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ARTICLE INFO ABSTRACT

Keywords:

Local hydrogen entry under a NaCl droplet on Fe sheets was analysed by employing a hydrogenochromic sensor

Iron and electrochemical hydrogen permeation tests. Large crystallographic pits barely promoted hydrogen entry,

Hydrogen permeation
Atmospheric corrosion

because crystallographic pitting proceeded at potentials higher than the potential of the hydrogen evolution
reaction. Hydrogen entry was accelerated because of acidification under an island-like rust layer. The rust layer

became thick in its outer regions, mainly owing to severe corrosion and alkalisation around the rust-formed area.
Hydrogen entry was prominent under the thick rust layer after disappearance of the droplet, owing to the high
concentrations of chloride ions and protons.

1. Introduction

Hydrogen atoms enter steels owing to corrosion under atmospheric
conditions, and the atomic state hydrogen in steels often reduces the
ductility of steels; this is known as hydrogen embrittlement [1-4]. In
particular, the susceptibility to hydrogen embrittlement tends to in-
crease as the tensile strength of the steel increases. Thus, hydrogen
embrittlement limits the use of high-strength steels that have excellent
mechanical properties. Developing a technique for prohibiting hydrogen
entry is crucial to exploit the potential benefits of high-strength steels,
and the detailed mechanism of hydrogen entry under atmospheric
conditions must be elucidated to develop such a technique.

Hydrogen entry into steels owing to corrosion in atmospheric envi-
ronments has been extensively studied over the past few decades [5-9].
Environmental factors, such as the solution pH and potential, and
corrosion reactions have been suggested to play important roles [5,8,
10-12]; however, the hydrogen entry mechanism is still unclear. The
main obstacle is that the detection of corrosion-induced hydrogen entry
is challenging because the amount of hydrogen that enters steels owing
to corrosion is very small and hydrogen entry occurs locally.

Conventionally, thermal desorption spectroscopy (TDS) [7,11] and
electrochemical hydrogen permeation tests with a Devanathan cell
[13-15] have been used to analyse the hydrogen entry behaviour due to
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corrosion. Akiyama et al. analysed the diffusible hydrogen content and
hydrogen permeation current of pre-rusted specimens and suggested
that the growth of the rust layer is responsible for enhancing hydrogen
entry [11]. Because TDS and electrochemical hydrogen permeation tests
are performed to measure the average amount of hydrogen in a spec-
imen or the average value of the hydrogen flux within an electrode area,
specimens corroded under different conditions are used to analyse the
macroscale hydrogen entry. Thus, analysing the local hydrogen entry
and distribution in steels is difficult. Under corrosion conditions,
time-dependent distributions of the solution pH and potential exist on
the steel surface in addition to the anodic and cathodic reaction sites,
which also change kinetically. Therefore, to elucidate the local hydrogen
entry mechanism with respect to the pH, potential, and corrosion re-
actions, the corrosion and local hydrogen entry behaviour should be
simultaneously analysed.

To analyse the time-dependent hydrogen distribution, visualisation
techniques for hydrogen in metals have been studied. A thin layer of a
metal oxide or Ir complex formed on a metal surface has been used to
visualise the hydrogen distribution in the metal [16-18]. A scanning
Kelvin probe (SKP), which measures the work function on a metal sur-
face by scanning a probe near the metal surface, has also been utilised to
visualise the hydrogen distribution [19]. Although an SKP offers a high
spatial resolution for visualising hydrogen entry due to corrosion [9,20,
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21], real-time visualisation of corrosion-induced hydrogen entry re-
mains challenging.

In our previous study, we developed a hydrogenochromic sensor
using polyaniline (PANI) [22] and successfully visualised the hydrogen
entry behaviour under a NaCl aqueous solution droplet in situ [23].
Under a droplet of 3 wt% NaCl on an Fe sheet, large crystallographic pits
were formed during the early stages of corrosion, but hydrogen entry
was barely promoted. In contrast, hydrogen entry was clearly enhanced
owing to the large spherical pits on an Fe sheet immersed in a bulk 3 wt
% NaCl solution [24]. This discrepancy indicates that corrosion-induced
hydrogen entry does not necessarily correspond to the amount of dis-
solved Fe. In addition, local hydrogen entry is known to occur under the
rust layer even after the NaCl droplets on the Fe surface disappear [20,
23]. However, the critical factors for local hydrogen entry after the
droplet disappearance have not yet been elucidated. To clarify these
ambiguous points, in this study, we visualised the hydrogen entry
behaviour under a NaCl aqueous solution droplet using the hydro-
genochromic sensor and conducted electrochemical hydrogen perme-
ation tests using a Devanathan cell to analyse the hydrogen entry
behaviour with respect to the solution pH and potential. Furthermore,
we examined the pH distribution in the NaCl droplet using a pH indi-
cator to clarify the role of pH distribution in hydrogen entry and rust
precipitation. We also determined the critical role of the rust layer
thickness in hydrogen entry after the disappearance of the droplet.

