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coatings. Aiming to evaluate the effectiveness of a simulated electrochemical approach introduced in a previous
publication, several parameters are determined through an approach involving potentiodynamic polarization
curves and zero resistance ammeter on bare CCs. These experiments are conducted in test solutions designed to
replicate the electrolytic conditions the substrate encounters undergoing FFC. Similar measurements are

collected in neutral testing solutions and the outcomes of the two approaches are discussed regarding the per-
formances of the organic coated sample. The electrochemical evaluation of CCs highlights their potential to
reduce the driving forces and nucleation tendency. However, for the steel coated with acrylic paint, while CCs
reduce the initiation sites for delamination, they have limited impact on filament propagation.

1. Introduction

Filiform corrosion (FFC) represents a superficial, filament-like
corrosion phenomenon that occurs beneath coatings, predominantly
on metal surfaces, including steel [1,2]. In this latter case, FFC filament
comprises two distinct components: (i) a head region containing a blend
of intermediate corrosion products known as green rust [3,4], and (ii) an
extending tail primarily composed of hydroxides. FFC advances through
an anodic undermining process at the metal-paint interface, driven by a
differential aeration cell along the filament’s length [5,6].

The appearance of FFC is a result of a multifaceted interplay of fac-
tors, including the moisture level within a specific range of 65-93 %
relative humidity [7,8], the existence of coating defects that expose the
underlying metal to salts, the presence of intermetallic particles, and the
availability of oxygen [6,9].

As detailed in a previous publication [9], FFC can be conceptualized
as an electrochemical process, wherein the anodic and cathodic regions
are distinctly separated. The exchange of charge between these regions
can be regarded as the corrosion current. The two active sites were
demonstrated to be spatially defined and well-distinct along the threads
[10]. Anode and cathode are separated by a poorly defined membrane
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[11] similar to the one described by Van der Weijde et al. [12] in the
case of cathodic delamination on coated iron. Moreover, adherence to
the principle of charge conservation necessitates that the cumulative
reduction currents must equate to the sum of all oxidation currents, thus
preventing the accumulation of charge. Consistent with this theoretical
framework, the potential difference resulting from varying aeration
conditions can be regarded as the driving force behind the progression of
FFC, denoted as AEgpc. Meanwhile, the current density (icorr rrc) can be
considered a parameter associated with the propagation of this corro-
sion phenomenon.

The impact of filiform corrosion on the structural integrity of
metallic products is generally not considered detrimental. However, it
triggers paint detachment, thus making the protective coating much less
effective, and potentially facilitating a more extensive corrosive process.
Therefore, the significance of preventing and mitigating this failure to
improve the coated system’s durability is evident. Furthermore, the
gradual alteration of the appearance of painted items over time is no
longer deemed acceptable. Any deviation from the desired appearance
directly influences maintenance expenses and the frequency of sched-
uled servicing events. However, it is noteworthy that there is a paucity of
clear, universally accepted guidelines for effectively preventing this
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phenomenon on coated steel surfaces, and it is seldom given due
consideration.

In this work, a common corrosion mitigation technique, known as
surface conversion, was examined against FFC. Surface conversion is a
frequently employed method within the domain of protective coatings,
predominantly utilized to augment substrate compatibility prior to
coating application [13-24]. Once the metal is properly cleaned, an
application of a thin, insoluble, and well-adherent layer can beneficially
modify the surface characteristic. Higher roughness, improved chemical
stability, and easier bonding formation with the organic layer are the
main features on which the conversion coatings (CCs) rely. In light of the
inescapable water and ions permeability exhibited by organic coatings
[25,26], CCs efficiently mitigate electrochemical processes occurring at
the interface, particularly those linked to paint delamination and
underpaint corrosion. The properties of general CCs are able to provide a
certain restriction upon electron transfer between anodic and cathodic
sites [14,27,28]. By harnessing the potential of CCs and considering
their strategic placement within a coating system, their aptitude for
mitigating FFC becomes a salient feature. Extensive research has been
conducted to examine the influence of multiple conversion coatings on
the manifestation of FFC, specifically on aluminum substrates coated
with organic coatings, yielding encouraging findings [22,29-36,65].
However, to the best of current knowledge, there is no available refer-
ence concerning the utilization of CCs in painted steel protection with a
specific focus on FFC. Hence, in the context of this investigation, two
commercially employed corrosion inhibitors, widely embraced within
the industrial sector for the pretreatment of steel surfaces, have been
examined as potential strategies for mitigating FFC on acrylic-coated
steel. This research aimed to fill this gap in painted goods failure
knowledge.

