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This article provides a contribution towards the mechanistic understanding of surface phenomena
observed during the corrosion of Mg-based substrates particularly in the low anodic polarization range.
The concept considers the recent literature explaining cathodic hydrogen evolution from noble acting
areas even during global anodic polarization. Heavy metal impurities in the ppm range or intermetallics
are always present even in highly pure magnesium. Their potential effect was investigated here in more
detail. The experimental results contribute to understanding the role of iron impurities in dark area
formation and suggest a way for linking the observed phenomena to the recent literature. The shown
enhanced cathodic activity of dark areas especially at the corrosion front and the superfluous hydrogen
are linked to an iron re-deposition mechanism due to iron reduction. The proposed mechanism is based
on the results obtained from innovative characterisation techniques using magnetic fields, diffraction
experiments and transmission electron microscopy, which show the formation of iron rich zones,
especially at the corrosion front offering “in statu nascendi” metallic Fe films acting as active cathodes
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1. Introduction

The special behaviour of magnesium during anodic polarization
is widely known and has been the subject of various scientific
investigations."* The strong hydrogen evolution reaction (HER)
cannot be explained by the standard theory of anodic dissolution
of metals. Already in the 1920s® the phenomenon was known and
also more than 30 years ago*™® the issue was already of great
interest. Recent discussions between Atrens, Kirkland and
Birbilis”® reveal fundamental differences in the opinions on
the reason for the explanation of the general Negative Difference
Effect (NDE) mechanism. The NDE was also shown for aluminium
alloys'®"" especially for Cu rich alloys containing the S-phase.
Drazic et al."” stated a direct relation to pitting driven dissolution
mechanism. It is also generally known that the effect is stronger
for less noble metallic alloys assuming comparable electrolyte
exposure conditions. All these facts indicate that there can be a
general mechanism behind the NDE.

Several recently published studies try to explain the observed
effects.”**°
Curioni et al.,”
detailed work of Frankel et a

Summaries can be found in the publications of
Bender et al,'® Atrens et al.'® or the very
1.*>° williams, Frankel, Samaniego
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and Birbilis gave a strong feedback to the cathodic activity
increase during anodic polarisation.””*! Williams et al." have
shown that there are persistent cathodes on the anodically
polarized Mg surface. This indicates that superfluous hydrogen
comes from a cathodic reaction which occurs at more noble
inclusions present on an Mg surface. Birbilis et al.?*> have also
shown the enhanced catalytic response by measuring enhanced
cathodic currents, and even the net polarity reversal of Mg
surfaces held at an anodic potential. It is pointed out that the
sites on the Mg surface enriched with noble metals (with higher
exchange current density for hydrogen reduction, such as Cu,
Al, Ni, Zn, Fe, and Mn) provide more favourable places for the
cathodic reaction. Identifying the source of evolving hydrogen
these studies do not clearly explain and validate how such an
extensive amount of hydrogen can be cathodically generated on
the noble inclusions, since they constitute only a minor fraction
of the total surface area of the Mg-based substrates. In parti-
cular it is true for magnesium of relatively high purity where the
concentration of impurities is at the ppm level.

Recent publication by Lebouil et al.>* promotes the so-called
“filming” model. It is a description starting from initial impurity
related reactions towards film formation (dark region of the
Mg(OH),/MgO bilayer) and its spatial extension. According to
the model hydrogen gas is formed via persistent cathodic
reaction on the bilayer. Thus, the NDE is not driven by anodic
dissolution as also explained in the review of Thomas et al.>*
The main question remaining is how this oxide/hydroxide layer
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which is not electronically conductive (it possesses only ionic
conductivity) can act as an efficient cathode?

Thomas et al.>* stated that besides the mentioned filming
effect impurities influence the HER: “.. .other metals may serve
as preferred sites for high rates of HER, whilst their presence in
the film could catalyse the HER, increasing the overall rate of
the reaction forming Mg(OH), . This indicates a direct linking
to the impurities. However the presence of such metallic
inclusions within the oxide-hydroxide layer electrically decoupled
from the Mg matrix should not contribute to the cathodic
processes because of the negligible electron conductivity of oxides.

Fajardo et al.*® carried out galvanostatic experiments showing
enhanced cathodic activity on ultra-highly pure Mg - UHP
(0.1 ppm Fe measured using a spark source mass spectrometer).
The surface appearance of low impurity level samples was
surprisingly strongly affected after the tests, although they use
0.1 M Nacl test solution. The explanation is rather difficult
since the cathodic reaction has to occur on a-Mg. It is commonly
known that the Tafel reaction of H, generation can occur on
bare Mg. According to the theory for a Tafel-driven HER, two
adsorbed protons (H,q) are required. They have to arise via electro-
chemical adsorption (Volmer step) which for UHP Mg means:

Mg + H,O + e — Mg-H,q + OH™

As a consequence this implies that the HER depends on the
amount of H,q (adsorbed protons). Their amount depends
on available electrons. If the system is globally polarized
anodically a large number of electrons are generated which
are consumed by HER (source: Mg?* + 2e7). The availability of
electrons is related to the very strong driving force for Mg
oxidation. Thus, despite a certain polarisation resistance due to
HER, the potential is driven so far negative of the equilibrium
potential for proton reduction and the electron generation rate
remains exceedingly high. As a result, there are sufficient
electrons that can interact immediately. Such materials behaviour
occurs if it is non-polarizable. As a result, the increase of anodic
polarization and the increase of anodic reactions accelerate H,q
formation. This chemisorption on Mg is well known and was
shown by Bird et al.””

However, chemical desorption via Tafel is “slow”. Thus the
current increase is limited. The only possibility to get an
increase of HER as measured must be a very fast process like
electrochemical desorption. It is well known that this process
(Heyrovsky) occurs as a rate determining step on 3d transition
metals (Fe, Ni, and Cu) or even Pt as a pure transfer reaction.”®
And it is also known that Heyrovsky reaction is the preferred
mechanism in an alkaline environment. That is one reason why
they are used for hydrogen production. It is very interesting that
those conditions occur on Mg during corrosion.

The studies of Norskov et al.®® and Bird et al.?>” of H, on
Mg(0001) showed the chemisorbed stage of H,q on the surface.
In this context we would like to refer to the study of Vegge
et al.*® as well. The logical conclusion is that the Tafel process
drives hydrogen formation reaction in the Mg primary phase.

It was shown by Pozzo et al.®' that transition metal dopants
in magnesium can modify the catalytic activity. Their efficiency
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can be described via the Volcano plot with Ni, Fe and Rh
sitting near the top of the volcano. As a consequence, the
HER (Tafel-like) during anodic polarization of Mg could even
increase at the 0.1 ppm Fe impurity level.