2. Material and methods
2.1. Specimen

An Fe sheet (99.5%) with a thickness of 0.5 mm was used as the
specimen. The specimen was annealed in a salt bath at 1173 K for 900 s
and cut to achieve a size of 30 mm x 30 mm. Electrical polishing was
conducted in a mixed solution of perchloric acid (60mass%, 210 mL)
and acetic acid (99.7mass%, 790 mL) via polarisation at a constant
voltage of 50 V. After being polished, the specimen surface was rinsed
with distilled water and dried with N gas.

Ni plating was conducted on one side of the specimen in a solution
containing NiSO,4 6H,0 (250 g L), NiCl, 6H,0 (45 g L), and H3BO;
(40 g L) at 333 K via galvanostatic polarisation of ~30 A m™2 for 180 s.
A Pt wire was used as a counter electrode. After Ni plating was per-
formed, the specimen was rinsed with water and dried with N5 gas. The
estimated thickness of the Ni layer was approximately 400 nm [22]. The
Ni layer was utilised to improve the hydrogenochromic properties of the
PANI layer [22]. On the Ni layer, a PANI layer was electrochemically
polymerised in a 0.5 M HyS04-0.5 M aniline solution at a constant
voltage of 1 V for 200 s. A Pt wire was used as a counter electrode. The
specimen was rinsed with water and dried with N gas after polarisation.
The bare surface on the other side was polished using a SiC paper
(#1500). The final thickness of the specimen was ca. 0.4 mm. After
being polymerised and polished, the specimen was stored in ambient air
for 24 h prior to the hydrogen visualisation tests.

2.2. Hydrogen visualisation tests

Fig. 1a shows the experimental setup for the hydrogen visualisation
test. In this study, the surface covered with the PANI layer is referred to
as the PANI side, and the other surface is the bare Fe side. The specimen
was set in an acrylic cell, and the droplet (150 uL) of a 0.1 M NaCl
aqueous solution or a 0.1 M NaCl-50 mM thymol blue aqueous solution
was placed on the bare Fe side. Thymol blue was used to visualise the pH
distribution inside the NaCl droplet. Immediately after the NaCl solution
was dropped, optical images of the bare Fe side were captured every
300 s using LED lamps and a digital camera. The interval between the
dropping and the first shooting was less than 60 s; thus, the time when
the first optical image was captured was defined as 0 h. The humidity
and temperature inside the acrylic cell were measured using a hygro-
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Fig. 1. (a) Experimental setup for hydrogen visualisation test. Schematic dia-
grams of (b) the bare Fe and (c) PANI sides.

thermometer. The temperature remained almost constant at approxi-
mately 298 K during the tests. Figs. 1b and 1c are schematic diagrams of
the bare Fe and PANI sides, respectively. The NaCl droplet was placed on
the bare Fe side without contact with the O-ring. The purple area inside
the O-ring of the PANI side was the PANI layer, and optical images of the
PANI side were captured every 300 s using a digital camera and halogen
lamp for 24 h. All the images were captured in a dark box.

2.3. Electrochemical hydrogen permeation tests

To measure the hydrogen permeation current densities of the spec-
imen immersed in the NaCl solution at pH 4.0, 3.0, 2.0, and 1.0
(adjustment with HC), electrochemical hydrogen permeation tests were
conducted using the Devanathan cell [13]. After electrical polishing, Ni
plating was conducted on one side of the specimen by employing the
procedure described in Section 2.1. The other side of the specimen was
mechanically ground using the SiC paper (#1500). The final thickness of
the specimen was ca. 0.4 mm. The Ni-plated surface was polarised at a
constant potential of 0.1 V vs. Hg/HgO (1 M NaOH) in 1 M NaOH for
24 h to measure the background current. Subsequently, the other side
(hydrogen entry side, hereafter) of the specimen was immersed in 0.1 M
or 1 M NaCl at pH values of 4.0, 3.0, 2.0, and 1.0 for 24 h, and the
hydrogen permeation current was measured on the Ni-plated surface.
The open-circuit potentials (OCPs) of the hydrogen entry side were
measured using a Ag/AgCl (3.33 M KC)) reference electrode.