Iron phosphatizing has been widely used for decades as an alterna-
tive to chromium-based baths. This technology relies on the deposition
of insoluble heavy metal ternary phosphate [37,38]. The non-
conductive nature of the deposited layer limits and postpones the
occurrence of corrosion. Another technology commercially available
since 2000 is the trivalent chromium CC (Cr(IIl)). This thin film can
impede oxygen transport to the surface, but unlike the precursor hex-
avalent one (Cr(VI)), no healing properties are provided. Both the
aforementioned conversion coatings (CCs), their formation mechanisms,
and overall corrosion resistance have been subject to extensive research
over the years. This study did not seek to contribute additional insights
into the pretreatment technologies themselves. In fact, the primary
emphasis was on exploring their suitability for a new application:
addressing FFC on surfaces coated with organic layers. In addition, this
study employed the electrochemical characterization technique intro-
duced in a recent publication [9] to assess the FFC resistance of the
previously described CCs.

With this focus, after a complete general electrochemical charac-
terization in a neutral environment based on potentiodynamic polari-
zation (PDP) and electrochemical impedance spectroscopy (EIS), a
specific experimental campaign was dedicated to the FFC resistance. An
electrolyte-simulated approach (described in [9]) was adopted to assess
the treated metallic surface’s durability performances in the anodic and
cathodic FFC environment. Coupling PDP and zero resistance ammeter
(ZRA) results, collected in the so-called anolyte and catholyte testing
solutions, an estimation of the improvements given by iron phospha-
tizing and Cr(IIl) thin coatings with respect to the untreated bare steel
was achieved. Finally, acrylic-coated pretreated steel panels were pro-
duced and aged following the FFC test (80 % r.h. at 40 °C after NaCl
contamination) [39]. Their degradation extent was discussed in com-
parison with the untread reference in terms of filament nucleation sus-
ceptibility and propagation rate. Furthermore, some morphological
modifications of the FFC and mechanism alteration were detected by
optical imaging monitoring.
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2. Materials and methods
2.1. Experimental

2.1.1. Conversion treatments

The CCs were applied on steel samples made of R36 Q-Panels Steel
A1008 (C max. 0.15 wt%; Mn max. 0.6 wt%; P max. 0.03 wt%; S max
0.035 wt%, and Fe. bal.). The cold rolled low carbon steel panels are
characterized by a surface roughness comprised in the 0.63-1.65 pm
range. In the prior pretreatment stage, each steel substrate underwent
degreasing with sonicated acetone, followed by immersion in an acid
solution containing 80 g/L of HCI for a duration of 15 min. The pre-
treatments used in the process include commercially available BON-
DERITE M-FE 1070 iron phosphate (referred to as “Phosphate”) and
BONDERITE M-NT 5992 (referred to as “Cr(III)”) supplied by Henkel
(Diisseldorf, Germany). The choice of the CC technologies was made
along the commonly utilized baths in the industrial field for steel
structures [14,37,40]. The CCs were applied following the instructions
provided by the supplier. The Cr(III) bath was prepared according to the
manufacturer’s specifications, achieving a pH of 3.5. The pretreatment
solution was applied by spray at room temperature, followed by a drying
stage in the oven at 100 °C for 1 h (no rinse treatment). The Phosphate
bath was adjusted at pH 5 by NaOH solution and applied by immersion
for 5 min at 45 °C. Subsequently, a thorough rinse with demineralized
water was performed, followed by air-drying at room temperature for a
duration of one hour. SEM JEOL IT 300 instrument was employed to
investigate the modified surface morphology and chemical composition.