The occurrence of enhanced cathodic activity after cyclic
polarization observed by Fajardo et al.”® seems to be related to a
roughening effect since the strength of increase is limited. This
does not exclude that dopants from Fe and Ni (0.1 ppm is
sufficient) complement the catalytic properties of Mg leading
to enhanced hydrogen kinetics. For high impurity levels a
convolution of the mentioned effects and the major cathodic
reactions on impurities drive the HER. This would also explain
why the “strength of increase” increases with the impurity
level until saturation due to the surface morphology and the
electrolyte as observed in ref. 22 and 26.

The experiments of Curioni et al.>* showed that the highest
current occurs close to the corrosion forefront. They also
measured a decreasing cathodic current contribution of the
dark film with increasing distance which contradicts to Fajardo’s
statement. Recent SVET studies by Williams et al.** show the
circular expansion of the mentioned dark area confirming
the occurrence of the highest dissolution at the interface to
unaffected magnesium and they clearly show cathodic current
contribution over the entire dark film slightly decreasing with
distance to the interface. This can be partially related to the
ongoing densification of precipitated hydroxide on top of
the dark zone. Brady et al®* and their results measured by
neutron scattering strongly support this aspect since they show
a densification down to 40% nanoporosity. This value fits to
modelling assumptions of Héche®® and to studies of Deslouis
et al.*® Hydroxide formation itself is also related to pH conditions.
Rossrucker et al®” studied the pH dependence and showed
increased HER with decreasing pH which is also related to the
mentioned precipitation kinetics and densification.

Despite all differences the impurity effect remains. The
occurrence of transition metal elements like iron on the
corroded surface was shown by Cain et al>® Also the latest
results of Yang et al.*® clearly support the iron impact on HER.
A possible morphology of the active zone is shown by Lynse
et al.*® Interesting contribution was given by Salleh et al*'
Their results state that iron particles entrapped under corrosion
products still can sustain HER at high rates which fits to the
previously mentioned results and is in line with those of Brady
et al.** More important is the following statement of Salleh
et al:*" “Enhanced HER on Mg is an effect of the enhanced
water self-dissociation upon magnesium, attributed to the
presence/growth of the Mg(OH), layer on its surface”, considering
the findings of Williams et al.*> by density functional theory - DFT
calculations. These results suggest that water reduction can
occur on Mg(OH),, but do not explain where the required
electrons come from. Deslouis et al.*® and especially Nelson
et al* clearly showed the dielectric nature of Mg hydroxide
which contradicts to this approach. Nevertheless, the question
remains open: can contribution of this effect be stronger than
the electrochemical driven water reduction especially on 3d
transition metals at strongly negative potentials?

This journal is © the Owner Societies 2016
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Discrepancies in dark area contribution strength can be
explained by the different electrolyte used by the authors
affecting the potential (electric) field distribution. This effect
is clearly validated by Williams et al.*

Based on the results achieved by experiments with ferrofluids,
by TEM studies and by grazing incidence X-ray diffraction
(GIXRD), we suggest a mechanism of extensive hydrogen evolution
related to re-deposited metallic Fe film at the corrosion forefront
and subsequent cathodic Heyrovsky reaction of water reduction.
Such reactions can occur at much higher rates than the one going
via the conventional Volmer-Tafel route for hydrogen evolution. As
a result, the extensive HER is a superposition of interacting effects
whereas the impact of cathodic reactions on dark areas changes
with corrosion duration depending on the local conductivity and
the pH value. The cathodic performance of the dark film will be
explained by the deposition of metallic films on the very surface as
a result of reduction of iron oxides to Fe as shown by Le et al.,**
respectively. Armstrong et al.** demonstrated an ongoing hydroxide
precipitation on top as previously introduced by other authors.

The obstacles of experimental access to the in situ process
occurring during dark film formation are well known.*®*
Thus, the validation of the surface morphology requires
an unusual and innovative use of methods. Two promising
candidates are magnetic domain visualisation according to the
Bitter decoration method*® and in situ diffraction experiments®”
allowing in situ phase formation studies during potentio-
dynamic polarisation. Apart from that, very interesting information
can be received using Méssbauer spectroscopy.*®

2. Experimental
2.1 Electrochemical tests

For complementary experiments different species of magnesium
99.98% (ppm: Fe-47, Ni-2, Cu-5), 99.95% (ppm: Fe-179, Ni-2, Cu-2),
99.95% (ppm: Fe-220, Ni-2, Cu-5) and 99.94% (ppm: Fe-65, Ni-2,
Cu-3) were used. Bare materials were cut into pieces, ground,
polished and rinsed with ethanol. Polishing was performed on a
slow rotating disc via diamond paste (1 um particles). For
subsequent cleaning and rinsing a soft alkaline cleaning solution
was used. Potentiodynamic cathodic polarization (sweep rate of
30 mV min~ ") was performed in stirred 0.5 wt% NaCl solution at a
pH value of 10.5 for the impurity elements to match typical
conditions at the very surface during magnesium corrosion.

The corrosion cell (333 ml) with a three electrode set-up
consisted of an Ag/AgCl reference electrode, a Pt counter
electrode and the specimen itself (1.54 cm?) as a working
electrode. The electrolyte temperature was 21.5 + 0.5 °C and
the electrolyte being in equilibrium with the atmosphere was
stirred during the potentiodynamic polarization measurements.

2.2 Hydrogen evolution

Additionally, for HER investigations on Mg-x ppm Fe (x =47, 65,
179) an initial pH of 7 was used in a very slow stirred aqueous
5 wt% NaCl solution to accelerate H, generation. HER
was measured for different anodic potentiostatic polarization

This journal is © the Owner Societies 2016
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conditions without IR compensation by a modified test cell
(WE - 1.54 cm?) connected to a hydrogen collecting burette. To
minimize the loss of H, due to adsorption at the cell wall the
setup was initially flushed with hydrogen gas in order to
minimize adhesion effects (secondary bubbles).

2.3 Iron deposition simulation

In order to validate and to simulate the Fe impact on the
enhanced catalytic activity magnesium 99.98% (47-ppm Fe)
has been treated in iron containing salt solutions. The treatment
was performed at open circuit potential in 0.5 M FeCl, for 5 min
and 30 min at pH 7 or 10.5. Immediately after the process
the samples have been cathodically polarized as previously
explained in Section 2.1, in order to study the corresponding
hydrogen evolution rate.

2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) experiments were
carried out using a Kratos Axis Ultra DLD system working with
a 15 kv X-ray gun using monochromatic Al-Ka radiation. The
analyzed area size was set to 700 um x 300 um and the pass
energy was set to 40 eV for the region scan.

