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A new approach to studying the mechanism of filiform corrosion in organic coated steel based on the scanning
vibrating electrode technique (SVET) and micropotentiometry (potentiometric SECM) is presented. The elec-
trochemical activity of the process under the coating is evaluated by mapping the ionic current densities
emanating from some artificial defects made in specific locations of the filament identifiable thanks to the
transparency of the coating. In addition, antimony tips are employed to investigate the pH changes associated to
the different corrosion reactions at the metal-paint interface. Local pH levels associated to anodic and cathodic
regions are determined along the filament.

1. Introduction

Knowledge of the electrochemical reactions on which the corrosion
mechanism is based is essential for the design of any prevention and
mitigation strategy. Despite several decades of research in this field, the
aspects of the different phenomena involved are still not fully known.
Some models in the literature are based on reasonable assumptions but
still lack experimental evidence. Several limitations arise in the field of
organic coated metals because the covering insulating layer makes it
difficult to gain information about the environment at the metal-paint
interface.

Filiform corrosion (FFC) of organic coated carbon steel is an example
of a mechanism that is still under investigation, as it presents several
unresolved questions related to causes, mechanisms, and reactions
[1-3]. The FFC is recognized as a special case of an
oxygen-concentration cell characterized by a peculiar thread-like
morphology. Under the paint, it is possible to distinguish the leading
head from the growing tail thanks to the marked color gradient,
respectively green and brown [2,3]. FFC occurs more frequently than
expected, requiring only a relative humidity between 65%— 95% and
mild chloride contamination to be triggered [3,4]. However, we believe
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it is often confused with cathodic delamination [5] because it is not
recognized due to the presence of pigments in the paint, which can hide
its peculiar morphology. Despite it being commonly defined as an
aesthetical type of degradation, the actual contribution to the coating
system failure is severe since the filament propagation causes a dramatic
paint delamination. Moreover, once the detached coating is no longer
able to protect the metal substrate other mechanisms of corrosion could
be easily involved affecting the structure integrity [6].

Various mechanistic models are reported in the literature to describe
FFC in organic-coated carbon steel, sometimes contradicting each other
[3,7-9]. In a previous article [2], we tried to give an overview of the
current understanding, and, together with some new experimental
findings, we presented an updated model of FFC comprehensive of all
the information found in the literature. However, it was based on certain
assumptions regarding (i) the contribution and role of the tail in filament
propagation, and (ii) the composition and chemical properties of the
environment formed at the metal-paint interface. One of the debated
aspects of FFC is that the location of the anodic and cathodic sites is not
yet clearly identified. In fact, several studies reported the occurrence of
cathodic delamination in the leading part of the filaments [7,10], a
feature that is not in accordance with the common belief of an anodic
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undermining phenomenon [2-4,8,11]. Others have hypothesized that
the location of the cathodic site is the back part of the green head rather
than the growing tail [12]. In addition, several publications dealing with
FFC have made assumptions or measured approximate values of the pH
developed in the growing filament [13-15]. To the best of our knowl-
edge, the only experimental evidence reported in the literature is based
on indicator papers placed at a metal-paint interface after the removal of
the coating. In this context, the need for more robust pH measurements
is also evident because of the precious hints about the mechanism that
the pH distribution could give. Knowing the pH value developed at a
specific corrosion spot will allow us to infer the ongoing electrochemical
reactions. Therefore, it is worth making more scientific efforts in this
direction, exploring the applicability of new techniques and approaches
to this aged but unsolved issue that combines spatial and chemical in-
formation in operando.