2.1.2. Conversion coatings characterization

Electrochemical tests such as EIS and potentiodynamic analysis were
performed both on the untreated and converted surfaces using an
Autolab PGSTAT302N potentiostat. EIS measurements were carried out
at room temperature in a NaCl 0.5 M aqueous solution with a neutral pH
(6.2), applying a signal amplitude of 10 mV in a frequency range from
100 kHz to 10 MHz after 2 h of immersion (aerated condition). An
Avesta-type cell with a platinum counter electrode and an Ag/AgCl/3.5
M KCl reference electrode was used. A circular testing area of 1 cm? was
exposed to the electrolyte. Zsimpwin® software was employed to
analyze the EIS raw data set with the equivalent electric circuits (EEC).
In the case of potentiodynamic analysis, the samples were tested at a
scan rate of 0.2 mV/s, over the range — 300 + 900 mV vs. open-circuit
potential (OCP). The same testing geometry described for the EIS test
was adopted, with the same area and electrolytic solution. The analysis
was performed at room temperature after waiting 2 h. This delay period
was chosen after the OCP monitoring upon stabilization.

Following the experimental approach proposed in the previous
publication [9], the pretreated steel surfaces were characterized for
their susceptibility to FFC. Given that the FFC’s active head consists of
two distinct environments characterized by the presence of ions, oxygen
availability, and pH levels, the potentiodynamic curves’ anodic and
cathodic branches were collected separately in two unique electrolytes,
referred to as anolyte and catholyte. The composition of these simulated
electrolytes is reported in Table 1. The anolyte comprises 0.1 M FeCls, as
it is anticipated that some iron dissolution will occur at the anodic site
[10]. This concentration of iron salt aligns with previously reported
studies on aluminum in the literature [11,41]. The pH was adjusted to
1.5 by gradually adding 33 % HCI, in accordance with previous

Table 1

Anolyte and catholyte compositions and features.
Testing solutions Anolyte Catholyte
pH 1.5 12
Tons Fe®t, cl-, H' Na*, OH™
Oxygen (ppm) 1.4 7.5

T (°C) 40 40
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literature reports [42,43]. Recognizing that the cathodic site likely ex-
periences reduced oxygen concentration due to limited availability, high
ionic strength, and a lower pH, the anolyte was continuously purged
with nitrogen to reduce the dissolved oxygen (DO) to approximately 1.4
ppm, as described in prior studies [41,44]. Since the cathodic reaction
leads to localized alkalinization resulting from the oxygen reduction
reaction on the steel substrate (4Fe?* + O, + 2H,0 - 4Fe®" 4+ 40H")
[9,10], the catholyte was replicated using a NaOH aqueous solution with
a pH of 12 [5,45]. This setup was expected to induce passivation of the
steel surface [46]. Continuous air bubbling was applied to stabilize the
DO levels in the electrolyte.

The open circuit potential of the treated surfaces was monitored for
160 min for surface stabilization in the two simulating environments.
The following polarization curves were collected after a wait time of 2 h.
The anodic and cathodic branches were obtained by polarizing from
—50 mV to +300 mV under nitrogen bubbling and from +50 mV to
—300 mV (with air insufflation) with respect to the OCP. All electro-
chemical measurements were conducted under a consistently main-
tained temperature of 40 °C, ensuring a standardized environment in
accordance with the established conditions of the FFC standard testing.

