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HIGHLIGHTS

e SKPFM was used to map the release of hydrogen through a Palladium covered surface.
e The impact of thermal oxides on the hydrogen release was investigated.

¢ Oxide layers resulted in a significant reduction in the release of hydrogen.

e FEM modelling was used to model lower diffusion and/or lower solubility in the oxide.
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ABSTRACT

Scanning Kelvin Probe Force Microscopy (SKPFM) was used to study the hydrogen diffusion
through a surface designed for simultaneous mapping of multiple areas containing
different thermal oxides, all covered with Pd. Potential maps were obtained simultaneously
on an area of bare iron as the reference, an area covered with a bilayer oxide (inner
magnetite and outer hematite) and an area covered with a magnetite layer (obtained by
removing the outer hematite layer of a bilayer oxide). After hydrogen charging at the
bottom side of the specimen, a contrast was obtained in the potential mapping on the
covering Pd layer due to differences in hydrogen release through these distinct areas on the
specimen surface. A finite element method (FEM) model of hydrogen diffusion across the
different phases was developed to simulate the experiment. The modelling showed that
both a lower diffusion coefficient and a lower solubility in the oxide can explain the
contrast obtained in SKPFM. Cross diffusion in the ferritic bulk underneath the thermal
oxide was found to have an influence on the spatial distribution of the hydrogen release.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The problem of hydrogen assisted cracking (HAC) of steels
has already been studied for decades, first being described
more than 140 years ago [1]. However, further research is still
required to obtain a full understanding of the problem. The
presence of hydrogen in a metal can lead to an important
loss of ductility, referred to as “hydrogen embrittlement
(HE)”. It can be difficult to determine the origin of the
hydrogen, as it can be introduced during the production and
processing or during the use of the material, respectively
referred to as internal hydrogen embrittlement (IHE) and
hydrogen environment embrittlement (HEE) [2]. It is gener-
ally agreed that, depending on the type of material and
testing performed, multiple embrittlement mechanisms
[3—-9] may act simultaneously.

Multiple techniques have been used for the detection of
hydrogen, such as electrochemical permeation, hot/melt
extraction, thermal desorption spectroscopy and secondary
ion mass spectroscopy [3,10]. Recently, the Kelvin probe has
been used for the detection of hydrogen [3,10—14]. It has been
reported that work function measurements can be used to
detect hydrogen directly on steel. However, this was found to
be difficult to reproduce [10,11,15]. Furthermore, steel (when
unpolarized), is always covered by an oxide layer, which can
vary in composition and thickness depending on the envi-
ronmental conditions. As such, the work function of iron ox-
ides could change due to hydrogen induced reduction of Fe3*
states to Fe?" states [15], further complicating the procedure.
Quantification was possible [13] but each type of oxide layer
would require an individual calibration. Local in-
homogeneities in the oxide could further aggravate this
problem.

To alleviate this issue, a thin Pd layer can be deposited on
top of the surface. The much lower chemical potential of
hydrogen in Pd ensures direct entry of hydrogen from the
surface into the Pd layer [10,11]. Locally higher releases of
hydrogen across a surface then results in a locally higher
hydrogen content in the Pd layer on top. Several studies
[10,11,16] have shown that a change in hydrogen content
within the Pd layer causes a shift in the measured potential
(see Eq. (1)). The measured work function can be related to the
H™ concentration in the nanoscopic water layer adsorbed on
the Pd layer, always present at ambient atmosphere, itself in
equilibrium with the local hydrogen contentin the Pd layer. As
such, a higher hydrogen content in the Pd, resulting from a
higher hydrogen release rate from the underlying material,
becomes apparent as a lower potential on the surface [10]. By
employing scanning Kelvin probe force microscopy (SKPFM), a
microscale map of the local hydrogen release can be obtained
[12,16].

E=Ejy + in (a“‘*)) )

F a(Hab)

In a previous work [14], electrochemical and SKPFM experi-
ments were performed to investigate the influence of pure

magnetite and bilayer oxides (inner magnetite and outer he-
matite) on the hydrogen release out of a SAE1010 steel. For the
SKPFM experiments, maps were scanned across a surface
containing simultaneously the bare steel and one of the
thermal oxides. A contrast in the potential was obtained,
indicating a difference in hydrogen release for the different
surfaces. Results showed that both types of thermal oxides
were able to limit the diffusion out of the specimen. This was
attributed to both a lower diffusion speed within the oxide and
to the steel-oxide interface impeding the hydrogen transport,
with the dominant factor changing depending on the type of
thermal oxide. It should be noted that the pure magnetite and
the bilayer oxides were investigated in separate experiments,
which could have introduced variations due to changes in Pd
thickness, hydrogen charging, tip used, etc.