2.5 Transmission electron microscopy (TEM)

The specimen (corroded Mg-65 ppm Fe) for TEM investigation
was prepared from regions adjacent to the dark zone area using
focused ion beam (FIB) milling using a FEI Helios NanoLab
600 DualBeam FIB/SEM. The specimen surface was protected
with a 300 nm Pt layer prior to FIB processing with Ga+ ions to
protect the specimen from damage. The TEM samples were
mounted on Cu grids for TEM investigations. Transmission
electron microscopy was performed on a FEI CM200 Transmission
electron microscope equipped with an EDAX energy dispersive
X-ray (EDS) spectrometer operating at 200 kv.

2.6 Magnetic field influenced corrosion and imaging by the
Bitter decoration method

A water based ferrofluid containing up to 4% (Vol.) magnetite
nanoparticles (av. d = 30 nm (EMG 705, FerroTec)) was used
to visualize the arising magnetic structure using the Bitter
decoration method.*® Dark area formation was studied on the
Mg-220 ppm Fe sample sheet positioned on a strong neo-
dymium-iron-boron magnet. The magnetic field interacts
with the re-deposited iron by inducing a dipole moment,
respectively, and magnetization which subsequently interacts
with the ferrofluid. A drop of 0.5 wt% NaCl solution was placed
on top of the Mg sample and the setup was placed under
an optical microscope to observe the progress of dark area
formation. After the corrosion front (dark area) was formed the
ferrofluid was added to the drop of NaCl solution using a
pipette (2 pl). During the procedure the Mg sample remained
on the magnet. Since micro-convection within the droplet
can influence the results, the whole setup was not moved
afterwards. After the ferrofluid particles positioned themselves
due to magnetic forces on the corroded Mg surface, the
samples were rinsed with ethanol, dried at 60 °C and studied
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using SEM and EDX mapping and compared with a reference
sample that is not positioned on the magnet. 22 corrosively
active dark area spots were analysed: 15 tests on the neodymium-
iron-boron magnet and 7 tests without placing the Mg sample in
the strong magnetic field.

In order to validate iron deposition, the corrosion conditions
were simulated by the immersion of Mg test samples into iron
salt containing solutions (as described in Section 2.3). The
Bitter test has been repeated on a sample (Mg-47 ppm Fe) after
1 min in 0.5 wt% NaCl + 0.05 M FeCl, solution at —1.2 V vs.
OCP potentiostatic conditions. This cathodic potentiostatic
treatment and the related hydrogen evolution are required to
induce reduction reaction of iron-rich phases to metallic Fe. The
used parameters were derived from the studies of Flis-Kabulska
et al.,***** Zou et al.,>® Allenore et al.>"**> and Beverskog et al.>®
For example Flis-Kabulska et al.*® showed reduction reactions
and electrode activation due to Fe deposition at a cathodic
overpotential of about —1.09 V vs. Hg/HgO in an alkaline electrolyte.
A more detailed description will follow in Section 4.2.

2.7 Grazing incidence X-ray diffraction (GIXRD)

Samples for GIXRD analysis were prepared as previously
described in Section 2.1 by anodic polarization for 30 minutes.
During the formation of the dark zone the samples were
positioned (focus alignment) and analysed under exposed
conditions. Measurements were performed on a Bruker D8
Advance (DaVinci design) equipped with a eulerian cradle
and in grazing incidence geometry (Gobel mirror, 2° sollers,
LynxEye detector-0D) at different incident angles to record
depth information (4s counting time per step). Angles have
been varied stepwise between 0.15° and 0.9°. Data analysis was
carried out using common analysis software (BrukerEVA and
PDF + 4 2014).

3. Results

3.1 Potentiodynamic polarization and hydrogen evolution

Fig. 1 presents the cathodic polarization curves obtained on
Mg samples with different amounts of Fe impurities. The
measurements were performed after different times of 100 mV
potentiostatic anodic polarization. It can be clearly seen that the
increased level of Fe leads to higher cathodic currents because
of more intensive hydrogen evolution on inclusions. However
another important effect is also observed. The cathodic activity
for the same type of Mg is increasing with time of anodic
polarization. This effect can be related to the increase of
effective cathode area during anodic polarization. The increase
of cathodic active area during corrosion due to the enrichment
of impurities was already shown in the literature.'®***® The
measured potential is shifted towards the noble side due to
increasing Fe containing areas related to the uncovered impurities
and the proposed film deposition effect (any other noble
compounds can interact as well). Continuously, the present
surface conditions (surface fraction ratio of cathode (Fe) vs.
anode (Mg)) change and a mixed potential occurs which is still
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Fig. 1 Enhanced cathodic activity after anodic potentiostatic polarization
for x = 0, 10, 20, 30 minutes at +100 mV vs. OCP for pure Mg containing
different Fe levels and their surface appearance after x = 30 min (initially all
had a shiny surface).

cathodic to the impurity elements and close to the magnesium
OCP. The achieved corrosion kinetics is determined by the
impurity content and by the number of iron-rich particles
getting detached from the substrate due to anodic polarization,
as it will be described in Section 4. Furthermore, the maximum
cathodic current is also dependent on the iron content. Fig. 1
clearly validates the direct correlation between the dark film
area and the Fe content.

The maximum of cathodic current was measured even after
10 min at +100 mV vs. OCP of the 179 ppm Fe sample (sample
surface was fully dark). According to the observations the
maximum is determined by the rough ‘“dark” area and the IR
(ohmic) properties of the electrolyte.

For further verification, some hydrogen evolution rate
tests were performed for magnesium samples with different
impurity levels (Fig. 2). At low (uncorrected) anodic polarization
the HER increases with the amount of impurities. A further
increase to a certain amount of anodic polarization leads to a
smaller increase of HER since IR-effects become relevant.

As shown in Fig. 2, especially for the 179 ppm Fe sample, the
HER without external polarization is at a high level. This is
related to the self-accelerating corrosion process due to the
interaction of impurities, HER and the proposed re-deposition.
Dissolution of Mg leads to uncovering of impurities at the
surface making them more accessible for contact with the
electrolyte. This mechanism contributes to the increased effec-
tive surface area of the cathodic sites leading to the increase in
the HER rate and was recently suggested by Taheri et al.*®

However, the large amount of hydrogen cannot be explained
by impurities alone. One of the possible explanations is re-
deposition of iron from dissolved iron rich impurities detached
from the corroding matrix by a mechanism, which has been
validated for aluminum alloy 2024 when copper is re-deposited
on the aluminum surface around S-phase intermetallics (73). In
the case of Fe re-deposition as a thin film, a large cathode can
be formed from relatively small dissolved iron precipitates
drastically increasing the surface area available for HER. This
would also explain the unproportional difference between the

This journal is © the Owner Societies 2016
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Fig. 2 Typical hydrogen gas evolution rate under various potentiostatic
conditions (not IR-corrected) for different magnesium systems in 5 wt%
sodium chloride solution (lines are just for better visualisation; error
>10%). The duration of hydrogen collection per point was 12 min for
179 ppm Fe, 30 min for 65 ppm Fe and 60 min for 47 ppm Fe.

measured HER of Fig. 2 (factor of approx. 10-100) and the
impurity content (factor of approx. four). The sources of Fe ions
in the solution are the small iron containing impurity particles
freed from the Mg matrix in the course of dissolution. The free
sub-micron scale iron rich particles, losing galvanic protection
after the electrical contact with the matrix is lost, can be
dissolved because of free corrosion in the aggressive electrolyte.
They generate iron cations, and due to local conditions at the
corrosion front, subsequent re-deposition takes place. This
effect will be described in more detail in Section 4.