Electrochemical Impedance Spectroscopy (EIS) is a common tool to
detect coating degradation [16-18]. It has proven to be suitable in the
early stages of corrosion to detect the presence of defects in the paint
[19,20] or water uptake [21,22]. However, it gives an average response
over all exposed areas, and although it is possible to distinguish the
various contributions by modeling an electrical equivalent circuit [23],
the spatial distribution of those contributions over the surface cannot be
resolved [24]. For this reason, EIS is not particularly useful for investi-
gating the mechanism of localized corrosion. In this context, several
localized techniques have been introduced to overcome the limitations
of conventional electrochemical measurements [14]. Regarding paint
delamination, Scanning Kelvin Probe (SKP) was employed to detect the
propagation of cathodic delamination [25], changes in interface
bonding during water uptake [26], and also for the investigation of
filiform corrosion [1,10,27]. However, in the latter case, SKP has proven
not always accurate in distinguishing the different active sites under-
neath the paint in a propagating filament, and the distribution of anodic
and cathodic zones has not yet been deciphered [2,10]. In addition, only
local distributions of Volta potential in the metal can be obtained using
SKP, without providing any chemical information on the chemical spe-
cies involved in the different sites composing the electrochemical system
responsible for the onset of FFC. For this reason, it is considered that
microelectrochemical techniques would be regarded as powerful tech-
niques for the study of FFC as has occurred with other case studies on
organic coated metals [28-31] when either spontaneously presenting
defects or after producing artificial defects through the coating layer
(namely scratches, cut edges, etc), thus producing the electrolytic
environment to get in direct contact with the metal substrate. Unfortu-
nately, FFC occurs under a non-defective coating and in the absence of a
direct exposure to an external electrolytic phase of environmental
origin, thus preventing scanning microelectrochemical methods to have
access to the buried interface under the insulator layer that is required to
the development of FFC.

Scanning Reference Electrode Technique (SRET) [32,33], Scanning
Vibrating Electrode Technique (SVET) [24,34-37], Local Impedance
Spectroscopy (LEIS) [38-40], Scanning Electrochemical Microscopy
(SECM) [28,36,40] and scanning micropotentiometry (also known as
SECM in potentiometric mode, and Scanning Ion Electrode Technique,
SIET) [29,41,42] are the most widely used localized techniques in the
field of corrosion. When it comes to FFC, in our opinion, SVET could be
powerfully exploited since it is able to distinguish between anodic and
cathodic areas [37,43]. The scanning of a vibrating probe over an
immersed sample gives us the distribution of the electric potential in
that area thanks to the local gradient in the electrolyte. To measure a
signal, some charged species must be present, and in the case of samples
that corrode, they are usually consumed or released by the metal sur-
face. When an intact organic coating is present, even if the ionic activity
under the paint is well developed, no signal can be obtained by SVET
and the other localized techniques mentioned above as the organic
coating acts as a physical barrier preventing the transport of the corro-
sion products to the aqueous electrolytic environment. For this reason,
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all the studies available in the corrosion field solely investigate the
behavior of bare metals or defective coatings [32,43-46], with the only
exception of water uptake by a non-defective organic coating using
scanning electrochemical microscopy [47-49], which actually was
purely a topographical microscopic observation without exploiting the
chemical resolution of the technique.

Since FFC morphology develops right underneath the organic layer
and the species needed to sustain the reactions are provided by the path
created from a defect through the filament tail, an alternative approach
has to be employed to exploit the performances of the SVET. In this
study, a novel strategy based on SVET to determine the anodic and
cathodic areas along a growing filament at the metal-paint interface was
introduced exploiting this localized technique to assess in-situ mea-
surements of the FFC activity. Instead of observing the corrosion
behavior of defective coatings, as it is commonly done for instance in the
field of self-healing protective coatings, [41,46], this work wanted to
exploit a similar procedure to derive information about what is going on
underneath the paint assuming partially negligible the effect of the
organic layer damage. In this manner, new insights into the corrosion
mechanism at the stack were reported. Several papers investigate FFC
using SKP, while in this work, we propose the use of SVET for the first
time. Moreover, to the best of our knowledge, it is the first time that
SECM has been used in situ inside a FFC filament to investigate the local
environment. The discussed findings are of crucial importance in the
design of a suitable mitigation strategy for any coating system in at-
mospheric corrosion.