For this reason, in the present work a dedicated specimen
design was developed where different areas with different
oxides are present on one and the same specimen. As such,
different oxides were investigated in this work through
scanning potential maps across a Pd covered surface con-
taining simultaneously bare iron, bilayer oxide and magnetite
(obtained by removing the outer hematite layer from a
bilayer). In order to gain more insights into the mechanism of
hydrogen diffusion through the oxide layers, Finite Element
Method (FEM) modelling was conducted to provide a qualita-
tive orientation in combination with the SKPFM experiment,
taking into account the diffusion coefficient and solubility of
the different phases. A modified Fick's equation [12] was used
to account for a possible lower solubility in the oxide layer.

Experimental
Specimens

ARMCO® soft ingot iron specimens with a purity of 99.7% were
used in this study. A diffusion coefficient of 4.76¥10"** m? s~*
was determined for this material in another work [17]. Square
specimens with a side length of 1.5 cm and a thickness of
2 mm were prepared. The top surface of the specimens was
ground with SiC-paper and polished with 1 pm grade dia-
mond paste. Following this, the specimens were thermally
oxidized in air atmosphere for 12 min at 250 °C. Afterwards,
the bottom side of the specimens was ground with SiC-paper
up to 800 grid in order to remove the thermal oxide on that
side. According to the procedure of Wielant et al. [18,19], this
thermal oxidation results in a bilayer oxide (inner magnetite
and outer hematite) with a total thickness of 41 nm containing
an outer hematite layer of only 4 nm thick. The composition
and total thickness of the oxides were confirmed by Raman
spectroscopy (not shown) and atomic force microscopy (AFM),
respectively. Before use, specimens were ultrasonically
cleaned in ethanol and dried in air.

The thermal oxide was further treated for use in SKPFM.
Half of the oxidized surface was masked with 3M-tape 8402,
followed by a complete dissolution of the non-masked section
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of the thermal oxide in a citric acid solution (5 g/1). After
removing the first mask, half of the remaining oxide was again
masked, and the top few nm of the exposed oxide was
removed by limiting the immersion time in the citric acid
solution. This resulted in a surface containing sections of bare
iron, bilayer oxide and magnetite (obtained by removing the
outer hematite layer of a bilayer oxide). For the bare iron, an
autonomously reformed oxide of a few nm could not be
avoided due to the exposure of the samples to ambient air.
After this sample surface preparation resulting into three
different areas, a 8 nm Pd layer was deposited by physical
vapor deposition using a PECS machine (20 mA for 90 s). A
representation of the overall specimen preparation is shown
in Fig. 1.

Scanning Kelvin probe force microscopy

Specimens were loaded with hydrogen on the reverse
(without a thermal oxide) face through potentiostatic polari-
zation at —1.2 Vg in a deaerated 30 g/l NaCl solution for
20 min. After charging, specimens were transferred to a
commercial atomic force microscope (Nano-Wizard® 3
NanoScience AFM), introducing a delay of about 10 min. Based
on the diffusion coefficient of this material (4.76¥10"** m? s~?
[17]), the specimen was not saturated in hydrogen by the end
of charging and only a limited amount of hydrogen would
have reached the Pd layer. SKPFM measurements were con-
ducted in ambient conditions using amplitude modulation
detection and dual pass lift-up scan, with the topography
being measured in tapping mode during the first pass. Scans
were performed using a MIKROMASCH conductive silicon tip
coated with platinum, with a resonant frequency and spring
constant in the range of 60—100 kHz and 1.1-5.6 N/m,
respectively. One full mapping took approximately 4 min,
which could introduce a limited variation in the
potential mapping due to release of hydrogen during the
measurement. In order to map the release of hydrogen into
the Pd layer, the procedure described in a previous work was
adapted [14]. To achieve this, time-resolved potential maps
were continuously scanned on a square area of 30 um by 30 um
containing all three areas of interest - bare iron, bilayer oxide
and magnetite - covered by Pd. As such, it was possible to
acquire simultaneously the time evolution of the potential for
the different areas, enabling a direct comparison of the
hydrogen-diffusion through the different thermal oxides and
the bare iron.