If this knowledge is taken into consideration, the whole
hydrogen generation process has two major sources:

(1) Continuing water reduction at the existing particles of
impurities partially embedded in the Mg matrix

(2) HER at growing areas of metallic re-deposited iron at the
corrosion forefront (dark area growth).

The following part of this manuscript is focused on providing
experimental evidence for the iron re-deposition process during
Mg corrosion.

3.2 Magnesium - dark film simulation

At first, the experiments were carried out in order to show that
the addition of Fe(u) to the electrolyte can increase the cathodic
activity. The suggestion is that Fe>" from solution can be
reduced on the Mg surface to form metallic Fe film which will
act as a large cathode. As shown in Fig. 3 for Mg immersed in
different iron salt containing solutions (0.5 M FeCl, at pHs
7 and 10.5 for 5 min and 30 min, respectively), an enhanced
cathodic activity is observed when Fe(u) is present in the
solution. The observed cathodic activity is similar to the measured
activity of magnesium with 65 ppm Fe after dark area formation as
shown in Fig. 3 as well. This increase of activity provides an
additional contribution to the idea of formation of metallic Fe
deposits on the magnesium surface creating additional sides for
enhanced cathodic activity.

The validation of metallic film formation during Mg corrosion
in an aqueous environment is not a trivial task, especially from the
point of view of experimental access to in situ conditions. X-ray
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Fig. 3 Increased cathodic activity of Mg-47 ppm Fe samples after immer-
sion treatments in 0.5 M FeCl, solution for 5 and 30 min at pH 7 and 10.5.
For comparison the initial bare- and corroded Mg-65 ppm Fe with the fully
corroded surface are shown. The dark surface appearance of two test
samples is shown by optical micrographs (initially all had a shiny surface).

photoelectron spectroscopy (XPS) was used here to obtain
information about the chemical state at the very surface (first
5-10 nm) of corroded Mg samples. However the samples have to
be dried before the measurement since the method requires
high vacuum. As a consequence the samples were immediately
dried after the tests in order to stop all electrochemical processes
as fast as possible. Measurements on the Mg-179 ppm Fe
sample do not reveal any iron peak due to the detection limit
(~1073 to 102 at%"*) and even more important, the continuing
Mg(OH), formation after removing the electrolyte. Thus, the XPS
study was also performed on a specimen after being immersed
in the iron chloride solution and after cathodic polarization
according to Fig. 3. As illustrated in Fig. 4, the signal of iron
2p* of this test sample contains multiple excitations.

According to the literature®®™” multiple peak-fitting of
Fe compounds is critical due to convoluted signals related to
spin-orbit coupling with unpaired 3d electrons and electro-
static interaction. The evaluation, as shown by Grosvenor et al.”>’
applying the Shirley background, matches very well and there-
fore was used in first approximation. The presence of Fe,O3 and
FeOOH was detected, however without distinguishing between
o and y modification. The physical meaning of the pre- and
surface peak in Fig. 4 is explained in Grosvenor’s work as well.
Fe** signals are contributed to remaining iron chloride and
other oxides. Metallic Fe (expected at 706.6 eV, ref. 56) could not
be detected in this case because of the very fast oxidation of
the thin Fe film after terminating immersion. Thus, much
experimental effort (especially in situ) is required to prove that
metallic Fe is formed at the corrosion front.

3.3 TEM studies

The observed effects are related to phenomena occurring at a
nanometer scale. Via TEM studies shown in Fig. 5 it was
possible to take a cross-sectional micrograph (screenshot)
of the re-deposition situation at the corrosion front. Since
measurements were performed under dry (vacuum) conditions
MgO was observed on top instead of Mg(OH),. This is related to
the dehydration/decomposition of the nanocrystalline Mg(OH),
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Fig. 4 Fe 2p3/2 XPS spectra (Shirley background corrected) of the
Mg-47 ppm Fe sample after immersion in 0.5 molar FeCl, solution for
5 min at initial pH 7 validated deposition of the Fe rich phase. Multiplet
fitting according to the study of Grosvenor et al.>’ is implemented as well.
Differentiation between o and y modifications of Fe,Os and FeOOH,
respectively, is not indicated.

forming MgO®* ®° on the corroded sample under dry conditions

(like in a vacuum).

Fig. 5a shows a typical Fe rich particle (~80 nm diameter)
containing Si and Mn related to the metallurgical history of the
sample. It has a ferrite crystalline structure and is fully embedded.
Fig. 5b delivers clear indication for the re-deposition mechanism.
At the foremost position of the corrosion front the EDS analysis
showed a significant iron signal whereas Si and Mn (as it should
be for particles) did not occur (Si very weak). Thus, the detected
iron originates from re-deposition rather than iron-rich particles.
Additionally, the position is close to voids in an area with
previously removed particles due to corrosion related detachment
from the matrix. It cannot be directly proven that one of the
particles was detached but, since the EDS shows iron as
introduced by the re-reposition mechanism, it is most probable.
The fact that, at a similar interface position between MgO and
a-Mg without involved iron-rich particles, no EDS, Fe signal
occurs, once again affirming the proposed mechanism.

3.4 Magnetic domains

Since ferromagnetic iron is involved, there should be an
interaction of an external magnetic field (neodymium-iron-
boron magnet) with the dark area. Consequently, the induced
magnetization alters the magnetic properties. It is also known
that iron oxides (excluding FeO),*" oxy-hydrides and hydroxides®>**
behave as ferromagnetic materials. Due to the interaction of the
dipole moments of iron and iron-rich phases with the external
magnetic field, the coverage by nano-magnets of water-based
ferrofluid should be influenced. The alignment according to the
magnet field vector B allows correlation with iron distribution.
After optimization of solution compositions, droplet sizes,
magnet positions, and minimization of ferrofluid agglomeration,
several tests were performed and compared.