2.4. Surface characterisation

After hydrogen visualisation tests and electrochemical hydrogen
permeation tests, surface analyses were conducted using an optical mi-
croscope and a micro-focused X-ray fluorescence spectrometer (u-XRF).
Quantitative point analyses of the Cl concentration were conducted
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using p-XRF under vacuum at an accelerating voltage of 15V and an
irradiation current of ca. 0.3 mA. A Rh tube was utilised as the X-ray
source, and the spot size was 100 um. To observe the corrosion
morphology under the rust layer, rust was removed by immersing the
specimen in a diammonium hydrogen citrate solution (200 g L) for
approximately 500 s at 333 K. To measure the surface roughness of the
specimen, the hydrogen entry side was analysed using a one-shot 3D
measuring microscope before and after rust removal.

3. Results and discussion

3.1. Corrosion morphology and hydrogen entry under a NaCl droplet on
an Fe sheet

Fig. 2a presents the optical image of the bare Fe side after the
hydrogen visualisation test. The black dashed circle indicates the edge of
the droplet on the Fe surface (droplet edge, hereafter) before droplet
disappearance. As shown in Fig. 3, the droplet diameter increased until
7 h. Fig. 2a indicates the maximum droplet edge size. As shown in
Fig. 2a, a brown rust layer was formed under the droplet. Fig. 2b displays
an optical image of the bare Fe side after rust removal. The Fe surface
under the rust layer lost its metallic lustre. Fig. 2c shows the optical
image of the PANI side after the hydrogen visualisation test. The white
dashed circle indicates the droplet edge on the bare Fe side. The optical
image depicted in Fig. 2c was flipped horizontally to synchronise the
positions of the images in Figs. 2a, 2b, and 2c. As shown in Fig. 2¢c, the
colour of the PANI layer partially changed from purple to light blue.
Because the PANI layer is brightened owing to the reaction with atomic
state hydrogen [22,24], the colour change indicates hydrogen entry. The
colour-changed area on the PANI side corresponded to the corroded area
on the bare Fe side.

Figs. 2d and 2e show optical micrographs of the areas with and

Fig. 2. Optical images of the hydrogen entry side after hydrogen visualisation
test (a) before and (b) after rust removal. (c) Optical image of the PANI side
after hydrogen visualisation test. (d), (e), (f) Optical micrographs of the areas
indicated by the blue and orange arrows in (b).
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without metallic lustre, respectively, which are indicated by the blue
arrows in Fig. 2b. In the area with metallic lustre (Fig. 2d), corrosion was
not confirmed, whereas the area without metallic lustre was corroded
and black dots were observed (Fig. 2e). Therefore, the promotion of
hydrogen entry was confirmed in the corroded area of the Fe surface. In
addition to the general corrosion shown in Fig. 2e, large crystallographic
pits (Fig. 2f) were observed in the area indicated by the orange arrow in
Fig. 2b. However, no prominent colour change occurred in the PANI
layer around the crystallographic pits compared with the other corroded
areas. This suggests that the amount of dissolved Fe is not a critical
factor for hydrogen entry under a droplet of NaCl. Rather, hydrogen
entry seems to depend on the pH and potential on the Fe surface, which
changes continuously during the corrosion process under atmospheric
conditions [5,6,25].

The upper and lower rows of the optical images in Fig. 3 show the
bare Fe and PANI sides, respectively, during the hydrogen visualisation
test. After 2 h, corrosion started in the area indicated by the red arrow,
and brown rust precipitates were formed. The initiation site of corrosion
corresponded to the area where the crystallographic pits shown in Fig. 2f
were observed. At 3 h, the droplet and rust layer spread, but no colour
change was observed on the PANI side, indicating less hydrogen entry
than the detection level. After 5 h, the colour of the PANI layer changed
from purple to blue and became brighter with time. After 13 h, the
droplet was barely visible owing to drying. After the disappearance of
the droplet, almost no significant colour change was observed on the
bare Fe and PANI sides. The optical images shown in Fig. 3 were con-
verted to a video file (see Supplemental Video 1). To confirm the
reproducibility of these results, the same experiment was conducted on
another specimen (see Supplemental Video 2).

To analyse the corrosion process and hydrogen entry in detail, the
colour of the PANI layer was quantitatively evaluated by performing
image analysis. The R (red), G (green), and B (blue) values of each pixel
in the optical image of the PANI side presented in Fig. 3 were extracted,
and the hue, H, was calculated using the following formula [26]:

H=0,(R=G=B) €}
H =60 x (G - B) / (Imax = Imin), (Imax = R) (2)
H =60 X (B=R)/ (nax = Imin) + 120, (nax = G) (3)
H =60 X R=G)/ (Inax — Imin) + 240, (Inax = B) &)

where I 1o and Iy, represent the maximum and minimum values among
the R, G, and B values, respectively. Furthermore, the difference in hue,
AH, was calculated using the following formula:

AH = Hy— H, 5)

where Hy and H; denote the values of H at 0 h and time ¢, respectively.
Similar to the AY value [22-24,27,28], the AH value of the PANI layer
has been confirmed to roughly correspond to the integrated value of the
hydrogen flux (see Supplemental Figs. 1 and 2). Fig. 4 shows the contour
maps of AH of the PANI side obtained from the images in Fig. 3. As
revealed in Fig. 4a, AH started to increase after 4 h, but no increase in
AH was observed around the initiation site of the crystallographic pits
indicated by the white arrow. Thus, the crystallographic pits, which
occurred during the initial stage of corrosion under a droplet of NaCl,
barely promoted hydrogen entry. However, hydrogen entry was
observed beneath the rust deposits in the form of an island that appeared
after the pit initiation in the earlier stage. The maximum AH value was
confirmed near the droplet edge (white dashed curve) after 11 h.
Because the droplet is thinner near the droplet edge than at the centre,
0O, was thought to be readily supplied from the air, promoting corrosion
and corrosion-induced hydrogen entry.
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Fig. 3. Optical images of the bare Fe and PANI sides during the hydrogen visualisation test. The red arrow indicates the initiation site of the crystallographic pits
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Fig. 4. Contour map of AH of the PANI side shown in Fig. 3. The white arrow in (a) indicates the initiation site of the crystallographic pits shown in Fig. 2f.

3.2. Relationship between the morphology of the droplet, corrosion
processes, and hydrogen entry

Based on the results obtained thus far, it can be suggested that the
growth of the rust layer and morphology of the droplet play important
roles in hydrogen entry. The area of the rust layer and area inside the
droplet edge (indicated by the white dashed circle in Fig. 3) were
calculated by performing image analysis based on the optical images in
Fig. 3, and the values normalised by the respective maximum values are
defined as A5 and Agrop, respectively. The orange and blue curves in
Fig. 5a indicate Arys; and Adrop. Both Aryse and Agyop slowly increased for
2 h. In this study, the initiation period, during which corrosion gradually
proceeded until 2 h, is referred to as the 1st stage. After 2 h, the values of
Arust and Agrop considerably increased. The increase in Agrop caused the
thinning of the droplet and an increase in the cathodic area, promoting
the oxygen reduction reaction (ORR). Consequently, the corrosion and
growth of the rust layer were promoted as Agop increases. The period
during which Arys; and Agrop rapidly increased until the disappearance of

the droplet is referred to as 2nd stage. The period when the droplet was
barely observed is referred to as ‘after disappearance of the droplet’. The
time variation of relative humidity measured by the hydro-thermometer
indicated in Fig. 1 is also shown as a reference. Because the relative
humidity in the acrylic cell was approximately 45%RH after disap-
pearance of the droplet, it is thought that the rust layer did not
completely dry out. Fig. 5b shows the time variations of the average AH
values in Areas 1—3 of the PANI side, as indicated by the black and white
rectangles in Fig. 3j. In the 1st stage, the increase in AH was not
confirmed. After 4 h, the AH in Areas 1 and 3 started to increase, fol-
lowed by the increase in the AH in Area 2. It was confirmed that the
corrosion-induced hydrogen entry barely occurred in the 1st stage,
while the hydrogen entry was clearly enhanced in the 2nd stage with the
rapid corrosion.

At 7 h, the AH in Area 1 reached 40 and remained constant until the
droplet disappears. In Areas 2 and 3, which were close to the droplet
edge, AH continued to increase until the droplet disappears. Area 1 was
close to the pits initiated during the 1st stage, which presumably
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Fig. 5. (a) Time variations of the normalised areas of the rust layer (Arusp,
inside the droplet edge (Agrop), and relative humidity during the hydrogen
visualisation test shown in Fig. 3. (b) Time variations of the average AH value
of Areas 1—3 of the PANI side indicated by the black and white rectangles
shown in Fig. 3j.

triggered subsequent corrosion in the island-like rust region. Thus, up to
6 h, the order of AH in all the areas was as follows: Area 1 > Area 2 >
Area 3. As corrosion proceeded, corrosion and hydrogen entry were
promoted in Areas 2 and 3 more than in Area 1 after 9 h, because Areas 2
and 3 were close to the droplet edge where the droplet is thin. Under the
thin droplet, the corrosion rate increases [29], because the ORR is
accelerated [30,31]. Therefore, it can be estimated that the decrease in
the potential and pH due to severe corrosion under the rust-formed area
enhanced hydrogen entry near the droplet edge, where the ORR is
promoted.

