
of the charging area, and only a quarter of the sample was mapped. Moreover, the scan
steps were set at 100 and 500 µm for the x and y directions, respectively. The resolution of
the potential maps under these conditions was enough to calculate the potential drop.

All the obtained results are plotted in Figure 3b. The potential drop induced by
hydrogen followed a power-law evolution as a function of the cathodic charging current,
similar to the hydrogen activity obtained by EPT in Figure 2b.

Very similar results were obtained when using ex situ or in situ cathodic charging
(Figure 3b). Such behavior was linked to the mechanism of hydrogen detection by SKP [33].
Indeed, SKP is sensitive to the oxidation state of oxide film, which is driven by a competition
between the reduction reaction from the permeated hydrogen and oxidation from ambient
oxygen [34]. The re-oxidation kinetic was found to be rather slow [32]; therefore, the
potential drop remained stable over a rather long time in laboratory air conditions. For



Metals 2023, 13, 1427 6 of 11

an even higher cathodic charging current in the range of 1 to 10 mA/cm2, the potential
drop seemed to be limited to around 250 mV, as also observed in [32]. Detection conditions,
under laboratory air and not in an inert gas such as nitrogen, might slightly limit the ability
of SKP to quantify higher hydrogen fluxes.

An additional experiment was conducted with SKP potential monitoring at a single
location in the center of the area affected by hydrogen permeation. Charging transient
and permeation current monitoring was applied in the EPT experiments. Under such
conditions, the kinetic of the potential drop evolution detected by SKP was slower than for
EPT, as shown in Figure 4. This kinetic was even slower during a decay transient after a
reduction of the charging current density, as illustrated in Figure 4b.
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The values were normalized by the maximum and minimum values obtained during the transients.

SKP and EPT experiments were carried out at electrochemical potentials in the range
of 0–200 mV/SHE related to the similar thermodynamics of electrochemical reactions. The
range of potential corresponds to steel passivity, and that passive state was affected by
hydrogen. For these two methods, the principles of sensing and surface conditions are
quite different. SKP measurements were done under air conditions, with easy access to
oxygen for the surface of the steel. Therefore, reactions of oxygen with the oxide film
and eventually directly with effused atomic hydrogen can be expected. Consequently, the
transient (Figure 4a) and surface oxide conditions are affected by reduction reactions of
both permeated hydrogen and oxide re-oxidation by the oxygen in the air, which finally
delays the stabilization of the potential. In particular, the difference was enhanced in
the case of the decrease in hydrogen activity, which would support a slow kinetic of the
re-oxidation reactions of the oxide layer under such conditions. Further investigations
should be conducted to fully characterize this phenomenon and improve the correlation of
the transients by creating experimentally more similar SKP and EPT detection conditions.
In this study, as the correlations were only based on the stabilized values, these kinetic
transient effects were expected to have no impact.

3.2. Calibration of SKP Potential Drop by EPT

EPT and SKP experiments were conducted using low hydrogen-charging conditions,
in NaCl solution at neutral pH, without promoters of hydrogen uptake. In particular,
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the charging current was set low, mainly in the range of 50–200 µA/cm2. Under such
conditions, the saturation of the steel with hydrogen cannot be reached, so hydrogen entry
conditions were not limited by bulk hydrogen concentration. Therefore, the detection of
hydrogen flux by both EPT and SKP tests was influenced only by the concentration of
hydrogen on the entry side. Moreover, no surface damage, such as blisters, was observed
under all investigated conditions, which would have revealed some over-saturation effects
for such low-grade steel.

During SKP experiments, several mechanisms can occur on the detecting side. As
shown by XPS investigations, iron oxide film was partially reduced by permeated hydro-
gen [33]. Then, the recombination of atomic hydrogen into gas molecules on the detecting
side of the specimens can also occur, even if the probability would be low for small hydro-
gen flux and in the presence of an oxide at the surface of the sample. A contribution from the
direct interaction of hydrogen with the oxygen in the air at the oxide–steel interface could
be considered, as bigger potential changes were observed in the nitrogen atmosphere [6].
Finally, it could be assumed that the thin iron oxide layer of a few nanometers was not a
barrier in the overall process of hydrogen desorption. Consequently, it was expected that
the subsurface hydrogen concentration at the detecting side of SKP samples was close to
zero. Therefore, the boundary conditions of both EPT and SKP experiments, in terms of
hydrogen diffusion, should be similar. However, SKP measurements (e.g., Figure 4a) in an
inert atmosphere might increase the relationship between the two methods.

The potential drop obtained by SKP and the hydrogen activity calculated from EPT
experiments are directly superimposed in Figure 5. As a first approach, a linear relationship
can be built between the two parameters, at least in the range of low-charging-current
densities. A deviation from this linear relationship could be observed for higher charging
current densities (or hydrogen activities).
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From the results presented in Figure 5, it can be seen that the detection limit of the SKP
method would be rather good, with sensitivity to hydrogen activity as low as 0.01 ppm of
hydrogen. Therefore, the SKP technique is a very sensitive tool to quantify the very low
hydrogen uptake that is typically encountered in atmospheric corrosion studies. However,
to fully exploit such data, a model of hydrogen distribution should be used to calculate
the hydrogen content in critical areas, such as mechanically stressed areas, knowing the
boundary conditions of hydrogen uptake thanks to SKP tests.