FEM modelling

A 2D finite element modelling of hydrogen diffusion across a
specimen was conducted. For this, the model used by Tohme
et al. [12] was adapted to include an oxide layer. A modified
Fick's equation was used to account for multiphase systems
with different diffusion coefficients and solubilities [12] (see
Eq. (2)).Where C was the hydrogen concentration in molar
fraction, S was the hydrogen solubility in molar fraction
bar %°, and D was the diffusion coefficient in m? s~2. As such,
the flux of hydrogen was governed by a chemical potential
gradient instead of a concentration gradient, which was more
representative for the multiphase systems [12].

oxide oxide
iron iron
ox1]
ox1 —
a) b) ox2

c) d)

Fig. 1 — Cross-sectional view of the specimen preparation.
It should be noted that the different layers were not drawn
to scale. The square embedded in the lower right corner
corresponded to the top view obtained after each step. a)
Formation of a thermal oxide in air at 250 °C for 12 min. b)
Masking of the surface with 3M-tape 8402 tape and (partial)
removal of the oxide layer in citric acid solution, resulting
in a surface containing bare iron (grey), unmodified bilayer
oxide (ox 1, in light grey) and bilayer oxide with the outer
hematite layer removed, leaving mainly magnetite (ox 2, in
light grey). c) Deposition of a 8 nm thick Pd layer covering
the complete specimen surface (dark grey). d) SKPFM
mapping on top of the Pd layer covering the three types of
surface.

s@; v(st (g)) @)

In this work, the model specimen consists of 3 phases: ferritic
iron with half of its outer surface covered with an (non-
specified) iron oxide and a Pd layer on top (see Fig. 2). In order
to reduce the number of meshing elements, the modelled
width was only 10 um, which was in the order of magnitude
that can be scanned with SKPFM. In the SKPFM experiments
performed in this work, the width of the specimens was
1,5 cm, far exceeding the 2 mm thickness of the specimen.
Consequently, release of hydrogen through the sides could be
expected to be negligible compared to release through the
charging or discharging surface. As such, isolated boundaries
were imposed in the model at the sides of the specimen (see
Fig. 2). Another isolated boundary was imposed on top of the
Pd layer, disallowing hydrogen release through this surface as
well. In reality, some loss of hydrogen from the Pd layer is
possible due to reaction with oxygen, as was reported for
SKPFM experiments performed in air [10,11,20—22]. However,
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in other works [12,14], the loss of hydrogen was found to not
have a significant impact on the resulting potential contrast,
demonstrating limited release of hydrogen through the Pd
surface. This may be related to the nanocrystalline nature of
the deposited Pd layer leading to very low diffusion of
hydrogen to the surface, as was observed from limited cross-
diffusion in other works [12]. As the main goal was to quali-
tatively compare the possible impact of a lower diffusion co-
efficient and/or solubility in the oxide, the assumption of no
release of hydrogen through the Pd surface was made to
simplify the model.

A fugacity f of hydrogen was imposed on the left (charging)
surface (see Fig. 2), giving a surface concentration Cs according
to Sieverts's law [23] (see Eq. (3)). The fugacity was first set to
100 bar during the 20 min of hydrogen charging and after-
wards set to 0 bar. As a result, hydrogen could leave through
the charging surface after the end of charging.

cs = S\/f (3)

A diffusion coefficient of 4.76*10** m?s~* was used for the
bulk material, as determined for this material in a different
work [17]. As the microstructure was ferritic, a solubility of
2.8%107% M fraction bar%° was used [24,25]. The diffusion
coefficient and solubility in the Pd layer were taken from
another work [12], respectively chosen as being 1¥10 ¥ m?s~?
and 0.1 M fraction bar °>. These respectively low and high
values of diffusivity and solubility of hydrogen in palladium
are justified by the highly defective nature of the deposited Pd
layer [12]. The effect of the presence of an oxide layer was
modelled by considering a lower diffusion coefficient and/or a
lower solubility in the oxide layer compared to in the bulk
ferrite. To separate the contribution of these parameters, the
effect of these parameters was investigated both separately
and simultaneously. For this, a diffusion coefficient of
10~ m? s~* [26] and/or a solubility of 10~** M fraction bar
was considered. The parameters used in the model are listed
in Table 1.