3.3. Roles of pH and potential in corrosion-induced hydrogen entry under
NaCl droplet

The solution pH and potential on a metal surface are important
factors for hydrogen entry [5,8,23,24,32]. The foregoing results sug-
gested that the pH and potential decreased in the corroded area of the Fe
surface under the NaCl droplet, accelerating hydrogen entry. Subse-
quently, electrochemical hydrogen permeation tests were conducted to
determine the critical pH and potential that drastically enhance
hydrogen entry. The hydrogen permeation current density was
measured using the Devanathan cell. For the hydrogen entry side, 0.1 M
NaCl at pH 4.0, 3.0, 2.0, and 1.0 were used, and this side of the specimen
was immersed in the pH-adjusted NaCl solution. Fig. 6a and b show the
OCPs of the hydrogen entry side in different NaCl solutions and the
hydrogen permeation current densities of the hydrogen detection side,
respectively. As a reference, the results for 1 M NaCl (pH 4.0) are also
shown. In 0.1 M NaCl, the OCP was —0.2 V at pH 4.0, while it decreased
to -0.65 V at pH 3.0. Notably, the OCP at pH 2.0 was approximately
0.1 V higher than that at pH 3.0. As shown in Fig. 6b, almost no
hydrogen permeation current was detected at pH 4.0, regardless of the
chloride ion concentration. However, a hydrogen permeation current
was detected at both pH 3.0 and 2.0, and the hydrogen permeation
current at pH 2.0 was larger than that at pH 3.0.
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Fig. 6. (a) Time variations of the OCPs of the hydrogen entry side and (b)
current density of the hydrogen detection side during the hydrogen permeation
tests. For a solution at hydrogen entry side, 0.1 M NaCl at different pH values
and 1 M NaCl at pH 4 were used.

Fig. 7 displays the optical micrographs of the hydrogen entry side
after the hydrogen permeation test shown in Fig. 6. No corrosion was
observed after immersion in 0.1 M NaCl (pH 4.0), whereas corrosion
proceeded in 0.1 M NaCl at pH 3.0 and 2.0 (see Supplemental Fig. 3 for
the optical image of the whole electrode areas). At pH 2.0, black dots,
which were also observed in Fig. 2e, were confirmed. Figs. 6 and 7
indicate that hydrogen entry was not promoted at pH 4.0 owing to the
non-corroded Fe surface and that lower pH results in more severe
corrosion, thus accelerating hydrogen entry. Only in 1 M NaCl (pH 4.0),
eight crystallographic pits larger than 10um and many small

Fig. 7. Optical micrographs of the hydrogen entry side after the hydrogen
permeation tests shown in Fig. 6.
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crystallographic pits were formed. The corrosion morphology was
similar to that of the crystallographic pits formed during the initial stage
of corrosion under the NaCl droplet (Fig. 2f). It was concluded that the
crystallographic pits are initiated in a weakly acidic NaCl solution and
that the potential when the crystallographic pits form is higher than that
when general corrosion proceeded in 0.1 M NaCl at pH 3.0 and 2.0.

Fig. 8 depicts the E-pH diagram of Fe. The red dots and green rect-
angle indicate the OCPs of the specimen immersed in 0.1 M NaCl (pH
4.0, 3.0, and 2.0) or 1 M NaCl (pH 4.0) for 600 s, as shown in Fig. 6,
respectively. The results of 0.1 M NaCl (pH 1.0) are also shown as a
reference. At pH 4.0, the OCP was higher than the electrode potential of
the hydrogen evolution reaction (HER) indicated by the dashed blue
line, regardless of the chloride ion concentration. It was concluded that
the hydrogen entry was barely enhanced by the initiation of large
crystallographic pits in 1 M NaCl at pH 4.0, because crystallographic
pitting proceeds at potentials higher than the electrode potential of the
HER at pH 4.0. In contrast, the OCP was lower than the electrode po-
tential of the HER at pH 3.0, 2.0, and 1.0. Furthermore, below pH 3.0,
the OCP increased with the decrease in pH. The red line was plotted by
using the least-squares method based on the OCPs at pH 3.0, 2.0, and
1.0, and the slope was -62 mV pH‘l, which is close to the slope of the
HER (-59 mV pH™). The increase in the OCP below pH 3.0 is suggested
to be caused by the increase in the electrode potential of the HER. As
shown in Fig. 6b, the hydrogen permeation current densities increased
with a decreasing pH, indicating that the increase in the coverage of the
adsorbed hydrogen on the Fe surface, which increased because of the
decrease in pH, mainly contributed to the acceleration of hydrogen entry
on the corroded area of the Fe surface.