Moreover, the anode and cathode sites of the filament were simu-
lated in two different cells connected with a jelly agar-saturated KClI salt
bridge to perform ZRA measurements. The current flow between the two
treated steel samples placed in the N3 bubbled anolyte, and synthetic air
fluxed catholyte was measured. The samples were simply immersed in
the respective solution. ZRA’s setup details were introduced elsewhere
[9]. The ZRA measurement was configured to run for a period of 2 h, and
after an initial few minutes during which the current stabilizes, the
average value of the last hour was recorded.

2.1.3. Coated sample production and characterization

The steel substrates underwent a coating process using an acrylic-
based clearcoat supplied by Palini Vernici (Pisogne BS, Italy). The se-
lection of the clear coat was made with the intent of enabling a visual
examination of the corroding interface between the metal substrate and
the paint layer. The coating application was conducted using a blade
apparatus known as the Elcometer 4340 Automatic Film Applicator. A
dry film thickness of 75 pm was obtained by curing at 60 °C in an oven
for 1 h, achieving a glass transition temperature of 46 °C [47]. The
coated specimens were prepared in accordance with the ASTM 2803
standard [39]. Prior to exposure within the neutral salt spray chamber,
in compliance with ASTM B117 standard [48] for 5 h, a scribe measuring
1 mm in width and 60 mm in length was made in the coating. The
introduction of chloride ions into the scratch is essential for initiating
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FFC [39]. Filament propagation was promoted by placing the specimens
in a controlled environment at 40 °C with a relative humidity of 80 %
[39]. These carefully controlled humidity conditions encourage filament
development, which was periodically observed using optical imaging
techniques. The software ImageJ was used for the determination of the
corroded area and to monitor the corrosion rate.

3. Results and discussion

When subjected to phosphatizing (Fig. 1b), the steel surface displays
a macroscopically uniform appearance. In contrast, the Cr(III) conver-
sion treatment does not exhibit homogeneous treatment. The observed
irregularities are attributed to the no-rinse technology, in which the
drying of the liquid chemicals left on the steel surface results in a non-
uniform degree of deposition.

In both instances, the deposited morphology exhibited a texture of
shapes with dimensions on the order of 100 nm as shown in Fig. 2. The
phosphate-based chemical conversion developed on the etched steel
surface due to the acidic nature of the conversion bath. The resultant
structure exhibits uniform growth in size and spatial distribution
(Fig. 2b), highlighting distinctive features characteristic of such treat-
ment [49-51]. In the case of Cr(IIl), a micro-rougher surface is achieved,
and the deposits seem unevenly distributed, resulting in smoother
pristine regions and textured converted areas, as supported by macro-
scopic observations (Fig. 2a). Notably, some cracks are discernible in the
outer layer [40].

In this study, electrochemical tests are carried out at two distinct
investigative levels. Initially, EIS is utilized to comprehensively evaluate
the barrier properties of the conversion layer and assess its enhancement
compared to bare metal. Following this, PDP and ZRA are integrated to
simulate the specific conditions arising from an anodic undermining
process. The electrochemical assessment of treated surfaces in a neutral
saline environment reveals that both conversion coatings (CCs) exhibit
enhanced durability compared to untreated bare steel. Concerning the
EIS outcomes provided in Fig. 3, the two pretreatments markedly in-
crease the impedance modulus in the low-frequency range. When
examining the data collected at 0.01 Hz, it appears that the Phosphate
coating exhibits a slightly superior performance. This observation is
further supported by the charge transfer resistance (R.y) obtained from
the EIS raw data sets, which have been fitted using a basic R(QR) Ran-
dles circuit (as shown in Fig. 3b insert), indicating the presence of a
single-time constant [52,53]. The term Q or constant phase element
(CPE) takes into account the deviation from a pure capacity behavior of
the electrical double layer at the metal-electrolyte interface [52,54].

Fig. 1. Optical image of the steel surface after the conversion stage. (a) Details the Cr(III) no-rinse treatment deposits, while (b) shows the surface after

phosphatizing.
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Fig. 2. SEM-SED images of Cr(Ill)-treated (a) phosphate-treated (b).
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Fig. 3. EIS diagrams of impedance modulus (a) and phase angle (b) collected on bare steel and treated steel with Cr(III) and Phosphate conversion coatings.