Results
Scanning Kelvin probe force microscopy analysis

In order to monitor the release of hydrogen, potential maps
were scanned on regions containing simultaneously bare iron
(with native oxide), bilayer oxide and magnetite. A topography
map obtained before Pd deposition and a selection of potential
maps obtained at different times after the start of the 20 min
of charging are shown in Fig. 3. Three distinct zones were
observed in the topography map (see Fig. 3a): the bilayer oxide
on the top right, the magnetite on the bottom right and the
bare iron on the left. Fig. 3b shows examples of topography
line profiles obtained between the bare iron and the bilayer
oxide, and between the bilayer oxide and the magnetite. An
average step height of 5 nm was obtained between the un-
modified bilayer oxide and the magnetite, which indicated
that the outer hematite layer was removed [18,19]. Before
charging, a mostly uniform distribution in potential was ob-
tained across all surfaces (see Fig. 3c). As such, no influence on
the CPD was expected from the underlying oxide since the

10
Iron
pm
Oxide
2 40 10
mm nm nm

Fig. 2 — Representation of the different dimensions and
phases of the specimen used in the FEM modelling. The
modelled area represents a cross-section of the specimen
scanned with SKPFM. Each phase had its own diffusion
coefficient D and solubility S. The red lines at the top,
bottom and right side indicate the presence of an isolated
boundary in the model, disallowing hydrogen transport
across these surfaces. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
Web version of this article.)

surface potentials measured corresponded to those of the Pd
layer [14]. Therefore, any CPD changes with time after H-
charging was to the accumulation of hydrogen in the Pd layer.
After charging, a continuous decrease in potential with time
could be noted for all areas on the sample, indicating that
hydrogen was being continuously released. Furthermore, a
clear contrast was seen immediately between the bare iron
and the oxidized areas (see Fig. 3d—f). Additionally, a slight
contrast was observed between the bilayer oxide and the
magnetite. As such, the highest potential was obtained for the
bilayer oxide, followed by the magnetite and finally the bare
iron. This indicated firstly that less hydrogen was released
into the Pd layer (see Eq. (1)) when a thermal oxide (bilayer or
magnetite) was present underneath, and secondly that the
presence of the thin outer hematite layer in the bilayer oxide
impedes the hydrogen transport even further compared to
only having a magnetite layer.

To better demonstrate the difference between the two
types of oxide, the average potential values were calculated

Table 1 — Parameters used in the modelling.

Parameter Value
Total simulation time 12,000 s

# meshing elements 30,816

# boundary meshing elements 13,538

Diffusion coefficient in the bulk Dy, = 4.76*10 ' m? s~ [17]
Diffusion coefficient in palladium Dpg = 1*10 ¥ m? s7* [12]
Diffusion coefficient in the oxide Dy, = 1*107?9 m? s~ [26]
Solubility in the bulk Sp = 2.8*10 ® M fraction bar
[24,25]

Spa = 0.1 M fraction bar % [12]
Sox = 1*10~** M fraction bar °°
f = 100 bar

Solubility in palladium
Solubility in the oxide
Fugacity during charging



https://doi.org/10.1016/j.ijhydene.2023.05.142
https://doi.org/10.1016/j.ijhydene.2023.05.142

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 34067—34076

34071

4
sl
0
»{ &
c #8 Horizontal
... @ \ertical
rF—
215
U
15{T
10
s{2
x Length (pm)
o vIv,
0 5 10 15 20 25 30

50

-100

Fig. 3 — Results obtained through scanning a 30 pm x 30 pum section containing simultaneously the bare iron (left), the
unmodified bilayer oxide (top right) and the magnetite oxide (bottom right). The dotted lines mark the edges of the different
areas. a) Topography map obtained before deposition of the Pd layer and b) the corresponding line profiles obtained across
the bare iron - bilayer oxide edge (horizontal line) and across the full oxide (bilayer) - partial oxide (magnetite) edge (vertical
line). Potential maps were obtained on the surface after the Pd layer was deposited. A selection is shown corresponding to c)
0 min s, d) 30 min, e) 60 min, and f) 90 min after the start of the 20 min of charging.

for the bare iron, bilayer oxide and magnetite (see Fig. 4). A
potential decrease with time was noticed for all three types of
surface conditions, pointing to an accumulation of hydrogen
in the Pd layer (see Eq. (1)). A smaller overall decrease in po-
tential was obtained for the surfaces with a thermal oxide,
pointing towards a slower release of hydrogen through an
oxidized surface, as was seen in a previous study [14]. This
effect appeared to be more pronounced for the bilayer, which
showed the largest difference compared to the blank surface.