Furthermore, with the aim to validate the outcomes of the SVET
analysis, local micropotentiometric pH measurement was performed,
taking advantage of the potentiometric response of an antimony
microelectrode positioned inside the coating artificial defects in an
experimental setup similar to the SVET. Thanks to the variation of the
potential of this material sensitive to the decreasing tendency to form
Sb,03 on its surface in more acidic environments, measurements of the
pH in the anolyte and catholyte inside the filaments were performed [29,
37,50-53].

Aiming to collect some in-situ measurements of the electrochemical
activity ruling FFC on organic coated steel, we determined in this work
the precise location of the anodic and cathodic areas and we determined
the pH values developed at the metal-paint interface along the filament.
Furthermore, the nature of the current flow turned out to be reliably
assessed and correlated well with the pH measurements. Thereby the
FFC mechanism has been depicted more comprehensively, trying to
bridge the gap in the current literature and helping to validate some
hypotheses made during the last decades of research. Besides the results
presented relative to FFC, this study stands as a novel approach to
exploit some already established techniques to investigate corrosion
mechanisms of coated metals.

2. Materials and methods
2.1. Coated samples preparation

Mild steel substrates (Q-Panel R-36) were prepared by acid pickling
(2 M HCI for 20 min) and coated with a commercial two-component
polyamide-based clearcoat (supplied by Palini Vernici, Lovere BG, Italy)
producing a dry layer of ca. 50 ym thickness after 1 h of curing at 60 °C.
A scratch of 1 mm width and 60 mm length was introduced in the
coating to the metal substrate with a scalpel, and the edges of the panels
were sealed with tape to prevent cut-edge early damage. Consequently,
the samples were placed in neutral salt spray chamber [54] for 5 h for
chloride contamination, and aged at 40 °C and 80% relative humidity in
compliance with ASTM 2803 standard [55] for 500 h obtaining filiform
corrosion morphology steadily developed away from the artificial
defect.
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2.2. SVET measurements

The SVET instrument used was manufactured by Applicable Elec-
tronics (Forestdale, MA, USA). The adopted probe was a Pt/Ir (80%/
20%) wire platinized to produce a platinum-black deposit of 10-20 pm
diameter. The current maps were collected on a selected area following
the mechanical perforation of the coating in precise spots of interest in
the sample. The data were collected both on single-holed specimens and
multiple defects to be aware of the possible effect of galvanic coupling
on the entity of the signals and their magnitude. The probe vibration was
set in a plane perpendicular to the sample with an amplitude of 40 ym in
both Y and Z directions. A video camera connected to an optical mi-
croscope was utilized to set a controlled distance between the sample
and the probe distance and to select the area of interest for mapping. The
probe was set at 150 um height from the sampled area by the following
procedure using the optical microscope built into the system that is
provided with a video camera. After focusing the camera on the sample
surface, the focal point was moved up by the selected distance of 150 pm
through a motorized system. Then the probe tip was moved to place it in
focus matching the desired sample-probe distance. The electrochemical
cell contained also two platinum wires for potential reference purposes.
Over the coated specimen a plastic cylinder of 30 mm diameter is glued
to contain the testing solution covering it with a height of electrolyte of
approximately 5 mm. All the measurements were made in naturally
aerated 10 mM NacCl solution at room temperature. Taking advantage of
calibration procedures [42] the measured potentials were converted
into current density values knowing the conductivity of the testing
electrolyte (748 Q cm). The ionic current maps were constituted by 961
points from a 31 x 31 measurement matrix along X and Y axis that was
scanned following a meandering path from left to right and top to bot-
tom. The sensed area dimensions varied depending on the shape of the
corrosion analyzed and the detail considered, however, the time needed
to complete the single measurement was always comprised between 3
and 5 min. The measurements were performed on several defected
points (100-200 pm diameter) produced through the coating layer in
some precise spots of interest in the sample. The coating holes were
created by a nail just before the tip positioning procedure and subse-
quent filling of the cell with the test electrolyte. Hence, the data
collection started with an estimated delay of 1-3 min from perforation.
Images of the mapped surface were captured before and after recording
each SVET map.