These results suggested that a pH distribution exists inside the
droplet and plays a critical role in hydrogen entry. Hydrogen entry was
clearly shown to be accelerated owing to acidification lower than pH 4.0
on the corroded area. However, hydrogen entry was not detected in the
non-corroded area, as shown in Figs. 2 and 3. The ORR is likely to occur
as the main cathodic reaction on the non-corroded area of the Fe surface
in a neutral or alkaline NaCl solutions. Thus, it can be estimated that the
alkalisation of the non-corroded area occurred owing to the ORR,
resulting in almost no hydrogen entry.

The hydrogen entry behaviour and pH distribution in the NaCl
droplet were simultaneously visualised by using the PANI layer and the
0.1 M NaCl-50 mM thymol blue solution. Thymol blue is a pH indicator;

0.5

Potential, £/ V vs. Ag/AgCI (3.33M KCI)

10 12 14

Fig. 8. E-pH diagram of Fe. The red dots and green rectangle indicate the OCP
of the Fe sheet in 0.1 M NaCl at each pH and 1 M NaCl at pH 4.0, respectively,
shown in Fig. 6. The OCP in 0.1 M NaCl at pH 1.0 is shown as a reference.
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the colour changes from orange or yellow to blue owing to a pH change
from near-neutral or weakly acidic to alkaline [33]. As shown in Fig. 9a,
the colour of the droplet was yellow at 0 h, because the pH of the so-
lution was ca. 5.5. At 1.1 h, a large pit was initiated in the area indicated
by the red arrow and the solution pH remained weakly acidic or
near-neutral. At 1.5 h, yellow and blue areas appeared in the droplet,
indicating that the solution pH near the corroded area was neutral or
weakly acidic, whereas alkalisation occurred in the non-corroded area
owing to the ORR. At 3 h, the corroded area spread rapidly (2nd stage),
but the pH on the corroded area remained neutral or weakly acidic,
barely enhancing hydrogen entry. The initiation site of the large pit was
also alkaline at 3 h, implying that the pit growth stopped and the ORR
proceeded. After 6 h, the colour of the PANI layer started to change in
areas corresponding to the corroded area on the bare Fe side. However,
no hydrogen entry was observed in the non-corroded area. This result
confirmed that hydrogen entry is not promoted in the non-corroded
area, because the solution pH and potential are high owing to the
ORR. Because hydrogen entry was confirmed under the rust layer as the
colour of the rust layer became dark, local acidification is suggested to
occur under the rust layer because of the hydrolysis reaction of Fe ions
[32]. The optical images shown in Fig. 9 were converted to a video file
(see Supplemental Video 3).

3.4. Hydrogen entry behaviour under rust layer after disappearance of
droplet

As shown in Fig. 5b, AH gradually decreased in Areas 1—3 after the
disappearance of the droplet; AH remained at 28 in Areas 1 and 2 but
continuously decreased in Area 3. The decrease in the AH value in-
dicates that hydrogen entry ceased, because the colour of the PANI layer
returned to the original colour very slowly [22]. Fig. 10a presents the
contour map of AH of the PANI layer at 24 h, as shown in Fig. 3j. The
optical image of the bare Fe side after rust removal (Fig. 2b) was
binarised to emphasise the degree of the colour change due to corrosion
(Fig. 10b). As revealed in Fig. 10b, the degree of colour change was small
at the centre of the corroded area and relatively large at the outer re-
gions in the corroded area. Figs. 10c and 10d show optical micrographs
of the areas indicated by the blue arrows in Fig. 10b. In the area where
the degree of colour change was high (Fig. 10c), the specimen surface
was severely corroded and small spherical pits with a diameter of
10-50 um were formed. The surface was slightly etched, visualizing the
grain boundaries in the area where the degree of the colour change was
low (Fig. 10d). Thus, the density of the red pixels in the binarised image
(Fig. 10b) indicates the degree of corrosion. A comparison between
Figs. 10a and 10b reveals that AH tends to be high in the severely
corroded areas. Hydrogen entry was expected to be promoted by the
severe corrosion under the rust layer after the disappearance of the
droplet, because no such distribution of AH existed before the disap-
pearance of the droplet, as shown in Fig. 4e.