This method has been employed to simulate the behavior of heteroge-
neous surfaces, in contrast to the conventional use of double-layer
capacitance Cg, which is typically suited for electrodes with homoge-
neous surfaces. The fitting outcomes are reported in Table 2. Yy and n
are the admittance and exponent parameters, respectively, constituting
the Q according to Eq. (1), where o is the angular frequency (rad s™1).

Q) = [Yo(jo)"] " €h)

The effective capacitance of the double layer can be derived from
CPE parameters and charge transfer resistance by Eq. (2) [55]:

(Rcz YO) l/”

R, (2)

Cdl =

Nevertheless, it is crucial to note that when the exponential term “n”

Table 2

Equivalent electrical parameters obtained from the fitting of EIS raw data sets.
Sample Re (kQ-cm?) Yo (uS" Q1 em™2) n
Bare steel 1.25 8450 0.72
Cr(I11) 1.98 769 0.74

Phosphate 2.78 1060 0.84

significantly deviates from the condition of pure capacitance (n = 1), the
interpretation of the data becomes unreliable, and it is not possible to
attribute a clear physical meaning to the Y, parameter. The Phosphate
coating seems able to provide a higher charge transfer resistance (R,
thus significantly improving the corrosion resistance by means of a
redox reaction slowdown.

Analyzing the PDP curves (Fig. 4) collected in the same environment
after a similar immersion time (2 h), both the CCs induce an increase in
the corrosion potential of about +100 mV for Cr(III) and + 70 mV for
Phosphate. Moreover, after conversion treatments, the anodic current
decreases by about one order of magnitude with respect to the bare steel,
implying an enhanced corrosion resistance. These outcomes are in line
with the EIS results and confirm the effectiveness of the corrosion pro-
tection provided by CCs in near-neutral conditions.

After assessing the actual performance in a neutral environment, the
electrochemical analysis is extended to encompass two electrolytes that
replicate the anolyte and catholyte environments, and the correspon-
dence with the actual FFC susceptibility is discussed.

Open circuit potential vs time curves are collected over the pre-
treated steel samples in different testing solutions. The measurements
suggest that the stabilization time for the investigated samples is about
2 h.
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Fig. 4. Potentiodynamic polarization curves collected on bare steel and treated steel with Cr(III) and Phosphate conversion coatings.

It is worth noting that both samples in the anolyte exhibit a more
noisy behavior, suggesting heightened reactivity within this acidic
environment compared to the passivating conditions in the catholyte.
Furthermore, Fig. 5 provides a first estimation of the decrease in the
difference of potential established between the anode and the cathode
during FFC, which has been previously measured to be 0.230 V on bare
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steel [9]. The Cr(III) accounts for a reduction of 87 %, while Phosphate
for 65 % of that electrochemical driving force.

The same discussion can be made on the PDP curves in Fig. 6, dealing
with the difference in the corrosion potential between the anodic and
cathodic branches. The values of the parameters representing the FFC
driving force are provided in Table 3. CCs act mainly on the activity in
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Fig. 5. Open circuit potential monitoring of phosphate coating and Cr(III) coatings in anolyte/catholyte simulated electrolytes.
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Fig. 6. Potentiodynamic polarization curves on bare steel, phosphate coating, and Cr(III) coatings collected in anolyte/catholyte simulated electrolytes.

Table 3

Electrochemical parameters derived from the potentiodynamic polarization
curves collected in anolyte/catholyte simulated electrolytes. Mean values ob-
tained from replicate measurements are reported.