2.3. Micropotentiometric pH measurements

The potentiometric pH response of an antimony microelectrode was
exploited to evaluate the liquid environment developed at the coating-
metal interface along the corroding filament. The electrodes consisted
of an outer capillary made of borosilicate glass in which a wire of high-
purity antimony (10 mm length and 0.1 mm in diameter). This wire was
inserted in the conical end of the capillary tube and the two parts were
sealed with Loctite adhesive based on polymethyl methacrylate (Henkel,
Diisseldorf, Germany). The exposed active disk areas were measured to
have a diameter of 0.1 mm after a polishing stage. Liquid mercury and a
copper wire were placed inside the capillary to guarantee the electrical
connection.

The measurements of the potentials were taken in two different
electrolytes. The first employs an electrochemical cell similarly built as
in the SVET measurements where the reference electrode, in this case,
was an Ag/AgCl/3 M KCl immersed in a 10 mM NacCl solution and the
working was the antimony tip itself. In the second set up the liquid
electrolyte was substituted by a gel-like agar-agar saturated in KCl. The
perforation of the filament cover was performed through the jellified
layer already covering the sample to limit the eventual disruption of the
system due to exposure to the atmosphere and to the liquid electrolyte
stages occurring in the other case. In both configurations, the sensing
electrode was carefully placed as close as possible to the previously
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introduced coating defect, exploiting the motorized positioning system
and a video camera, in order to be in contact with the metal paint liquid
environment. Any movement of the sensing probe during the data
collection in the case of a liquid environment was made possible by a
step movement set in the motorized apparatus. In this experiment, one
single spot was evaluated for each sample to prevent mixing effects from
altering the local pH through the sensing environment. The values of pH
were derived from the potential measurements at the antimony probe
after a calibration procedure based on 6 points from 11.5 to 3 using
certified buffer solutions as reference standards.

3. Results and discussion
3.1. SVET analysis on a perforated coating along the filiform filament

The SVET analysis is able to detect the ionic currents flowing in an
electrolyte by detecting the electric fields generated by ions moving in
the test solution. The vibrating probe is sensitive to the concentration
gradients of ions caused by the evolution of corrosion. The outcome is
zero in the bulk solution far from the sample or over an intact organic
coated sample, but where a defect is present in the protective layer, ion
flow can arise from the corrosion process. Furthermore considering the
direction of the ionic currents it is possible to distinguish between the
different electrochemical reactions involved and spatially resolve the
anodic and cathodic active regions [23,33,35,36,45]. Typically, anodic
sites in corroding metals are characterized by metal oxidation and the
consequent release of cations resulting in a positive ionic current coming
out of the surface. On the other hand, the coupled cathodes host the
reduction reaction, usually the oxygen reduction in an aerated neutral
environment, by triggering the consumption of dissolved Oj in the
electrolyte solution, leading to the generation of hydroxyl ions, and a
related negative ionic current.

Fig. 1 shows an SVET map of a sample with three artificial defects
simultaneously made through the coating, two of them at locations in
the filament head, and one on the still intact coating. The scan started ca.
3 min after the perforation stage and approximately after 1 min im-
mersion in the naturally aerated test solution. With this approach, some
differences in electrochemical activity in particular regions of the fila-
ment could be distinguished. Positive and negative ionic currents were
measured in the green-colored head and the brownish tail, respectively.
Additionally, the surface surrounding the exposed metal in the scratch
and the filament did not contribute any electric field, evidence that the
pristine organic layer was protective and acted as an insulator. These
signals can be assigned to the related anodic (positive) and cathodic
(negative) corrosion reactions still evolving under the coating despite
the time passed between the creation of the defects creation and the
actual scan measurement. The oxidation reaction (Eq. 1) produces Fe(II)
cations that flow from the defect towards the bulk electrolyte thanks to
the concentration gradient. On the other hand, the reduction of oxygen,
which is assumed to be the main cathodic event in these aerated neutral
conditions, releases the negatively charged hydroxyl ions, which diffuse
into the test solution and cause a charge movement of the opposite sign
(Eq. 2).