The thick rust layer is likely to contain a large amount of the NaCl
solution after the disappearance of the droplet. The degree of corrosion
after the disappearance of the droplet possibly depended on the thick-
ness of the rust layer. Fig. 11a presents an optical image of the bare Fe
side of another specimen after a hydrogen visualisation test under the
same conditions as the experiment shown in Fig. 2. Fig. 11b depicts the
surface roughness of the observation area shown in Fig. 11a. In Fig. 11b,
the standard height corresponds to the height of the Fe surface where the
rust was not formed, meaning that the height indicates the thickness of
the rust layer. As shown in Fig. 11b, the thickness of the rust layer
increased in the outer regions than in the centre, probably because se-
vere corrosion increased the concentration of Fe ions and the generation
of oxyhydroxide and hydroxide of Fe ions [34,35] was promoted by
alkalisation around the rust-formed area (Fig. 9). Figs. 11c and 11d
reveal the optical image and contour map of AH of the PANI side,
respectively. The AH of the PANI layer was relatively higher in the outer
region of the rust layer than in the central region. The thick rust layer is
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Fig. 9. Optical images of bare Fe and PANI sides during hydrogen visualisation test using the droplet of 0.1 M NaCl-50 mM thymol blue. The red arrow indicates the

initiation site of corrosion.

e
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Fig. 10. (a) Contour map of AH of the PANI side after 24 h of the hydrogen
visualisation test shown in Fig. 3. (b) Binarised image of the optical image
shown in Fig. 2b. (c), (d) Optical micrographs of the area indicated by the blue
arrows in (b).

considered to contain a large amount of chloride ions; therefore, severe
corrosion continuously proceeded with the concentrated NaCl solution
for a long time, even after the disappearance of the droplet.

After the hydrogen visualisation test, point analyses of the Cl con-
centration were performed using pu-XRF. The blue curve in Fig. 1le
represents the line profile of AH on the line shown by the black line in
Fig. 11d. The red rectangles in Fig. 11e denote the Cl concentration in
the area indicated by light blue dots A—D in Fig. 11a. Point analyses
were conducted at two points in each area, and the average value of the
two points is shown as red rectangles in Fig. 11e. The Cl concentration
and AH value were high at the outer region in the rust layer, indicating
that the thick rust layer at the outer region contained a large amount of

chloride ions. The high concentration of chloride ions was thought to
cause severe corrosion, resulting in the acceleration of hydrogen entry
after the disappearance of the droplet.

Consequently, the amount of hydrogen that permeated under the
thick rust layer was greater than that under the thin rust layer. Li et al.
[11] investigated the hydrogen permeation current of Fe sheets (99.5%)
pre-rusted under different conditions during the drying process and
suggested that the peak of the hydrogen permeation current density in
the drying process increased depending on the thickness of the rust layer
on the specimens. In the present study, it was clarified that hydrogen
entry locally proceeds even under a rust layer on an Fe sheet after the
disappearance of the droplet and that the local hydrogen entry contin-
uously proceeds depending on the thickness of the rust layer formed
under a small droplet.

3.5. Mechanism of corrosion-induced hydrogen entry into an Fe sheet
under a NaCl droplet

Fig. 12 shows a schematic of the mechanism of corrosion-induced
hydrogen entry into an Fe sheet under a NaCl droplet, as inferred
from the aforementioned experimental results. The time-dependent
change in the hydrogen entry behaviour and the effects of the poten-
tial, pH, and rust precipitation can be expressed as follows: during the
initial stage, the Fe surface is dissolved, forming a large crystallographic
pit(s) with the ORR as the main cathodic reaction [8,36].

0O, + 2H,0 + 4e” —» 40H™ (6)

Because the ORR is promoted near the droplet edge where Oy is
readily supplied, crystallographic pits tend to be initiated near the
droplet edge. As the crystallographic pits are initiated, the pH decreases
to ca. 4.0 (weakly acidic) around the pits. Because the potential of the pit
initiation site is higher than the electrode potential of the HER, and the
solution pH is not sufficiently low, hydrogen entry is barely promoted by
crystallographic pitting. In addition, the pH locally increases because of
the ORR on the non-corroded area without promoting hydrogen entry.
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Fig. 11. Optical image of (a) bare Fe and (c) PANI sides. (b) Surface roughness
of the bare Fe side. (d) Contour map of AH calculated using the image in (c). (e)
Line profile of AH on the black line in (d) and point analysis of Cl concentration
at points A—D in (a).
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As corrosion proceeds, an island-like rust layer is formed (Rust (1st) in
Fig. 12). However, hydrogen entry is barely enhanced owing to the high
potential and the pH at least of 4.0 during the 1st stage.

As the droplet spreads, the contact area between the Fe surface and
the droplet increases, resulting in the spread of the ORR site and the
thinning of the droplet. Thus, the ORR and corrosion are rapidly
accelerated (2nd stage), and the rust layer grows further (Rust (2nd) in
Fig. 12). In the outer region of the rust layer, corrosion is believed to
proceed intensively because of the short distance to the ORR site, which
increases the concentration of Fe?*. In addition, rust precipitation is
accelerated adjacent to the ORR site owing to alkalisation. Furthermore,
dissolved Oy is readily supplied under the thin droplet and facilitates the
oxidation reaction of Fe?*. As a result, the rust layer tends to be thick in
the outer region. Under the rust layer, the pH decreases to below 3.0
owing to the hydrolysis reactions of Fe ions [5,6].