PDP icorr rrc (HA/cm®) AEcorr (V)
Bare steel 19+3 0.23 + 0.01
Cr(III) 6.7 + 2.0 0.027 + 0.009
Phosphate 18.7 +£ 3.6 0.142 + 0.010

catholyte, and the shift of these branches leads to a drop in filiform
corrosion current of 65 % for Cr(IIl), while for Phosphate this parameter
results comparable to the untreated sample. Due to the presence of
nanoscale defects in thin conversion films, oxygen reduction occurs at
the metal/electrolyte interface, resembling a scenario observed with
microelectrode arrays. Consequently, such measurements are limited to
offering only a qualitative assessment of the hindrance effect on oxygen
reduction [56,57].

Concerning the behavior in the anolyte (acidic environment), no
significant differences for the CCs with respect to the bare steel can be
observed. This finding suggests poor stability of the CCs at low pH it
suggests the damaging effect that the considered environment causes on
the converted surfaces. Replicates of the PDP curves presented are

provided in Appendix A1 and A2. Thin film performances seem better in
the alkaline conditions typical of the catholyte. However, the primary
concern regarding the suitability of these CCs against FFC centers
around the observation that the foremost event during coating delami-
nation is of an anodic nature. Given the acknowledged instability of the
deposited thin films in such conditions, it becomes challenging for the
CCs to effectively mitigate cathodic events, particularly if they manifest
in the filament tail following the initial anodic head. In this scenario, the
cathodic sites are situated within an already compromised portion of the
treated surface, owing to the prior exposure to the corrosive acidic liquid
environment at the advancing head of the corrosion. However, consid-
ering that FFC involves an initial nucleation stage driven by cathodic
activity in the defective coating, the behavior exhibited by the CCs in
Fig. 6 could prove effective during this early phase of the corrosion
mechanism.

In this sense, also the reliability of the electrochemical simulated
data could likely be less significant since the kinetic (icorr rrc) and
thermodynamic (AEcorr) parameters are mainly determined by the ef-
fect experienced by the integer CCs in contact with the catholyte envi-
ronment, a scenario not possible to be found in the real FFC propagation.

The second approach exploited to simulate the FFC mechanism from
an electrochemical point of view is the ZRA. To validate the findings
from the previous tests, the corrosion current between the two cells
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emulating the anode and cathode is quantified. The values derived from
Fig. 7 upon current stabilization are shown in the inset. The substrate
ranking of the electrochemical activity is in agreement with the PDPs
outcomes. Both the CCs effectively shelter the substrate, decreasing izra
rrc by 94 % and 68 % concerning Cr(III) and Phosphate, respectively.
According to the findings, both the CCs enhance the corrosion resis-
tance, and Cr(III) seems to better mitigate FFC. However, also in this
case the simulated configuration could differ from the real FFC model in
the integrity of the deposited films when acting as a cathode in the
filament tail [10]. Comparable remarks regarding the representativeness
of simulated electrochemical outcomes arise when addressing the sta-
bility issues of the CCs verified to be unstable in an anodic environment.
These observations parallel the considerations made earlier concerning
potentiodynamic curves. Replicas of the ZRA measurements are pro-
vided in Appendix A3.

Summarizing the electrochemical outcomes, neither experiments in
a neutral testing solution nor those reproducing the electrolyte devel-
oping during FFC are expected to faithfully simulate the actual scenario
during filament growth. Nonetheless, the beneficial effect of the treat-
ments is suggested from various points of view, but it could be supposed
to be related more to the cathodic activity and thus act more on the FFC
initiation stage [8].

The converted surfaces are subjected to corrosion protection testing
in combination with an acrylic-based clearcoat. The dry adhesion of the
coating is evaluated. An image of the adhesive failures that occurred on
all the tested samples is shown in Fig. 8. The conversion coatings do not
increase the bonding between the steel and the paint as expected: 3.4
MPa is measured for the untreated sample. Cr(III) coated samples fail at
a mean load of 2.5 MPa, while Phosphate withstands up to 3.4 MPa. It is
essential to note that wet adhesion (or resistance to delamination) may
not be directly synonymous with the bonding strength determined in the
Pull-off test. This distinction is due to water uptake and the following
electrochemical reactions beneath the paint surface [58,59].

