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Corrosion Product Formation Monitored Using the Feedback
Mode of Scanning Electrochemical Microscopy
with Carbon Microelectrodes
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When studying magnesium alloy corrosion, the quantitative analysis of probe approach curves acquired in the feedback mode of
scanning electrochemical microscopy is particularly challenging. The oxidation current of the ferrocenemethanol mediator recorded
at conventional Pt microelectrodes is systematically plagued by parasitic faradaic contribution from the oxidation hydrogen. Herein
we demonstrate the use of carbon microelectrodes to remove this unwanted faradaic contribution, allowing for in situ time lapse
monitoring of the corrosion product layer growth. Applying a one-dimensional diffusion approximation, the extracted rate constants
obtained by scanning electrochemical microscopy probe approach curves could be correlated to the corrosion product film thickness

and porosity obtained by transmission electron microscopy.
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Scanning probe techniques have proven very successful in assess-
ing corrosion in situ. These techniques can measure currents and/or
potentials with high spatial resolution, to grasp the complexity of cor-
rosion and de-convolute electrochemical fluxes, which is mandatory
in order to find initiation sites or estimate the material’s resistance to
corrosion.

Scanning electrochemical microscopy (SECM) is a scanning probe
technique that maps the heterogeneous electrochemical activity of an
immersed sample using a microelectrode (ME).!> SECM can decou-
ple the surface reactivity from its topography and encompasses a wide
variety of modes.!? In corrosion science, the generation-collection,
feedback and potentiometric modes were used to characterize® or
initiate* pitting corrosion, probe a precise ion of interest’”, and
quantify surface reactivity of heterogeneous materials®. The feedback
mode”'?, which relies on the addition of a redox mediator in the cor-
roding solution'>'* and substrate-generation/tip-collection®!> mode,
through the directed detection of evolved H, evolution'®!” have been
used to quantify the localized heterogeneous reactivity of corroding
Mg alloys.

During the corrosion of Mg and its alloys®, the main corrosion
reactions of Mg are:'8

Mg — Mg** ) + 2¢” [1]
N -

2H;0q) +2¢” = 20H" g + Hagagte) (2]
24 N

Mg @ T 20H" (4,q) = Mg(OH),, [3]

The Mg matrix is oxidized and dissolves through the generation
of Mg2+ (Eq. 1), while the main cathodic reaction, water reduction,
generates an increase in pH as well as dissolved and gaseous H,
(Eq. 2). Finally, with increasing immersion time, corrosion products
precipitate (Eq. 3) when reaching the solubility limit of Mg(OH), (Kp,
Mg(OH), = 5.61 x 1072,

In feedback mode, the choice of usable redox mediators in the
magnesium corrosion system is limited by its low corrosion poten-
tial (E° < —1.5 V vs. SCE)® and the high pHs obtained as cor-
rosion progresses.”' Additionally, the oxidation current of common
iron based redox mediators, such as ferrocenemethanol (FcMeOH),
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recorded at conventional Pt microelectrodes (biased at ~350 mV vs.
Ag|AgCl (FceMeOH — FcMeOH™ + €7)) is systematically plagued
by parasitic faradaic contributions from the collection of H, (> —100
mV vs. Ag|AgCl, and pH dependent)', Figure 1. Since the ME cur-
rent depends linearly on the diffusion coefficient,!" which is about
10x higher for H, than for FcMeOH in aqueous media (5 x 1073
cm? s7116 for H, vs. 7.8 x 107¢ cm? s=! 22 for FcMeOH), the ME
current will in majority be due to H, oxidation, making changes in the
FcMeOH oxidation current difficult to assess.

There have been five reports presenting strategies to mitigate the si-
multaneous detection of H, and the feedback current during Mg alloy
corrosion. In a study targeting the use of Mg alloys as biodegradable
implants, Jamali et al. employed an aqueous buffer to characterize
the corrosion using FcMeOH and control the rate of H, evolution.’
Our group recently reported the use of non-aqueous media (ethy-
lene glycol) in combination with FcMeOH to investigate Mg alloy
surface reactivity for automotive applications, limiting H, evolution
severely.?* Moreover, the use of arsenic as a cathodic poison®* or a de-
creased concentration of NaCl electrolyte solution®!” are also avenues
that have succeeded in decreasing H, evolution.