Fig. 6 shows the SEM images and corresponding Mg, O and
Fe - EDS elemental mapping obtained after short exposure of
Mg (220 ppm Fe) to a drop of 0.5 wt% NacCl solution. The shape
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Fig. 5 TEM micrographs on a cross-section of corroded (dark area zone)
Mg-65 ppm Fe. (a) Fe-rich particle containing Si and Mn embedded into
magnesium. lron diffraction pattern indicates a ferrite structure. (b) Iron
enrichment allocated at the corrosion front. Si and Mn were not observed
there. (Cu, Ni and Pt are related to experimental artefacts.)

of the dark area can barely be recognized in Fe mapping
in Fig. 6a (partially indicated by the white line) when the
immersion and addition of the ferrofluid were performed in
the absence of the external magnet since the magnetization of
dark zones is very low. In contrast, in Fig. 6b when electrolyte
exposure and addition of the ferrofluid to the droplet were
performed on a sample positioned on the neodymium-iron—-
boron magnet the Bitter decoration method was more efficient.
The arising dark areas show magnetic-force-related interaction
because the magnetite nanoparticles of the ferrofluid clearly
reproduce the shape of the dark area and align themselves
around it (while the external magnet serves as a trigger for the weak
magnetic field of the dark areas due to induced magnetization).
Note that in Fig. 6b the ferrofluid is mostly assembled around
the dark zones and weaker in the middle, suggesting that there
is a higher content of Fe-rich phases concentrated at the
periphery of the corrosion front of the dark area.

Certain morphological features, like the geometrical shape
of the dark area in Fig. 6a, can be recognized at the top right
corner, which indicates that both magnetic and capillary effects
could attract magnetic nanoparticles to the black area of the
sample that was not in contact with the magnet. A comparison
with Fig. 6b suggests that with the magnet the pattern formation is
dominated by the magnetic-field-induced interaction.

The observed magnetic field related effect can also be
validated on samples used for the dark area simulation via

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp05577f

Open Access Article. Published on 26 Sadaasa 2015. Downloaded on 19/11/2025 11:03:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

220ppm Fe; No magnet
a) iy ;

View Article Online

Paper

Fig. 6 SEM-EDS elemental mapping of the Mg surface (containing either 220 ppm Fe (a) and (b) or 47 ppm Fe (c) after short exposure to 0.5% NaCl and
subsequently added ferrofluid). Additionally, the sample in (c) was polarized in 0.5% NaCl containing 0.05 M FeCl, before positioning on the magnet and

adding the ferrofluid.

iron salt treatments. Even though there is a higher amount of
iron deposited on the entire surface, there is a much stronger
magnetic field at the dark area revealed by the enrichment and
alignment of ferrofluid as shown in Fig. 6¢. Note that in these
experiments, the external magnet only served as an amplifier/
trigger, increasing the weak magnetic field of the black areas.
If there does not present ferromagnetic material at the dark
areas, the external magnet would not have anything to magnetize
and no specific interaction of the dark area with the ferrofluid
would occur. Moreover, no alignment of the ferrofluid was observed
at the non-corroded surface away from the corroded areas.

The specimen which was corroded without the magnet
(Fig. 7a) does not show the pattern formation due to low
magnetization. In contrast the specimen, which was corroded
on the magnet in (Fig. 7b), clearly shows that the formed
black area interacts by magnetic forces because the magnetite
nanoparticles of the ferrofluid are aligned in recognizable
branches/pattern according to Bitter around the dark area.
Note that this pattern could not have been formed exclusively
by the magnetic field of the underlying magnet. If this would be
the case, the ferrofluid enriched and aligned in the bottom
right corner of Fig. 7b should not remain on its position,

This journal is © the Owner Societies 2016

but would move to the strongest magnetic field located lower
on the sample and indicated by the vertical line in Fig. 7d. It is
assumed that the underlying magnet acts as a trigger for the
existing weak magnetic field. Due to its magnetization effect
the interaction of Fe-rich dark areas with the ferrofluid
was amplified. Also note that the Bitter-like patterns of the
ferrofluid are not observed at long distances to the black area.
Their aligned agglomerations are selectively found closely
around the iron-rich dark areas.

The validation of this behaviour is shown in Fig. 7c. It was
observed that similar pattern formation occurs in the same
way for the iron deposition simulation case applying FeCl,
treatment with subsequent sufficient cathodic polarization
here (—1.2 V vs. OCP) in order to enable Fe re-deposition. All
results clearly indicate the magnetic effect of dark areas and the
existence of ferromagnetic material in dark areas, formed on
corroding bare magnesium.

3.5 In situ phase formation aspects

GIXRD diffraction patterns are measured in situ, directly during
the growth of the dark areas. The results in Fig. 8a show the
expected strong Mg(OH), signal. The shape of the hydroxide

Phys. Chem. Chem. Phys., 2016, 18, 1279-1291 | 1285


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp05577f

Open Access Article. Published on 26 Sadaasa 2015. Downloaded on 19/11/2025 11:03:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

220ppm Fe; No magnet 220ppm Fe; On the magnet
> » 4 T 3

X 4

'y

é pi N S 5 v
47ppm Fe + FeCl,; On the magnet

Magnetic field formation

Fig. 7 Corrosion forefront (a) without magnetic structures, (b) and (c) with
pattern formation according to Bitter decoration revealing the selective
alignment of ferrofluid (marked by lines) around the black area formed
under different conditions, and (d) magnetic field structure.

peaks is broadened due to crystal size effects (nanocrystallinity).
In order to get the information of Fe rich phases the pattern has
to be analyzed carefully.

Besides the expected o-Mg and hydroxide pattern, weak
signals in the background occur, which can be related to
iron-rich phases. Due to the phase formation conditions which
lead to a very thin (nanocrystalline) film and due to the low
concentration of Fe, only weak and broadened signals occur.
Fig. 8b explicitly shows a signal which is related to Fe(OH), at
20 = 31.8°. Furthermore, there are indications for lepidocrocite
(y-FeOOH) formation at 20 = 27.5°. Other phases like magnetite
(Fe30,), hematite (Fe,O;), or goethite (a-FeOOH) cannot be
assigned without doubts due to the peak overlap and the
detection limit. The peak at 20 = 45° raises questions since it
fits to ferrite (o-Fe) [(011) = 44.68°; (002) = 65.03°] and aluminum
(sample holder) [(111) = 38.47°; (200) = 44.74°% (220) = 65.13°].
Aluminum cannot be excluded since the strongest reference
peak at 26 = 38.47° is overlapped by the Mg(OH), signal.