4Fe** + 0, + 6H,0 — 4FeOOH + 8HT @

Moreover, the potential of the corroded area becomes lower than the
electrode potential of the HER.

2H" 4+ 2¢” - H, (8)

Thus, the HER occurs on the corroded area. Owing to the decrease in
the potential and pH, the coverage of adsorbed hydrogen is increased,
promoting the hydrogen absorption reaction (hydrogen entry) on the
corroded area.

H" + ¢ > Hy 9
Hag = Hap (10)

As the NaCl droplet is dried, the concentration of chloride ions
drastically increases and the solution pH decreases owing to the
decrease in the volume of the NaCl droplet, thus further promoting Fe
dissolution, acidification, and hydrogen entry. Because the electrode
potential of the HER increases with a decrease in pH, the potential of the
HER sites (corroded area) increases with acidification. In conclusion, a
decrease in pH is a critical factor facilitating hydrogen entry on the
corroded area where the potential is lower than the electrode potential
of the HER. Because the pH under the rust layer was not measured in this
study, further investigation is required to determine the accurate pH
value that triggers the enhancement of hydrogen entry.

After the disappearance of the droplet, hydrogen entry becomes
moderate or almost ceased. The rust layer contains the NaCl solution

— 1 St Stage > 2nd S1aQe m———p
Neutral or
Rust (1st
Fe 5O L (F )| RTSt(ZEi)zf ORI
; Thiok rust layer
Corrosion

Crystallographic pit

2nd stage

» Disappearance of droplet-p

H+H2 Fe’a OH
: A < Op
SR

Decrease in pH and potential

Drying — Further pH decrease

HHHHH

High H flux HH als

(Rust layer contains NaCl|
v

Fig. 12. Mechanism of hydrogen entry into an Fe sheet under a NaCl droplet.
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immediately after the disappearance of the droplet, and the amount of
the NaCl solution contained depends on the thickness of the rust layer.
Therefore, corrosion and hydrogen entry proceed continuously under
the thick rust layer for a long time in ambient air. Because the rust layer
tends to be thick on the outer region, severe corrosion was caused by the
concentrated NaCl solution, enhancing the hydrogen entry under the
outer region in the rust layer even after the disappearance of the droplet.

4. Conclusions

A PANI-based hydrogenochromic sensor and thymol blue were used
for the simultaneous visualisation of the hydrogen entry and pH distri-
bution in a NaCl droplet, and the relationships between pH, hydrogen
entry and rust precipitation were analysed. The effects of the solution pH
on the corrosion morphology and corrosion-induced hydrogen entry
were elucidated via electrochemical hydrogen permeation tests. The
conclusions of this study are as follows.

* Hydrogen entry was barely enhanced by the initiation of large
crystallographic pits, which formed during the initial stage of corrosion
under the NaCl droplet, because crystallographic pitting proceeded in a
weakly acidic NaCl solution at potentials higher than the electrode po-
tential of the HER.

* Hydrogen entry was promoted under the island-like rust layer as
general corrosion proceeded when the solution pH was below 3.0 and
the potential of the corroded area was lower than the electrode potential
of the HER.

* The hydrogen permeation current was not detected at pH 4.0, in
both 0.1 M and 1 M NaCl. In 0.1 M NaCl, the OCP was 0.2 V vs. Ag/
AgCl (3.33 M KCl) at pH 4.0, while it decreased to —0.65 V at pH 3.0,
triggering the enhancement of hydrogen entry. The hydrogen perme-
ation current at pH 2.0 was larger than that at pH 3.0, suggesting that
the decrease in pH resulted in more severe corrosion and accelerated
hydrogen entry.

+ The pH decrease mainly contributed to the acceleration of
hydrogen entry on the corroded area of the Fe surface where the po-
tential was lower than the electrode potential of the HER.

* Hydrogen entry was not promoted in the non-corroded area where
the solution pH was high owing to the ORR.

+ The rust layer was thicker in the outer regions than in the centre of
the rust-formed area because severe corrosion and alkalisation occurred
near the ORR sites, and dissolved O, was readily supplied under the thin
droplet, promoting the generation of oxyhydroxide and hydroxide of Fe
ions.

* The thick rust layer contained a large amount of the concentrated
NaCl solution, which continuously promoted corrosion and hydrogen
entry for a long time, even after the disappearance of the droplet.
Consequently, the amount of hydrogen that entered the Fe sheet under
the thick rust layer was greater than that under the thin rust layer.
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