Herein, we propose a simple method to use SECM feedback mode
to study Mg alloy corrosion in situ. Using a carbon ME (C-ME),
which is directly amenable to any electrolyte solution, the faradaic
current contribution from H, can be avoided. C-MEs have been used
to probe corrosion of oxide films as they offer a stable electrochemical
behavior and an extended window at lower potentials in comparison
to Pt and Au MEs.>>"?’ C-MEs are unreactive towards H,, allowing
in situ time lapse monitoring of the corrosion product layer growth
of AM50 Mg alloys using conventional feedback mode SECM in
FcMeOH.

Experimental

Sample preparation.— 1 cm x 1 cm x 0.7 cm and 0.5 cm x 0.5
cm x 0.7 cm samples were machined from sand cast and graphite cast
AMS0 Mg alloy rods respectively, received from Generals Motors
Canada (see ICP-MS results for elemental composition elsewhere?).
Graphite and sand cast AMS50 Mg alloys were selected due to their ex-
ceptional castability and good corrosion resistance directly amenable
for automotive applications.”® Cold mounting epoxy (Epofix — Struers)
is used to fix the samples followed by a SiC paper (800, 1200, 2400
grit) coarse polishing step. The surface is then brought to a mirror
finish by first performing a fine polishing step using a 3 pm diamond
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Figure 1. Schematic representation of microgalvanic corrosion of Mg alloy and surface reactivity monitoring using the feedback mode (negative (red) and positive
(green) feedback) of SECM using a redox mediator (Fc). The ME is biased at ~350 mV to oxidize the mediator, which also leads to H, collection.

paste (Dia 3, Struers) with a Struers MD Dur cloth followed by a mix-
ture of ethylene glycol and 0.04 pum colloidal silica (1:1) on a Struers
MD Chem cloth.?® Sonication of the polished samples in anhydrous
ethanol for 2 min was performed to remove aggregates of silica and
then dried under an Ar stream.

Instrumentation.— Following immersion, samples were imaged
at 300 x magnification across an area of 2 mm X 2 mm using a Hi-
tachi SU3500 Variable Pressure-scanning electron microscope (SEM)
equipped with an XEDS (Oxford, Inca, Silicon drift detector). The mi-
crographs were then stitched together using Corel Draw XS5 into a grid
yielding the final image, as presented elsewhere.!”

An EIProScan 3 system (HEKA, Germany; bipotentiostat model
PG340) SECM was used to image Mg alloy heterogeneous reactivity
with a 11 wm carbon fiber ME, fabricated following literature.*® The
C-ME electrochemical behavior was compared to a 10 wm Pt ME fab-
ricated with the same procedure.’® A 1 mM FcMeOH (Acros Organic,
New Jersey, USA) with 0.016 wt.% (2.7 mM) NaCl (ACP, Montreal,
Quebec) aqueous solution (Millipore Milli-Q water 18.2 MQ-cm)
was used to probe surface reactivity. The C-ME was positioned at 5
pm above the Mg alloy sample using a feedback approach curve and
rastered across the sample at 2 wm/s while polarizing the ME tip at
+350 mV vs. Ag|AgCl. Line scans toward epoxy edges with the same
parameters allowed the determination of ME position to overlay the
electron micrograph. Ag|AgCl reference (prepared following litera-
ture procedure’! using a 1.0 mm diameter, annealed 99.99% Ag wire,
Goodfellow) and Pt counter electrodes were employed for the SECM
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measurements. The SECM experiment was halted by rinsing the Mg
alloy thoroughly with anhydrous ethanol.

Transmission electron microscopy (TEM) analyses were per-
formed by using a focused ion beam (FIB-Zeiss N Vision 40, equipped
with an XEDS- Oxford, Inca, Silicon drift detector) from locations
on corroded surfaces. Microscopic characterization of the focused ion
beam (FIB) samples was performed on an FEI Titan 80-300 (scan-
ning) transmission electron microscope, (S)TEM, equipped with a
X-Ray energy dispersive spectroscopy (XEDS- Oxford, Inca, Si(Li)
detector) and an electron energy loss spectroscopy (EELS) (Gatan
Quantum). Further details of the electron microscopy and spectro-
scopic characterization can be found elsewhere.*?