Fe — Fe?t 42e~ @
0, + 2 HyO + 4~ — 40H" (2)

Moreover, the perforated spot placed in the pristine coated sample
surface in front of the advancing head of the filament under study
(which is surrounded by a green square in Fig. 1b) showed a slightly
cathodic character. However, this signal was much less intense, and it
could be attributed not to an actual cathodic zone related to the growing
FFC, but more likely to the freely corroding metal directly exposed to the
aggressive solution being electrochemically activated as a result of
exposure to the test electrolyte. We are led to believe the sign of the
signal in this spot is randomly determined by the evolution of a general
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Fig. 1. Ionic current map in pA/cm2 obtained from SVET after 1 min immersion in 10 mM NaCl air-saturated aqueous electrolyte (a), and optical micrograph of the
mapped square area with three perforated circular defects located in the brown-colored tail, green-colored leading head, and pristine uncorroded surface (b). Tip-

substrate distance: 150 pm.

corrosion process as an early stage of cathodic delamination since
further measurements on other samples damaged in similar regions
presented an anodic response (Supplementary data S1). In all these
cases, the magnitude of the current density was always far smaller than
the peaks at the corroded areas in the filaments. The reproducibility of
the opposite current density signals coming from the areas attributed to
anodic and cathodic activity turns out to be reliable on the several
replicant measurements on different samples and filaments. As proof of
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concept, an additional map obtained in similar conditions as Fig. 1 is
provided in Supplementary data S1.

As reported by similar studies, when a coated metal with multiple
defects in the protective layer is immersed in the conductive testing
solution, a galvanic coupling between the holidays can develop [34,56,
57]. The possibility of having this undesired contribution was present in
the chosen setup, therefore tests were also made when the scans were
collected on a single defect in each sample in order to avoid any galvanic

Fig. 2. Ionic current maps in pA/cm? obtained from SVET after 1 min of immersion in 10 mM NaCl air-saturated aqueous electrolyte (a) and (c). On the right, the
related optical micrographs of the mapped square area are reported together with the single circular artificial defect in the green-colored leading head (b) and in the

brown-colored tail (d). Tip-substrate distance: 150 pm.
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coupling between multiple active metallic sites. As shown by the SVET
maps in Fig. 2, the outcomes based on the sign of the current as an
indication of the dominant redox half-reaction in each spot seem to
confirm the observations raised in the case of the multiple hole
arrangement of Fig. 1. That is, the results confirmed that the head be-
haves as an anode (Fig. 2a) and the tail as a cathode (Fig. 2b).
Furthermore, the outcomes seem not to be significatively affected, at
least from a qualitative point of view by the choice of single or multiple
holes in a given filament. However, this study proves to be
non-quantitative as different filaments return different orders of
magnitude of ionic current, probably due to differences in filament ac-
tivity, the morphology of the artificial holes, and distances of the tip
from the surface caused by corrosion bulging. Therefore, at this stage, it
was not reliable to precisely estimate the potential difference between
anode and cathode or to obtain hints about the magnitude of the driving
force in terms of corrosion current, but it is a still powerful procedure for
mapping the reactions operating along the filament.