The observation that the strongest iron-related signal occurs
at 0.9° incident beam angle points out that iron-rich phases are

View Article Online
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located below magnesium hydroxide. This fits very well not only
to recent research results in Section 3.4 based on the ferrofluid
tests, but also to the studies of Curioni et al.**> and Yang et al.*°

4. Discussion — mechanistic
understanding of hydrogen generation

4.1 Implementation of the re-deposition mechanism

During the corrosion of bare Mg, containing a sufficient content of
impurities like iron-rich particles, the introduced phenomena
occur. Immersion into an aggressive/corrosive environment for a
critical period of time changes the surface morphology due to
anodic dissolution, release of impurities and the increase of the
dark area fraction which is cathodically active (as shown in
previously published studies'”**** and indicated in Fig. 9). The
contribution of reactions at dark areas to the global hydrogen
evolution rate becomes stronger with progressing corrosion. This
is related to uncovered impurity surfaces and the increase of active
film area as shown by other authors'® and stated by Yang et al.*®
The evolving dark surface area acts as the cathode.'®'”**3? After
coverage of the whole surface by the dark regions, the impact of
the cathodically active dark film becomes dominant and the
relative cathodic current contribution of the single impurities
decreases. The results presented here explain the formation and
the growth mechanism of dark areas. There is experimental
evidence that the increase of the cathodic area is related to the
re-deposition of dissolved iron species at the Mg surface.

The potential electrodeposition of Fe from alkaline electrolytes
on different metallic substrates (Au, Ni) was already demonstrated
by Yuan et al,*>*° Allanore et al.,>*>*” Flis-Kabulska et al,*>*®
and Fray.*® According to Allanore et al.>* the re-deposition can also
occur from solutions containing hematite particles.

A similar process is suggested by Flis-Kabulska et al.***® for
enhanced electrocatalytic activity and reactivation of electrodes
during electrolysis (with iron cathodes). They state that metallic
reactive pure iron (“in statu nascendi”) is deposited after the
reduction of Fe(OH),>~ at the site where hydrogen gas bubbles
are formed, which fits to reactions shown by Le et al and
Armstrong et al.**** In another work”® they also show exactly
the same slope for the pseudo-Tafel line of the hydrogen
formation of 170 mV dec™" on active iron films as measured
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(a) GIXRD pattern (measured in situ) after the formation of the dark area on Mg-65 ppm Fe in 0.5% NaCl solution showing the growth of Mg(OH),.

(b) GIXRD diffraction patterns measured at an incident angle of 0.90° (logarithmic scale) including the indication of probable phases.

1286 | Phys. Chem. Chem. Phys., 2016, 18, 1279-1291

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp05577f

Open Access Article. Published on 26 Sadaasa 2015. Downloaded on 19/11/2025 11:03:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Corrosion current vs. cathodically active area Ay,
10’ L

View Article Online

Paper

with Heyrovsky

©

-
o
ol

N
<
ol
I

Y

Current density [mA/cm?]
s 5
.lu ol

1 n 1
true anodic (IR — corrected)

measured anodic r
. E

1
Mg +2H,0—> Mg +20H™ +H,

reactions:

curve shift due to
increased active area A, 1

10 Mg —>Mg* +2¢”
2: 2H,0+2¢ —H,+20H

Volmer-Heyrosky-Tafel

8
10°° g €
E =2 4
. Ena F
10° T T T
25 -2.0 -1.5 0.0 0.5
a- Mg Potential [V, ]

Fig. 9 Applied mixed potential theory, corrosion current density as a result of occurring reactions, the overpotential ne vS. Erev., the amount of
cathodically active area Ay, and its relation to single polarization curves. The RHE potential is indicated as well.

in Fig. 10 in this paper. Possible reduction reactions can be
found in the study of Misawa et al.”* or Stratmann et al.”> Thus,
one can also expect that similar iron deposition processes can
occur at the Mg surface during corrosion. In the case of
magnesium corrosion, the iron source is the impurities, iron
particles or iron rich intermetallics which are normally cath-
odically protected. However, during the corrosion process they
lose electrical contact with Mg, as shown by Taheri et al.,"® and
thus, start to dissolve via a self-corrosion mechanism rather
rapidly. Dissolved iron can be reduced, and as a result very thin
metallic iron layers or patches are re-deposited close to the
hydroxide layer. This film is sufficient to force the cathodic
behavior as proposed and indicated previously in Fig. 1.

It has to be kept in mind that the dark appearance is also
partially caused by the ongoing roughening effect which has to
be considered as well. Based on the literature and experimental
results presented in this paper, the process for dark area
formation and at least the reason for the negative difference
effect are proposed as follows:

() Initial cathodic process on Fe rich particles and anodic
dissolution of Mg.

| = a+bueylogj |
\

|
‘
\

reduction of FeO, L

rate control via Heyrovsky

byey [mVidec]

Fe -170

Current density [mA/cm?]
>
o

Erevh

T T T T T T T T T
-14 13 12 1,1 1,0 09 -08 -07 -06 -05
Potential [VAg/AgCI]

-1,5

Fig. 10 Cathodic polarization curve on Fe in 90% deaerated alkaline
0.5 wt% NaCl solution (pH = 10.5) simulating the conditions during Mg
corrosion. The pseudo-Tafel slope by, in the Heyrovsky range follows the
relation 2 x 2.303RT/F < buey < 3 x 2.303RT/F.% E o, s and the (virtual)

hydrogen reduction related curve are adapted from the study of Chialvo
et al.”® Contribution to the current due to iron oxide reduction is labeled.
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(I1) Detachment of iron particles from the metallic substrate by
undermining or hydrogen bubbles as proven in ref. 16, 39 and 40.

(1) Chemical dissolution of detached iron-rich particles with the
formation of Fe(u), Fe(m) or o-Fe,O; compounds (similar to ref. 39)

(IV) Chemical reduction (e.g. by adsorbed atomic hydrogen)
of dissolved iron species to metallic Fe according to ref. 43,
44, and 49 (probably close to bubbles in combination with
localized pH increase)

(V) Electrochemical reduction of Fe species (similar to
processes on other substrates®'>>*”)

(VI) Deposition of thin metallic Fe film or patches mainly
at the moving corrosion forefront due to the most suitable
conditions combined with H, generation

(VII) Accelerated HER on the freshly deposited iron due to
the increased reactivity of pure metal (“in statu nascendi”)
according to the Heyrovsky pathway as explained in Section 4.2

A similar re-deposition mechanism is also proven for
S-phase (Al,MgCu) containing aluminum alloys by Buchheit
et al.”® and later by Yasakau et al.”* and El Warraky et al.” Due
to the fast dissolution of Mg and then Al, the S-phase becomes
porous and enriched with copper. The detachment of copper
nanoparticles and their dissolution followed by re-deposition
on the aluminium matrix covered with Al,O; in the vicinity of
the de-alloyed S-phase enlarge the cathode and propel further
corrosion. In ref. 75 it was shown that a concentration of only
2 ppm CuCl, diluted in 0.5 M NaCl is sufficient to cover the
entire surface of Al of their test samples with Cu. This is a clear
hint that this kind of dissolution and re-deposition mechanism
demonstrated for Al-Cu might be also feasible for Mg-Fe.
The related NDE on aluminum is weaker since local cathodic
polarization on the active surface area is not as high as
for magnesium. In the appendix an approximation of critical
Fe content for the Mg-Fe system is given. Briefly, around
20 Fe intermetallic inclusions (fully dissolved) with an average
diameter of 1 um are theoretically enough to cover 1 cm” of the
Mg surface with a continuous Fe monolayer.