Numerical simulations of SECM feedback approach curves over
the corrosion product film were performed using the finite element
method (FEM) in COMSOL Multiphysics 5.0. Details of the simula-
tion parameters are given in the Supporting Information. Eq. 4 was
established independently of the model, based on Fick’s first law of
diffusion.

Results and Discussion

Avoiding H; collection with C-MEs.— Figure 2A presents two
cyclic voltammograms of a 10 um Pt ME recorded without (full line)
substrate and above a sand cast AM50 Mg alloy (dash line) immersed
in a 1 mM FcMeOH solution. In the absence of the Mg alloy, a steady-
state anodic current of 1.5 nA is measured in the FcMeOH solution.
Upon Mg alloy immersion in the FeMeOH solution, a tenfold increase
in anodic current is recorded at the Pt ME (dashed line in Figure 2A,
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Figure 2. A) Cyclic voltammograms of a 10 pm Pt ME in a 1 mM FcMeOH solution with (dash curve) and without (full line curve) the Mg alloy immersed;
B) Cyclic voltammograms of a 11 pum C-ME in a 1 mM FcMeOH solution in presence (dash curve) and without (full line curve) the Mg alloy immersed. A Pt

counter electrode was used.
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with a tip-to-substrate distance >1 mm). This increase is associated
with the oxidation of dissolved H, evolved from the Mg alloy surface
and overshadows the feedback FcMeOH signal. The use of C-MEs
overcomes this issue and is not affected by faradaic contribution of
dissolved H,, Figure 2B. A cyclic voltammogram of a 1 mM FcMeOH
solution recorded using a 11 wm C-ME shows a steady-state response
of 1.7 nA (full line curve). Upon immersion of the Mg alloy in the
redox mediator solution (dash line curve), the steady-state response of
the C-ME slightly increases ~1.8—1.9 nA, which can be related to the
reduction of residual FcMeOH™ by the Mg alloy. This increases the
concentration of FcMeOH, and thus the steady-state current. C-MEs
are thus well suited to avoid the faradaic contribution of dissolved H,
evolved during the corrosion of Mg alloys and isolate the feedback
signal. This can be explained since carbon is chemically inert avoiding
H, adsorption, mandatory for subsequent catalytic dissociation, as
opposed to Pt.3

FcMeOH™ stability during the corrosion of Mg alloys.— Mg al-
loys reactimmediately upon immersion in solution demanding a stable
redox mediator when using the feedback mode of SECM. While other
electrochemical fluxes (pH and Mg?*) have shown not to interact with
this redox mediator’, FcMeOH™ may be reduced by formed H,?'. Its
stability in the presence of H, was evaluated by performing a control
experiment in which FeMeOH™ is exposed to a saturated solution of
H, in water. The change in FcMeOH™ concentration was monitored
by UV/Vis spectrophotometry, showing no significant effect of H, on
the FceMeOH™ concentration, whereas it is significantly reduced in the
presence of small amounts of magnesium metal, Figure S2. Hence, we
expect that FeMeOH™ will be reduced only at the substrate resulting
in a positive feedback loop.

Time-dependent SECM feedback response over Mg alloy.— Hav-
ing established the feasibility of FcMeOH feedback studies on Mg
with C-MEs, the time-dependence of the feedback current signal was
assessed by performing probe approach curves over a graphite cast
AMS50 Mg alloy. The four intermediate curves presented in Figure 3
are representative probe approach curves recorded over the Mg alloy
for immersion times of 15 min, 1 h, 2 h and 4 h, respectively. Overall,
the probe approach curves recorded using the C-ME, display an inter-
mediate behavior to the diffusion limited positive and negative probe
approach curves. The results demonstrate that the Mg alloy surfaces,
reported to exhibit an insulating oxide layer'®, remain active through-
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Figure 3. Representative probe approach curves and analytical approximation
fits (OO / M) recorded at 1 pwm/s using a C-ME over pure positive (Pt substrate,
green curve), negative (Teflon substrate, red curve) feedback controlled sub-
strates and graphite cast Mg alloy (grayscale curves) for different immersion
times (15 min, 1 h, 2h and 4 h). The tip was polarized at +350 mV vs. Ag|AgCl
to induce oxidation of the mediator.