FEM modelling

Fig. 5 shows the time evolution of the bulk hydrogen distri-
bution for a specimen without an oxide layer, calculated from
FEM modelling. It can be seen that hydrogen moved deeper in
the material over time, with a very small amount of hydrogen
already present at the exit surface (x = 2 mm) 10 min after the

end of charging (Time = 1800s)), which can be more clearly
seen in a later figure. This matched the results obtained with
SKPFM (see Fig. 3), where hydrogen could be detected imme-
diately after charging. The effect of a lower diffusion speed
and/or a lower solubility in the oxide layer was also modelled.
Fig. 6 shows the hydrogen distribution near the iron-oxide
interface for the different conditions (see Fig. 6a), corre-
sponding to 2 h after the start of the 20 min of charging. Note
that the hydrogen concentration was represented using a
logarithmic colour scale, as the potential measured on Pd
depends on the logarithm of the hydrogen concentration in
the Pd layer (see Eq. (1)). In all cases, an accumulation of
hydrogen in the Pd layer was observed. As expected, in the
case that there was no thermal oxide (see Fig. 6b, Dox = Dy,
Sox = Spb), a uniform concentration of hydrogen in the Pd layer
was predicted. A clear contrast within the Pd layer was ob-
tained by considering an oxide layer on part of the surface
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Fig. 4 — Time evolution of the average potential of the
different surfaces shown in Fig. 3. The bare iron (blue
cross), the unmodified bilayer oxide (green square)and the
magnetite oxide (green square, obtained by removing the
outer hematite layer from the bilayer oxide) can be seen.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)

with a lower diffusion coefficient (see Fig. 6c, Dox-
=1*107 m? s7%, S, = Sp,). Consequently, a lower hydrogen
content was obtained in the Pd above the oxide layer, showing
the ability of the oxide to limit the hydrogen diffusion.

A similar result was obtained when considering an oxide
layer with a lower solubility (see Fig. 6d, Dox = Dp, Sox-
= 1*10~ M fraction bar ), pointing to the possibility of
having a barrier effect due to a sharp drop in solubility at the
iron-oxide interface [14,27]. Additionally, a clearly lower

x107 T T T

—¥— Time=1800 s

0.9F Time=3600s | |
—&— Time=5400 s
0.8} Time=7200s |

+— Time=9000 s

Concentration (molar fraction)

0 0.5 1 1.5 x10°
X (nm)

Fig. 5 — Results of the FEM modelling showing the
evolution of the concentration in the bulk for a specimen
without an oxide.

hydrogen content within the oxide layer itself was observed,
resulting from the decreased solubility. An interplay of the
two mechanisms can also result in the contrast (see Fig. 6e,
Doy =1¥10"°m?s ™%, S, = 1¥10~** M fraction bar°?). It should
be noted that a limited cross-diffusion of hydrogen within the
Pd layer itself was seen near the iron-oxide edges. Line profiles
showing the time evolution of the hydrogen concentration at
several locations (see dotted lines in Fig. 6a) were plotted in
Figs. 7 and 8. Fig. 7 shows the hydrogen concentration in the
bulk, 100 nm below the Pd layer, for material without (see
Fig. 7a) and with a 40 nm oxide layer covering half the surface
(see Fig. 7b). Uniform concentrations were found for the
specimens without an oxide layer. When an oxide layer was
present, a concentration gradient was obtained with a higher
concentration of hydrogen underneath the oxide layer. This
gradient evened out in time, leading to an overall higher
concentration than when no oxide layer was present (see
Fig. 7a vs Fig. 7b), pointing towards the importance of cross-
diffusion within the bulk of the material.