4.2 Heyrovsky pathway

The achieved results evidence that Fe impurities dissolved in
the Mg matrix can be re-deposited on the surface, forming a
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thin iron-based film which acts as an effective cathode for the
HER. However the observed high rate of HER, especially at
slightly anodic polarizations, cannot be justified only by
the increase of cathodic area if one assumes that hydrogen
evolution occurs via the commonly accepted Volmer-Tafel
mechanism.

Generally, for high cathodic polarizations of pure samples
of the metals found as noble impurities in Mg, which e.g.
correspond to low anodic polarization of the Mg-matrix, the
rate determining step for HER differs. The rate determining
reaction at low cathodic polarization vs. OCP of e.g. pure Fe is
typically diffusion limited O, reduction. Cathodic polarization
of e.g. Fe, Ni and Cu above the reverse hydrogen potential Ee, i1
induces the HER. The rate determining step for the HER is a
Volmer-type reaction of electrochemical adsorption. The rate of
this process increases with continuing polarization. Then the
chemical recombination of the intermediate state adsorbed
hydrogen atoms followed by the desorption of hydrogen molecules
controls the kinetics according to the Tafel step. However,
continuing to even higher cathodic polarization activates
the electrochemical desorption of hydrogen according to the
Heyrovsky mechanism,”® especially on 3d transition metals.
Vilekar et al”’” performed a very fundamental study on the
kinetics of hydrogen reactions on Pt under alkaline conditions,
showing the Heyrovsky step to be rate-determining for cathodic
polarization more than —0.2 V vs. Eyey i (RHE). Chialvo et al.”®
studied the HER on iron in 2 M NaOH and explained the
kinetics by a three step Volmer-Heyrovsky-Tafel mechanism.
They showed that the apparent activation energy they measured
corresponds to the Volmer or Heyrovsky step. Another investigation
by Qian et al.”® on iron in 0.2 M NaOH showed the occurrence
of control via the Heyrovsky pathway as well. Therefore it is
reasonable to suggest that at high cathodic polarizations in
alkaline electrolytes the HER on iron-containing zones on Mg
occurs via the Heyrovsky mechanism. As a result a much higher
HER rate can be observed than in the case of the Tafel step.

The potential (marked as 7 in Fig. 9) at which the Heyrovsky
path takes over the rate (current) control is specific for each
metal under certain conditions and depends on the metal-
hydrogen (M-H) bond energy. The domination of the Volmer-
Heyrovsky pathway was shown and clearly validated for iron
even at moderate overpotentials.”® For nickel the rate control
depends on the position of the cathodic branch. It was shown by
Krstaji¢ et al®® that at certain cathodic overpotentials the
Heyrovsky reaction is rate-determining as well. Further investigations
on copper® have also shown the same mechanism.

Thus, it is reasonable to assume that, at the corrosion (mixed)
potential of Mg-based substrates, the noble (Fe, Cu, and Ni)
inclusions can be highly cathodically polarized and might be
exposed to conditions when the Heyrovsky step becomes rate-
determining as shown in Fig. 9. Crossing the Heyrovsky branch
of the impurity elements (here Fe) with the corrected anodic
branch of a-Mg delivers the corrosion rate as marked in Fig. 9.

The upward shift of the cathodic branch is related to the
amount of cathodically active surface area Ajn,. In the case of
dark area formation A, increases, and as a result the final
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corrosion current becomes higher. The explanation of Fig. 9
contributes to the interpretation of measured polarization
curves of Mg with different amounts of impurities (here Fe).
The enhanced cathodic activity (incl. HER and IR-drop), the
shift of measured OCP and the corrosion rate are the physico-
chemical consequences of previously explained behaviour.

The HER kinetics itself strongly depends on the kind of
impurity, alloying element and/or compound involved in the
corrosion process. In order to validate the Heyrovsky contribution
aspect, the cathodic polarization of bulk specimens of Fe as the
most common impurity element was performed under corrosion
conditions comparable to those occurring on Mg alloys (alkaline
pH) as discussed in Section 3.1 and shown in Fig. 10. Very
important information is received at approx. —1.0 Vagagct during
iron polarization. A peak occurs which is related to the reduction
of iron oxides to metallic iron.****>>®® The current density gets
contribution due to newly formed metallic Fe. Heyrovsky reaction
at this point arises on the impurities and on the re-deposited iron
film (not on iron oxides).

The presented experimental results in Fig. 10 agree well
with the literature®® and also validate the “pseudo-Tafel”
description of Heyrovsky reactions. In particular the measured
slopes byey clearly fit to the theory where by, follows the
relation 2 x 2.303RT/F < byey < 3 x 2.303RT/F.** More details
on the scientific background, about the switch to the Heyrovsky
pathway, can be found in the work of Fang et al. or Vilekar et al.””%*

In the case of alkaline conditions observed at a corroding Mg
surface this pathway can be represented in the following way:

M+ H,0 + e~ —» M-H,q + OH™

(Volmer - V - electrochemical adsorption of hydrogen)

2H,q — H, (Tafel - T - chemical desorption of hydrogen)

Haq + H,0 + e — H, + OH™
(Heyrovsky — H - electrochemical desorption of hydrogen)

The three possible reaction steps are schematically illustrated
in Fig. 11, which also illustrates the main idea of the mechanism
behind the negative difference effect. Water molecules are
discharged according to Volmer on the metal M followed by
a subsequently Tafel or/and Heyrovsky reaction (V-T, V-H or
V-TH pathway). The kinetics of the whole process depend
on the cathodic overpotential, the Gibbs energy of adsorbed
hydrogen H,gq at the top layer and the hydrogen surface coverage.”
If one compares previously shown experimental results, especially
from TEM and XRD, on magnesium with the theoretical back-
ground of Heyrovsky reactions, the logical conclusion is that
electrochemical desorption according to the Heyrovsky pathway
drives hydrogen generation during Mg corrosion in the presence
of Fe, Ni, and Cu impurities.

Thus, the additive combination of two effects, namely
the fast Heyrovsky HER with continuously enhanced surface
fraction of the cathodic area especially due to the iron re-deposition,
ensures high hydrogen evolution at the Mg surface subjected to
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Fig. 11 Schematic representation of a typical Mg system with Fe rich
impurities showing the initial increase of cathodic active (dark) area based
on findings of Curioni et al.>? (a) shows a cross-sectional view and involved
anodic and cathodic reactions especially on the redeposited Fe film.
(b) Anodic dissolution of Mg results in the increase of active area as shown

by Taheri et al.®°> and subsequent film formation based on the mechanism

proposed by Flis-Kabulska et al.*°

relatively low anodic polarization. In addition the very low
polarization resistance of magnesium contributes to this
mechanism, since it prevents the occurrence of low hydrogen
overpotentials at cathodic areas where the rate control should
change between the Heyrovsky reaction and the Tafel reaction
(V-T - V-TH — V-H). As a result, according to the mixed
potential theory, the global anodic net-polarization point can
only slightly shift towards more positive values. Despite the
strong dependency of the local mixed potential on the surface
state and the amount of cathodically active area, on the amount
and condition of alpha magnesium, and on the electrolyte
composition, true cathodic overpotentials at the impurities,
which induce Tafel reaction control of hydrogen generation or
even control by oxygen reduction reaction, cannot occur.