The leading head is characterized by a distinctive green color given
by the corrosion product oxidation state at the interface. This complex
mixture of oxides and hydroxides is known as “green rust” [58-60]. Its
formation is characterized by a gradient along the propagating direction
(Fig. 3b). The rear part of the head, confined by the typical “V-shape”
border with the brownish tail, appears darker due to the more abundant
presence of oxidation products. At the same time, the more transparent
front represents the outpost of the anodic undermining where the loss of
coating adhesion occurs. This is translated into ionic current density in
Fig. 3a where two defects in the head testify that the color gradient also
represents a variation in the magnitude of the anodic activity. The
anodic nature of the leading part of the filament was confirmed, and the
most reactive portion of the element occurred at the back zone of the
head.

It should be noted that the most interesting measurements in terms of
FFC characterization were the first made after solution immersion. Over
time, the signals recorded from the different holes tend to equalize and
the system deviates more and more from the natural situation with the
intact coating covering the filament. Furthermore, the increasing de-
posits of rust could shield the ionic movement and stagger the outcomes
[43]. Indeed, monitoring the evolution in immersion time, the gradient
between the two areas of the head progressively disappeared and the
activity was equalized since no more oxygen gradient would be present
along the filament and the FFC mechanism could not be sustained
anymore after 1 h of immersion (Supplementary data S2). From the
observation of the temporal evolution of the system, it was possible to
obtain some hints on the time frame available for the application of the
approach presented in this work.
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According to an SKP study by Leblanc and Frankel [10], the tail has a
constant Volta potential in agreement with the SVET analysis in Fig. 4,
which can be identified as cathodic activity. The different current den-
sity magnitudes along the tail are assumed to be experimental artifacts
derived from the poorly reproducible perforation stage.

In our previous publication [2], an electrochemical simulation study
based on zero-resistance amperometry was reported showing the
dependence of corrosion current on the cathode-anode area ratio. At
that point, two hypotheses were proposed by examining the results.
Since the rate of filament propagation was found to be constant and the
greenish zone of the head was observed to be stable over time, the
growing tail had to behave as an inactive deposit of corrosion products,
and either both electrochemical half-cell reactions were hosted in the
moving head, or the tail had to host the cathodic reactions homoge-
nously while decreasing the corrosion current density distributed along
it over time. This last proposal seems to coincide with all the findings of
this work.

3.2. pH evaluation at anodic and cathodic sites using the antimony
microelectrode

The calibration of the antimony electrode was based on measuring
the potential in six different buffer solutions. The procedure sequence
has followed an increased acidity starting from pH 11.5-3. The obtained
plot is given in Supplementary Data S3, in which the measured potential
varies linearly with the pH of the solution. The slope of the line was
49.6 mV/pH unit. This value was in agreement with the reports avail-
able in the literature, which give a range of 40-50 mV/pH unit for
polycrystalline antimony [50,52].

The antimony electrode was used as a pH sensor by placing it close to
the artificial defect made in each tested sample while immersed in
10 mM NaCl solution during the measurements. The microelectrode was
first moved in the Z-direction to approach the coating surface from an
initial distance of 5 mm. Data were collected during its trajectory for
2000 s to assess any eventual drifts in stabilization over time and to
highlight the different environments found by the probe when traveling
from the bulk electrolyte to the corroding interface. Once the measured
value reached a stationary condition, the tip was returned to the initial
position and repositioned following the same trajectory but moving in
the opposite direction. By approaching the environment created at the
interface by the corrosion products deposits, hints about the electro-
chemical activity could be derived. Fig. 5 shows the outcomes of this
procedure for three different cases: tail, head, and the steady bulk testing
solution (blank). The pH of the test solution far away from the sample
was confirmed to agree well with the value measured using a

Fig. 3. Ionic current map in pA/cm? obtained from SVET after 1 min immersion in 10 mM NaCl air-saturated aqueous electrolyte (a), and optical micrograph of the
mapped square area with two circular artificial defects in the green-colored leading head, in the lighter anterior halo and the darker rear position respectively (b).