Fig. 8 shows the time evolution of the hydrogen content
within the Pd layer for material without (see Fig. 8a) and with
(see Fig. 8b) an oxide layer covering half the surface. An
accumulation of hydrogen in the Pd layer was obtained in all
cases, although the hydrogen concentration was lower in the
Pd above the oxide layer. The contrast in concentration was
immediately visible when an oxide layer was present (see
Fig. 8b). Additionally, a limited cross-diffusion of hydrogen
within the Pd layer was observed, which has been observed
before in SKPFM experiments [10,12]. By comparing the
hydrogen content for the different conditions, it was seen that
a higher local hydrogen concentration was obtained above the
bare iron when a thermal oxide was added to part of the
surface. A direct comparison of concentration, plotted in a
linear instead of a logarithmic scale, is shown in Fig. 9. These
results showed that hydrogen was still able to somewhat
“circumvent” the oxide layer, which has important implica-
tions for the quantity of hydrogen that is released through the
different surfaces.

Discussion

Specimens were investigated by scanning potential maps on
the exit surface with SKPFM. It should be noted that specimen
transfer introduced a delay of about 10 min between the end
of charging and the start of potential mapping. As a contrast
was immediately visible after the charging, hydrogen was
already being released into the Pd layer, resulting in a change
of CPD. Fig. 3 showed a decrease in time for the Volta poten-
tial, corresponding to an accumulation of hydrogen in the Pd
layer (see Eq. (1)) due to hydrogen release out of the specimen
[11]. It should be noted that the overall drop in potential
cannot be compared to the drop in a previous work [14], due to
different Pd layer thickness, specimen thickness and charging
conditions, underlining the importance of performing a direct
comparison. It has been reported by Evers et al. [10,11] that
some loss of hydrogen out of the Pd layer could have occurred
due to reaction with oxygen. However, as no increase in po-
tential was obtained within the measured timeframe (see
Fig. 4), any loss seemed to have been low compared to the
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Fig. 6 — Results of the FEM modelling showing the effect of different parameters in the oxide, 2 h after the start of the 20 min
of charging. a) Representation of the plotted figure showing the dimensions and the different phases. Note that only the top
200 nm of the specimen, including the oxide and Pd layers, was plotted. b) no oxide (Dox = Dy, Sox = St), €) a lower diffusion
coefficient in the oxide (Dox = 110~ *° m? s~ %, S, = Sp), d) a lower solubility in the oxide (Dox = Db, Sox = 1¥10~* M fraction
bar—°7), d) both a lower solubility and lower diffusion coefficient in the oxide (Do, = 110~ m? s~ %, S,, = 1*10~** M fraction

bar 7).

release of hydrogen into the Pd layer. Additionally, no signif-
icant loss of hydrogen from the Pd layer was found in some
other works [12,14] for SKPFM experiments performed in air. A
cause for this disparity could be the use of different materials,
charging conditions and Pd layer characteristics (thickness,
microstructure, deposition conditions) [14]. Regardless, any
loss of hydrogen would have mainly had an impact on
quantification whilst in this work a qualitative comparison
was performed. Also in the model, no loss of hydrogen from
the Pd layer was considered.

The thermally oxidized areas showed a higher potential
compared to the blank area, indicating that less hydrogen was
released through these oxides into the Pd (see Fig. 4). This
indicated that the bilayer oxide (inner magnetite and outer
hematite) effectively limited the diffusion. This may be
attributed to a lower diffusion speed of hydrogen in the oxide
[26,28] as it would cause hydrogen to take a longer time to
reach the Pd layer. The oxide-iron interface may have a
contributing impact as well, as shown in a previous work [14].
Both possible contributions were investigated through the
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Fig. 7 — Concentration profile underneath the oxide, after the start of the 20 min of charging. The profile corresponds to the
leftmost dotted line in Fig. 6a. The figures correspond to a) the case of no oxide, b)the case of an oxide with both a lower D

and a lower S.

modelling (see below). By removing the top surface of the
oxide, a larger release of hydrogen was obtained despite the
small change in overall oxide thickness (see Fig. 4). This was
attributed to the removal of the more insulating outer hema-
tite layer [14], pointing towards the importance of a lower
diffusion coefficient in this thin removed layer of oxide.