out the corrosion process®?. Immersion times exceeding 4 h resulted
in superimposable responses to that presented in Figure 3 (4 h). The
negative feedback behavior is not reached, which indicates that the
FcMeOH™ can penetrate the corrosion product (mainly Mg(OH),)
layer because it remains porous.

Fitting the probe approach curves in Figure 3 to an analytical
approximation of kinetically limited feedback behavior, one extracts
the apparent heterogeneous rate constant (k%) of the Mg alloy surface
under the electrode.* k¢ values for immersion times of 15 min, 1 h,
2 h and 4 h are respectively 3.5 x 107 cm s}, 1.4 x 1073 ecm s7!,
1.1 x 103 cms™'and 1.0 x 103 cms™'.

The time dependence of these apparent rate constants reveals a
rapid corrosion and a decrease in surface heterogeneous reactivity
with increasing immersion time. This observation is in agreement
with a decrease in the evolution of dissolved hydrogen following
1 h of immersion, according to a previous report.'® Moreover, this
decrease in the k values could also be correlated to an increase in the
corrosion product film thickness, which further hinders the access of
the mediator to the active surface.

Microgalvanic corrosion of Mg alloy in SECM feedback mode.—
Given the observed decrease in k with increasing immersion time,
SECM mapping with immersion times <1-2 h are required to iden-
tify the Mg microstructure where corrosion is rapidly initiated. The
time dependence of the measured feedback current in the first 2 h is
expected to strongly depend on the microgalvanic features of the Mg
alloy, which can be probed using SECM current maps.

In line with an established method,'” a sand cast AM50 Mg al-
loy was imaged by SEM over an area of 2 x 2 mm, post corrosion,
Figure 4A. An area of interest (AOI) is selected (white square on
the micrograph), which comprised a-phase, B-phase (Mgi7Al};) and
Al-Mn intermetallics (AlsMns) features (see the higher magnifica-
tion micrograph in Figure 4B). A C-ME was then positioned 5 pm
above the sand cast AM50 Mg alloy through a feedback current probe
approach curve. Line scans across the surface were then acquired
to locate the epoxy edges surrounding the Mg alloy and later used
to cross-correlate the SECM maps to acquired electron microscopy
images. Figure 5A presents a feedback current map recorded across
the AOI (Figure 4B). This map shows several high current regions
(>0.86 normalized current) of ~10-15 pm diameter as well as some
low current regions (~0.86 normalized current) of the same size.
Smaller regions (<10 wm) where variations in the measured currents
are recorded are likely attributed to current spikes as they can not
be resolved with the microelectrode used. An overlay of Figure SA
and Figure 4B (inset of Figure 5B) reveals that the higher current
regions are co-located with secondary features. XEDS maps of the
AOI (see Figure S1), following a 2 h immersion, identify the two bot-
tom features as being Al-Mn intermetallics and the two top particles
containing a high concentration of O, which could be attributed to
corrosion product.®

To confirm that the variations in current in the SECM map
(Figure 5A) are related to an intrinsic change in surface reactivity,
localized probe approach curves were performed over the different mi-
crostructure features, the a-phase ([3]), B-phase ([2]) and intermetallic
([1]), Figure 5B. Consistent with the results presented in Figure 3, an
intermediate behavior is observed when performing a probe approach
curve over each of these locations on the Mg alloy, Figure 5B. At nor-
malized distance (L) <1, higher normalized currents for the Al-Mn
intermetallic are measured in comparison to the B-phase and a-phase.
These results are not following the same trend as what was previously
observed in ethylene glycol.? In the case of non-aqueous media, the
a-phase presented the highest feedback current.”? Herein, we measure
the highest feedback current over -phase and Al-Mn intermetallics,
and thus the electrolyte affects the FcMeOH - Mg alloy interaction.
This drastic change in behavior raised concerns about the ability of
FcMeOH to properly record and extract localized surface reactivity in
aqueous media, while an evident variation in reactivity is observed,
Figure 5B.
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Figure 4. A) 2 x 2 mm area electron micrograph of a corroded sand cast
AMS50 Mg alloy for 2 hin a 1 mM FcMeOH and 0.016 wt.% NaCl solution.;
B) Higher magnification electron micrograph of the area of interest (white
square in A). Number labels represent locations where probe approach curves
are performed (Figure 5).