3.3. Hydrogen from Corroding Droplet

SKP mapping was performed in situ during the atmospheric corrosion of the steel
surface under 0.1 M NaCl droplet. Based on the size of the deposited droplet, a surface
contamination of 3 g/m2 was obtained. After an incubation time of roughly 15 h, a poten-
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tial drop could be observed, as illustrated in Figure 6a. Interestingly, the potential drop
was located precisely at the location of the droplet on the opposite side. The maximum
potential drop on the detecting side corresponded to the center of the droplet on the cor-
roding side, and not the periphery of the droplet or even further into the cathodic area.
Under atmospheric corrosion conditions, a strong separation of anodic and cathodic sites is
usually observed, particularly with NaCl solution [41,42]. Oxygen reduction is the main
reaction at the cathode, controlling the overall corrosion process. As shown, no hydrogen
is produced in this area, as the potential remained high on the detecting side out of the
droplet location, corresponding to the passive state of the steel. On the contrary, at the
anodic location, the development of red rust, associated with a decrease in pH hydrogen
uptake, occurs. It could be assumed that very locally in the droplet, both anodic reactions of
iron dissolution and the cathodic reaction of water reduction (facilitated by the local pH) oc-
curred, these being the main sources of hydrogen for a bare steel surface under atmospheric
corrosion conditions.
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Figure 6. (a) SKP map on the detecting side and (b) evolution of potential drop (∆E) and hydrogen
activity (C0) during atmospheric corrosion with the NaCl droplet.

From the successive maps, the average potential drop was evaluated and the hydrogen
activity from the corroding steel in the droplet was calculated using a linear relationship
(Figure 5). As shown in Figure 6b, the hydrogen activity quickly increased after the
incubation time, and reached a maximum value of 0.033 ppm after roughly 2 days of
exposure. Such an amount was compatible with the literature data on different steels [17].
Therefore, the method was able to localize and quantify very low hydrogen activity related
to mild atmospheric corrosion conditions. The potential decay in place of hydrogen effusion
due to corrosion under the NaCl droplet was also observed in [6], where high-strength
steel was investigated.

The anodic locations on the corroding steel surface are the sources of hydrogen that
permeated the detecting side. The effect of galvanic zinc coating, which cathodically polar-
ized the steel surface, on hydrogen distribution was also demonstrated [6,32]. Therefore,
the correlation (Figure 5) can be helpful to approximate the hydrogen concentrations in
results provided by previous studies. However, for the precise determination of hydrogen
concentration and distribution, calibration using EPT is required, and the thickness of the
specimens probably has a large impact on the correlation.

4. Conclusions

A hydrogen quantification protocol based on SKP and EPT has been developed to
evaluate the hydrogen activity in corroding steel with some lateral resolution compatible
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with atmospheric corrosion processes. From the results, the following conclusions can
be drawn:

- A simple and fast calibration procedure was developed to quantify hydrogen ac-
tivity using SKP detection on a thin steel membrane. The method is based on
EPT transients and the measurement of SKP potential drop under similar cathodic
charging conditions.

- Both ex situ and in situ hydrogen-charging procedures can be used to calibrate the
SKP method. The potential of steel is mainly influenced by hydrogen flux. However,
it is recommended that ex situ measurement be performed quite soon after the ca-
thodic charging, using a fast scan rate (large steps). For in situ, a similar approach
to EPT tests could also be developed, using charging transients, but with extended
stabilization time.

- A linear relationship was found between the potential drop and hydrogen activity
in the range of low charging currents and therefore low hydrogen activities. Some
deviation from this linear relationship could be observed at higher charging cur-
rent densities, because of the non-proportional increase of the hydrogen flux with
increasing current for both EPT and SKP, due to the two different mechanisms.

- The obtained relationship between potential drop and hydrogen activity was valid
only for the investigated steel with the defined thickness, structure, and hydrogen
traps. To investigate new steel, the calibration procedure must be repeated.

- The calibrated SKP method shows a sensitivity even higher than 0.01 ppm for the
quantification of the hydrogen activity. However, some saturation effect seemed to
occur for higher charging current densities, at least under the applied test conditions.

- Due to competition between reduction and oxidation processes on the detecting side of
the steel membrane analyzed by SKP, the diffusion coefficient of hydrogen should not
be calculated from the evolution of the potential drop, even using in situ experiments.
The exact mechanism responsible for this deviation has not been clarified.

- SKP can localize and quantify the hydrogen from a corroding steel membrane under
mild atmospheric corrosion conditions. For bare steel, hydrogen is mainly produced
at the anodic location of the atmospheric corrosion process due to local acidification.

As a perspective, the developed method can be used to assess the critical hydrogen
uptake under atmospheric corrosion conditions that can lead to the hydrogen-assisted crack-
ing of very high-strength steels. To do so, the hydrogen activity must be evaluated under
representative atmospheric corrosion conditions, including potentially wet–dry transients.
Further investigation is required to ensure the stability of the potential measurements
under such conditions.
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