Tip-substrate distance: 150 pm.
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Fig. 4. Ionic current map in pA/cm? obtained from SVET after 1 min immersion in 10 mM NaCl air-saturated aqueous electrolyte (a), and optical micrograph of the
mapped square area with three circular artificial defects along the corroded filament tail (b). The propagating direction is indicated by the white arrow. Tip-substrate

distance: 150 um.
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Fig. 5. Local potentiometric measurement of pH vs. immersion time for the antimony electrode moving over a hole perforated on the filament head (solid line in
green), over a hole perforated in the filament tail (solid line in red), and in the bulk of the 10 mM NacCl test solution (blank condition, solid line in black). The dashed
lines both at the bottom (in green) and top (in red) of the graph represent the alternating approach and retrieval trajectories made by the sensing tip in the Z-direction
relative to the sample surface (taken as 0 mm) that the antimony electrode traveled when placed just above the perforated holes in the head and the tail of the

filament, respectively.

conventional pH-meter provided with a glass electrode (namely, 6.5).
The measurement of the pH value in the proximity of the hole perforated
in the tail of the filament took more time to stabilize than the acidic
value measured in the hole produced in the head. The obtained values of
11.5 and 4.5, respectively, support the SVET outcomes since the pro-
duction of hydroxyl ions was detected in the tail due to the cathodic
reaction of oxygen redaction. The measured values are in agreement
with the literature data on pH estimation obtained by simply removing
the paint [3,9,15,61] and the data showed good reproducibility. A
supplementary replicate of all three measurements discussed is provided
in Supplementary Data S4. At the leading part of the head, the acidic pH
confirms both the presence of an oxygen-depleted environment and the
occurrence of a hydrolysis reaction to produce Fe>" cations, which is
given by Eq. (3) [62].

Fe(H,0)2" (aq) — Fe(H,0)s (OH)*" (aq) + H' (aq) 3

The described findings further support the location of active sites
observed by SVET and provide a novel investigation method for testing
interfacial pH in the case of organic-coated metals.

Since the scanning micropotentiometric analysis was performed in a
liquid environment, the main concern with this procedure was the
possible dilution effect due to exposure of the local environment and
corrosion products below the perforated cover after the coating perfo-
ration stage to the largest volume of test electrolyte placed above the
sample required for potentiometric measurement. In addition, partial
oxidation of the species at the interface, especially the green rust rich in
Fe?" in the head [62], could occur after the perforation stage. Consid-
ering these experimental limitations, the experiment was repeated in a
similar manner, replacing the saline test solution with a jellified elec-
trolyte of agar-agar saturated in KCl. In this way, the mobility of the
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species coming from the holes perforated in the organic layer should be
decreased compared to the liquid medium, and the impact of dilution
should be reduced. Next, the choice to make the holes in the coating with
the gel already covering the surface of the coated sample likely reduced
the exposure to atmospheric oxygen that could reach the damaged
metal-paint interface, thus attenuating the variation in pH derived from
such an oxidation process. In this configuration, no movement of the
antimony microelectrode relative to the surface of the sample was made
this time, and data were recorded by placing it close to the corre-
sponding artificial defect and keeping its position fixed. In this config-
uration, the potential detected in the antimony tip was monitored over
time until it stabilized. It should be noted that the pH values recorded
after 6000 s coincided with those evaluated before using this method
with the sample immersed in the liquid electrolyte (Fig. 6). That is, the
pH amounted to 10.3 for the corrosion products in the tail, and 4.7 for
the green rust in the head.