Influences on the FcMeOH feedback current.— The contrast ob-
served in the feedback current maps may be affected by:

1. Changes in surface topography;
. Phase polarization and intrinsic exchange current rates, and
3. Presence of a heterogeneous porous corrosion product film form-
ing on the Mg alloy, which hinders further corrosion.

The topographic effect has been evaluated by measuring topogra-
phy changes under the same experimental conditions with the shear
force module of a SECM using an empty microcapillary as probe.
The obtained topographic features (<300 nm) lead to FeMeOH SECM
feedback current changes that are lower than those observed in Fig-
ure 5A.** Furthermore, these changes in topography would not ac-
count for different measured apparent rate constants by approach
curves. Thus, point 1 can be excluded as a significant contributor to
the observed current heterogeneities.

In considering the effect of phase polarization and intrinsic kinetics
of the pure metal phases with respect to FcMeOH regeneration, it is im-
portant to note that the standard potential of the FeMeOH/FcMeOH™
couple (+ 0.150 V vs. Ag/AgCl1*") is significantly higher than the cor-
rosion potential of the most cathodic microstructures in magnesium,
observed around —1.3 Vto —1.4 V vs. Ag/AgC1.2°*® On a clean metal
surface, the very high overpotential of ~1.5 V towards the reduction
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Figure 5. A) Normalized currents SECM map of the 100 x 100 pm area of
interest (Figure 4B) recorded at 5 pwm/s using a C-ME with a tip-to-substrate
distance of 5 um while polarizing the tip at 350 mV vs. Ag|AgCl following a
15 min immersion.; B) Probe approach curves recorded over specific locations
(see inset) while polarizing the tip at +350 mV vs. Ag|AgCl. Pure positive
(green curve) and negative (red curve) feedback probe approach curves are
presented for comparison.

of FcMeOH™ would lead to a diffusion limited pure positive feedback
behavior.

The observed intermediate rate constants are thus only conceivable
when considering the formation of a corrosion product film.* In this
case, the growth of an inert porous layer hinders the diffusion of
FcMeOH*/FcMeOH significantly enough to reduce the observed rate
constant to a fraction of the one expected from the pure material.

Evaluation of the corrosion product film by electron microscopy.—
To verify whether a significant change in the corrosion product thick-
ness occurred, three sand cast AM50 Mg alloys corroded for 15 min,
1 h and 4 h in 0.016 wt.% NaCl were analyzed by SEM. For the
purpose of analyzing the corrosion product film thickness, a tungsten
film was deposited onto the sample, after which three ~7 x 7 um
trenches per sample were milled with a focused ion beam, Figure 6A.
The corrosion product film thickness was subsequently measured in
the electron microscope, Figure 6B. Average corrosion product film
thicknesses of 37 £ 3 nm, 71 & 16 nm and 186 4+ 75 nm (intervals
are standard deviations) for the samples corroded for 15 min, 1 h and
4 h, respectively, were measured. This analysis was further supple-
mented by performing a FIB lift out of one trench to assess the overall
corrosion product film porosity.

A TEM lamella of a region encompassing the three microstructures
was extracted from the sample corroded during a 4 h immersion to
characterize its corrosion product film porosity, Figure 7A (location
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Figure 6. A) 7 x 7 wm trench milled using FIB over a sand cast AM50 Mg alloy sample corroded for 4 h in 0.016 wt.% NaCl aqueous solution; B) Corrosion

product film thickness extracted following milling.

on the sample is presented in Figure S4). The brightest region within
the Mg layer, was representative of an AlgMns intermetallic while an
Al-rich region, also brighter than the a-Mg matrix, is also observed
and representative of the B-phase (Mg;7Al;). The TEM micrograph
reveals further that the corrosion product film is highly porous over
the intermetallic (Figure 7Ai) in comparison to the film present over
the o and pB-phases (Figure 7Aiii and Figure 7Aii).