FEM modelling was used to investigate the effect of a lower
diffusion coefficient and/or of a lower solubility in the oxide
layer on the distribution of hydrogen in the Pd layer. In a
previous experimental study, the steel/oxide interface was
found to have a strong effect for pure magnetite layers [14],
while the lower diffusion speed proved dominant in the case
of magnetite layers enriched with Cr on low Cr-low Ni stain-
less steel. The modelling performed in this work demon-
strated that both a lower diffusion speed in the oxide (see
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Fig. 6¢), and a diffusion barrier effect due to a sharp drop in
solubility at the iron-oxide interface [27] (see Fig. 6d) can
produce the contrast observed with SKPFM (see Fig. 3c—f). Itis
likely that both factors contributed to limiting the diffusion
through the oxide, with the dominant factor changing
depending on the specific properties of the oxide.

The modelling showed that the presence of an oxide layer
caused less hydrogen to reach the Pd layer (see Figs. 6 and 8),
resulting in a higher concentration directly underneath the
oxide layer (see Fig. 7b). Furthermore, cross diffusion within
the ferrite underneath the oxide led to a higher hydrogen
concentration underneath the adjacent blank surface
compared to when there was no oxide present on the surface
(see Fig. 7 a vs b). Consequently, more hydrogen remained
available to enter the Pd layer through the blank surface,
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Fig. 8 — Concentration profile in the Pd layer, after the start of the 20 min of charging. The profile corresponds to the
rightmost dotted line in Fig. 6a. The figures correspond to a) the case of no oxide, b)the case of an oxide with both a lower D

and a lower S.
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Fig. 9 — Concentration profile in the Pd layer, 2 h after the
start of the 20 min of charging. A linear scale was used to
better exemplify the effect of the oxide on the hydrogen
release into the Pd layer. The blue (cross) and green (circle)
profiles in this figure correspond to the light blue (circle)
lines in Fig. 8a and b, respectively. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

leading to a higher concentration in the Pd layer above the
blank surface compared to when there was no oxide present
adjacent to it (see Fig. 8 a vs b). As such, cross-diffusion within
the bulk material could have a noticeable impact on the ob-
tained contrast in the Pd layer when directly comparing areas
with/without oxide layers. It can be expected that for mate-
rials with a lower diffusion coefficient in the bulk (e.g.
austenite) and for experiments where continuous charging is
performed, this effect would be mitigated. Regardless, this
effect would mainly be important when performing a quan-
titative comparison (see Fig. 9). A qualitative comparison can
still be performed, as evidenced in Fig. 6, where clear dis-
tinctions were made for the different oxide types.

It should be noted that the calculated values are only
meant to provide a qualitative orientation. The simplifications
that were made likely lead to errors in the obtained values.
Furthermore, the obtained values were not directly verified
with the experimental results as the exact concentration of
hydrogen in the Pd layer during the experiment was not
known (The change in potential with concentration can vary
from the theoretical 60 mV per decade for nanocrystalline Pd
layers [11,29]). Regardless, these factors would not qualita-
tively affect the conclusions.

Conclusion

A SKPFM based methodology was used to monitor the release
of hydrogen through a Pd-covered specimen where in the
same scanned region there was simultaneously an area of

bare iron, an area with unmodified thermal bilayer oxide and
an area with a partially removed thermal oxide, leaving
magnetite. FEM modelling was conducted to simulate and
support the SKPFM experiment, taking into account the
possible effect of a lower diffusion coefficient and/or a lower
solubility in the oxide layer. The findings of this study are
summarized as follows.

e A clear contrast in potential was obtained for the different
areas, showing that the SKPFM based methodology can be
used to directly compare the hydrogen release through
multiple areas with different surface layers.

e Removal of the thin outer hematite layer of a thermal
bilayer, leaving magnetite, led to a noticeable difference in
potential. This was despite the total oxide thickness
decreasing by only a few nm, showing the importance of
this thin outer hematite layer for limiting the release of
hydrogen.

e Modelling showed that both a lower diffusion speed and a
lower solubility of hydrogen within the oxide can be
responsible for the contrast observed through SKPFM.

e The modelling demonstrated that cross-diffusion under-
neath the oxide layer could have an important influence on
the distribution of the hydrogen release. This did not pose a
problem for the qualitative comparison performed in this
work but could have important implications if a quantita-
tive comparison is to be performed.
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