3.3. FFC model

The experimental outcomes of this work clarify and refine the model
of FFC on organic coated steel. A comprehensive literature review of the
models available in the literature and an updated schematic of the main
factors at stake have been already included in a recent publication [2].
In the cited work the mechanism depicted was based on some hypoth-
eses by other authors in the years and has not yet been experimentally
verified. This study based on in-situ localized techniques wants to go
beyond these experimental lacks. Fig. 7a is a further improved repre-
sentation of FFC propagation. On the basis of the verified location of
anodic and cathodic sites by SVET and pH measurements the model is
updated attributing to the entire green-colored region confined within
the V-shaped border (Fig. 7b). The gradient in color from the transparent
leading delamination edge to the back portion of the head, where the
green becomes more intense and darker, corresponds to a gradient in
anodic activity assessed by the different intense current signals of Fig. 3.
The coupled cathode lies along the tail, which is the main path for ox-
ygen supply through the permeable brown colored corrosion products
[2,62]. The consideration of the oxygen availability is in agreement also
with the pH evaluation, since the cathodic reaction is supposed to pro-
duce a certain alkalinity and the tail thanks to the oxygen abundance
meets all these findings. On the other hand, the oxygen depletion of the
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Fig. 6. Local potentiometric measurement of pH vs. immersion time with the
antimony electrode placed close to the holes perforated in the head (in green),
and tail (in red) of the filament, and pH recorded in the bulk agar-agar gel
saturated in KCI used as test electrolyte (blank, in black).
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head matches the anodic character attributed to this site. The differen-
tial aeration is accepted to be the main driving force of the FFC propa-
gation, it causes spatial separation of electrochemical environments
along the filament [1,3]. This fact triggers the creation of spatially
distinct anodic and cathodic reactions. Due to the reactions the
delaminated metal-paint interface is characterized by diverse pH levels,
from acidic (anode) to alkaline (cathode). All these features, experi-
mentally assessed in this work, accomplish the definition of the mech-
anism. From a corrosion prevention point of view, the mitigation
strategies have to be tailored taking into account the anodic nature of
the leading delamination front, and the acidic environment developed.

4. Conclusions

To our knowledge, the scanning vibrating electrode technique and
scanning micropotentiometry using an antimony microelectrode were
employed for the first time in the study of the filiform corrosion
occurring on organic-coated steel. A novel experimental methodology
was developed to investigate the distribution of electrochemically active
sites in the filaments, and the location of the anodic and cathodic re-
actions building up the FFC process was spatially resolved for the first
time. The entire green head confined in the so-called “V-shape” border
with the brown corrosion products was shown to be anodic, and the
intensity of the activity seemed to be higher in the darker back part
compared to the leading halo. The delamination front was confirmed to
be of an anodic character, disproving some models available in the
literature where a cathodic delamination outpost is theorized. The role
of the tail in the propagation process was not clear to date, but in this
work the entire length of the brown filament tail was found to be elec-
trochemically active towards the reduction of oxygen (acting as the
cathodic site), thus supporting filament propagation.

The SVET maps presented here are still regarded to be mostly of a
qualitative character since the magnitude of the current values was
found to be greatly influenced by a combination of different filament
sizes and morphologies. Furthermore, the experimental procedure
employed here is still to be optimized to accurately control the direction
and strength employed to perforate the coating cover in the filaments, in
order to reduce some uncontrolled variability in size and morphology
that prevented a more quantitative comparison of the outcomes at this
stage.

By means of a spatially-resolved potentiometric measurement using
an antimony microelectrode, the pH values developed along the
different reaction sites in the filament were determined in situ. The pH
values were found to be 4.5 (acidic) in the head, and 10.5 (alkaline) in
the tail. The distinct pH values found here corroborate the location of
anodic and cathodic sites revealed by SVET maps. Anodic activities
generated an acidic environment in the filament head at the metal-paint
interface, while the cathodic reduction of oxygen was responsible for the
alkalinization of the tail.

The new methodology based on coupling SVET and scanning
micropotentiometry was found to be adequate for investigating the
corrosion mechanism of filiform corrosion processes developing on
organic coated metals, and it can be implemented to study many other
case studies where the presence of the polymeric layer shelters the
phenomena occurring at the buried coating/substrate interface.
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Fig. 7. Schematic representation of FFC mechanism (a) coupled with an example of filament appearance captured by optical imaging through the clearcoat (b).
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