To quantify the general porosity of the corrosion product film,
EELS characterization of a selected region (white square in Figure
7A) over an a-phase was performed. This analysis allows quantifica-
tion of Mg and W, the latter filling the voids of the film. Using the
EELS W signal over the W film and inside the Mg alloy as refer-
ences for 100% and 0% W respectively, it is possible to obtain an

Intermetallic

overall porosity of ~0.6, Figure 7B. Similarly, a thresholded top view
SEM image yielded an estimated porosity of ~0.6. Importantly, the
corrosion product film presents columnar features, which are more
porous when moving towards the solution-corrosion product film in-
terface and denser at the Mg alloy-corrosion product film interface.
To describe this change in porosity as moving from the W layer to-
wards the Mg alloy, integrated EELS line scans across the layer were
extracted with respect to their elemental composition, Figure 7C. A
linear decrease in the W content across the corrosion product film is
observed as the content in Mg increases accordingly. Interestingly, an
enrichment in Al is also observed within the corrosion product film
highlighting a preferential dissolution of Mg leaving the nobler metal
behind (40< pixels <55).

o
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Al
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Figure 7. A) TEM lamella lifted from a sand cast AM50 Mg alloy following a 4 h immersion in a 0.016 wt.% NaCl electrolyte solution (see location in Figure S4).
1)-ii)-iii) are higher magnification micrographs of the corrosion product film observed over the various microstructures, namely over the intermetallic, B-phase and
a-phase, respectively. The scale bars represent 100 nm; B) EELS maps of the W and Mg signals of the location highlighted in white in A); C) Line scan of the

EELS signals recorded across the white dashed line in A) for Mg, Al and W.
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Numerical model for the extraction of the corrosion product thick-
ness and porosity.— From the TEM and SEM analysis presented
in Figures 6 and 7, it is evident that the corrosion product film
thickness and porosity is changing as immersion time varies. More-
over, the presence of such porous films at the surface was shown to
affect the apparent heterogeneous rate constant extracted from the
probe approach curves. With the objective of correlating the apparent
heterogeneous rate constants to the film thickness and porosity, a nu-
merical model in COMSOL Multiphysics(©) was established. In this
model, the Mg surface is regarded as a homogenously fast reacting
surface, as discussed above, with a diffusion hindering porous layer
representing the corrosion product. Moreover, a one-dimensional dif-
fusion model was employed as the electron transfer rates are assumed
to be the same over the entire Mg alloy heterogeneous surface, due
to the overpotential between the corroding surface and redox media-
tor as mentioned above. Apparent heterogeneous rate constants were
extracted from probe approach curves over a-phase, a microstructure
feature that is larger than the microelectrode size and the hetero-
geneities in the corrosion product film more homogeneous. A com-
plete description of the model can be found in supporting information.
It confirms the experimental observation that approach curves over the
porous film behave similar to heterogeneous reaction rate theory,***!
and can be fitted with established analytical approximations. The ex-
tracted apparent heterogeneous reaction rates are correlated to film
porosity, tortuosity and thickness. This relationship is described in
Eq. 4 (see supporting information for full derivation details) for a
stationary one-dimensional diffusion system:

- 41
d+

a

where k“ is the apparent heterogeneous rate constant (cm s~ '), D is
the diffusion coefficient (cm? s~!), p is the unitless porosity parame-
ter, T is the unitless tortuosity factor representing the path necessary
for a molecule to reach the surface, d is the corrosion product film
thickness (cm), and k° is the underlying substrate rate constant (cm
s~1). Numerical simulations show that the equation is not only appli-
cable for SECM approach curves over columnar films, which restrict
diffusion to the dimension perpendicular to the surface, but also for
isotropically porous surface films in cases with high substrate rate
constants (>0.1 cm s!).