At this point oxygen reduction gives main contribution to
the oxidation of iron species. Thus, oxygen plays an important
role in Mg corrosion, which is in contrast to common assumptions.
Minor contribution can be considered for hydrogen evolution by
the Tafel reaction at the a-Mg surface because of the very low
hydrogen evolution exchange current at the Mg surface.

A theoretical contradiction to the approach occurs at higher
anodic polarization where HER still increases. In that situation
the contribution of Heyrovsky reactions should theoretically
decrease since cathodic overpotential should decrease, but it
does not. Explanation of this discrepancy requires the discussion
of process kinetics. King® and Frankel’s” work studied the IR-drop
through the electrolyte. The strength of such a drop on active
electrodes due to gas bubbles has been investigated in the
literature®”®® and can locally exceed hundreds of mV. If one
considers even higher anodic polarization an increased gas
evolution is observed. Under these conditions a truly anodic
polarization which hinders hydrogen evolution cannot be reached.
The IR-drop increases fast in correlation with the current, since the
anodic reaction is kinetically fast, based on the very low
polarization resistance of magnesium. As a result, the developing
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mixed potential is always very close to the OCP of the less noble
phase (2-Mg) and the Heyrovsky reaction remains active. Thus,
the V-H pathway cannot be switched off by the increase of
applied positive potentials simply because magnesium is not
anodically polarizable.

The remaining question of the contribution to cathodic
reactions by the o-Mg surface can be partially answered as well.
As explained within the introduction, compared to transition
metals such as Fe or Ni, which are known as efficient electrodes
for hydrogen production, magnesium does not exhibit d-orbitals
which can interact with the hydrogen anti-bonding orbital and
thus facilitate the dissociation of molecular hydrogen.®* The
preferred reaction pathway is V-T. Thus, pure a-Mg surfaces do
not drive hydrogen dissociation on the V-H pathway®® and as
a result, just slightly contribute to the strong hydrogen gas
evolution, which is typically measured for impurities containing
magnesium during corrosion. At low impurity levels the dopant
effect’” might work. Hence, the water reduction during cathodic
polarization is even more efficient on impurities and dark areas,
which corresponds to the literature findings."®**2°

5. Conclusions

The present work contributes to the better understanding of the
corrosion mechanisms of Mg substrates containing iron impurities.
For the first time the enhanced hydrogen evolution is correlated
with the possible electrochemical re-deposition of a thin iron (patch)
film on the magnesium surface. Re-deposition accelerates HER
and becomes the determining process after an initial period.
The assumed formation of re-deposited Fe was confirmed by the
results of in situ GIXRD and application of ferrofluids according
to the Bitter decoration method.

Additionally, the Heyrovsky mechanism of HER on the
redeposited iron surface is discussed as a potential reason for
the enhanced rate of hydrogen evolution even at high pH values.

Based on the progress being achieved in related research
and by adding the new aspect of this study, the following
conclusions can be drawn:

(1) Dark film formation (Mg(OH), + Fe rich film) is related to
the deposition of thin metallic iron layers especially at the
moving corrosion front as a result of impurity self-corrosion
and subsequent reduction of iron species at higher cathodic
polarizations of approx. —1 Vug/agci (in combination with the
generation of highly reactive atomic hydrogen) and subsequent
corrosion product deposition (magnesium hydroxide precipitation).

(2) SEM-EDS analysis of the distribution of ferrofluid around
the black areas formed on the Mg sample placed on the magnet
shows that the dark areas influence the local magnetic field
which can be explained by their enrichment with Fe and/or
iron oxides/hydroxides, which was also shown by TEM studies.
The results of GIXRD indicate the formation of Fe(OH), and
v-FeOOH in the dark areas.

(3) As corrosion progresses, re-deposited Fe films
nascendi” at the corrosion forefront drive the cathodic current
and become the most active H, generator.

“in-statu

Phys. Chem. Chem. Phys., 2016, 18, 1279-1291 | 1289


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp05577f

Open Access Article. Published on 26 Sadaasa 2015. Downloaded on 19/11/2025 11:03:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(4) The initial HER and its kinetics are related to the
amount, and the effective surface fraction of metallic impurities
and/or intermetallics, and their respective electrochemical
hydrogen desorption kinetics according to the Heyrovsky
mechanism. The electrochemical desorption process has much
faster kinetics than the chemical desorption described by the
Tafel mechanism.

(5) The re-deposition mechanism combined with electro-
chemical desorption kinetics according to the Heyrovsky pathway is
an adequate candidate for the explanation of observed phenomena
generally known as the negative difference effect - NDE.

(6) Restricting the Fe re-deposition offers the ability to create
new strategies for corrosion control of Fe-containing Mg substrates.

Appendix

The calculation of the number of deposited Fe monolayers

“in statu nascendi”, formed during the growth of the dark area
100 ml of 0.5 M FeCl, (FeCl,-4H,0 (198.83 g mol ")) was

used for the tests. A rough approximation can be carried out:

o A total of ~2.8 g of Fe was dissolved which corresponds to
~3 x 10** atoms

e The size of the immersed Mg sample was approx. 3 cm?.
Upon considering the increase due to surface roughness, we
can simply assume that about 10 cm? are covered.

e By taking the ‘““area” of one iron atom in a bcc structure
(a=0.287 nm) to be 8.24 x 10~ "® cm” we get a number of atoms
of 8.24 x 10", which is theoretically required to cover the
sample with a monolayer

e According to 3 x 10**/8.24 x 10" = 3.6 x 10* Fe mono-
layers could be deposited on the Mg surface.

For the used test samples (in a worse scenario of low
deposition rate) we simply assume that one of the thousand
atoms is re-deposited. As a result, the surface still can be fully
covered (theoretically) by an active film. And in reality the
surface composition is a mixture of iron, Mg and Mg(OH),.

In the case of impurities this approximation can give the
contribution of Fe particles of e.g. 1 pm diameter. Such
a particle has a weight of about 5 ng and is constituted of
5 x 10" atoms. This leads to a surface coverage of ~0.05 cm>
per particle. In other words, 20 of such iron particles are
sufficient to cover 1 cm? with active iron. An experimental
showcase can be found in the study of Samaniego et al.**
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