Eq. 4 determines film properties accurately for films exhibiting
columnar pores (t = 1), as TEM imaging is suggesting in this case
(Figure 7A). When applying Eq. 4, we also considered that the corro-
sion product porosity above the a-phase is inhomogeneous, as shown
by SEM imaging and in literature.*? In view of EELS measurements
of tungsten filled pores (Figures 7B and 7C), it appears that the poros-
ity changes linearly from a highly dense film at the metal surface to
a highly porous film at the electrolyte interface. These considerations
have been applied to Eq. 4, solving for 50 thin layer iterations of the
film and using the apparent rate constant of the underlying film as
substrate rate constant for the overlying film. At the metal interface, it
was assumed that the substrate rate constant is fast, reducing Eq. 4 to

Dp
td

Using this method, the decrease in apparent rate constant observed
in Figure 3 is consistent with a persisting linear porosity profile dur-
ing film growth, i.e. both dense and porous fractions of the film grow
simultaneously. By taking the FIB-SEM film thickness measurement
at 15 minutes (37 nm) as a reference to obtain the porosity profile,
varying linearly in porosity from 3.7 x 107> to 0.9, it is possible to
determine the film thicknesses for longer immersions from the appar-
ent rate constants. Figure 8 shows that the extracted film thicknesses
by FIB-SEM correspond well to the measured thicknesses within the
experimental errors (grey boxes).

While it is not possible to extend such quantitative analysis to the
recorded current map (Figure 5A) due to the relative microstructure
size with respect to the size of the microelectrode*’, which results in

a
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Figure 8. Comparison between film thicknesses from FIB-SEM measure-
ments (black squares, error bars represent standard deviation of triplicates, no
measurement was performed for a 2 h immersed sample), and from SECM
approach curve apparent rate constants (see Figure 3) using Eq. 4 (grey boxes,
assuming a statistical error of £0.1 x 1073 cm s~! on the apparent rate
constants).

a convoluted signal from the different microstructures, increasing the
error, it is reasonable to compare qualitatively the overall blocking
ability of the corrosion product layer across the map. As such, high
current regions over the intermetallic particles are due to the signif-
icantly more porous nature of the film in these regions (Figure 7A),
whereas low current regions over the a-phase reflect a lower film
porosity near the metal — corrosion product film interface.

Normally, the corrosion product thickness and porosity are deter-
mined using a FIB, TEM and SEM analysis, as presented in Figure 7.
Such analysis is time consuming and costly, but also has to be per-
formed ex situ, bringing into question whether the obtained results
have been altered by subsequent sample handling. In situ SECM ap-
proach curve measurements, however, are performed during the cor-
rosion measurement, and thus do not require significant additional
time or costs. Eq. 4 provides an estimate of the dependence of the
measured apparent rate constant on film parameters, including thick-
ness and porosity, based on a one-dimensional system. Numerical
simulations to extract film parameters from apparent rate constants
can be used. Notably, this methodology is not only valid for corrosion
product measurements, but can be applied to probe any porous layer
of insulating material on an electrode.

Conclusions

The corrosion of magnesium alloys was monitored with the feed-
back mode of SECM using C-MEs. In doing so, the advantage of
C-ME:s to selectively probe the redox mediator regeneration without
H, current contribution was shown. Regeneration rates of FcMeOH
at the various microstructures of magnesium alloys are not dependent
on the clean metal’s intrinsic reactivity or relative polarization. Thus,
to quantify the intrinsic regeneration rates of the redox mediator over
clean microstructures during microgalvanic corrosion, a redox medi-
ator possessing a reduction potential closer to the corrosion potential
of magnesium alloys should be envisioned. For FcMeOH, the time
and microstructure dependent regeneration rates have instead been
linked to inhomogeneous corrosion product build-up. A relationship
between the apparent heterogeneous rate constants and the film pa-
rameters, porosity, tortuosity and thickness. With these models it is
possible to determine the general porosity and thickness of insulating
porous layers deposited on an electrode from SECM probe approach
curves. Further, the apparent rate constant measurements not only
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provide an estimate of the 3D corrosion product structure, but in par-
ticular provide a direct in situ measure of the highly relevant local
passivation by corrosion product build-up.
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