Three sets of scratched-coated samples are aged for each substrate as
part of the filiform corrosion test [39]. The transparency of the coating

20
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Fig. 8. Tested samples after pull-off dry adhesion test. (a) refers to Cr(III) and
(b) to phosphate coating.

allows for the continuous monitoring of under-paint corrosion over
time, enabling the observation of susceptibility at the initiation of FFC
and the subsequent propagation of filaments. Fig. 9 displays the average
number of filaments per unit length that developed from the longitu-
dinal scribe after being exposed for 100 h under constant conditions of
80 % relative humidity at 40 °C. Both CCs exhibit a noticeable reduction
in their propensity for nucleation of filaments when compared to the
unconverted coated substrate, denoted as “Bare steel”. A comparison

—— Bare steel
— Cr(lll)
—— Phosphate

izearrc (WA/cm?) | Dev. St.
Bare steel 9.62 0.71
Cr(l11) 0.52 0.37
Phosphate 3.08 0.08

1 2

Time (hours)

Fig. 7. ZRA measurement over 2 h of monitoring. The inset reports the mean values of ZRA current calculated over the results of the replicants.
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Fig. 9. FFC nucleation susceptibility evaluated at 100 h of filiform humido-
static test. Mean values over the three replicates testes samples per unit length.

between the three tested types of samples is provided in Fig. 10. The CCs
seem able to display an enhanced wet adhesion, reducing the initiation
sites for delamination. Previous studies report about the halo distributed
around the scribe due to the cathodic activity formed when the samples
are exposed to the neutral salt spray chamber during the initial
contamination stage [8,9,60]. However, after its appearance and evo-
lution during the contamination stage, there is a halt in further evolution
because the distribution of contaminant ions triggers anodic under-
mining activity [8,61]. The initial presence of cathodic activity around
the defect and its subsequent cessation is associated with the coupled
anodic site. In this phase, cations produced from the solubilization of
contaminant salts migrate toward the edges of the active region to
counterbalance the negative charge generated by hydroxyl anions
released during oxygen reduction at the cathodic front. This migration
beneath the paint leads to the formation of an alkaline liquid film. As the
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deficiency of cations increases, iron cations (Fe** and Fe®") produced
through steel dissolution fill the gap. The low solubility of iron hy-
droxides [62] hinders the movement of iron cations within the sur-
rounding electrolyte. Upon depletion of cations from contaminants
(such as Na*t, K*) at the initially detached interface, the expansion of the
cathodic region ceases, and a shift in the role of the reaction is observed
toward an anodic undermining process [8,60]. As indicated by the ar-
rows in Fig. 10, the presence of the conversion coatings mitigates the
extent of this initial degradative activity. Based on these results, it is
reasonable to assume that both Cr(IlI) and Phosphate exhibit strong
performance in resisting cathodic delamination, in agreement with the
simulated electrochemical results. The enhanced performances provided
by CCs could rely on the greater paint adhesion which makes more
difficult to damage the stronger metal-paint interface or form iron based
compounds able to disadvantage the movement of charged species in the
interfacial environment [14,56]. Keeping in mind the dual nature of the
FFC mechanism and its initiation it is clear that a good mitigation
strategy for FFC protection implies also a proper inhibitive action on
cathodic delamination since it is strongly involved in the early stages of
the phenomenon.

As suggested by the PDP’s results, and in particular the superposition
of the anodic branches in Fig. 6, the filament propagation is less influ-
enced by the presence of the chemical conversion treatment. Since after
FFC nucleation, the delamination front is anodic [2,10,60], the propa-
gation cannot significatively be mitigated by CCs that are not stable in
an acidic environment. The corroded area evolution with time is re-
ported in Fig. 11a, in which the diagram representing the FFC growth
rates is inserted. Even though Cr(IIl) displayed promising characteristics
in the electrochemical tests regarding FFC driving forces acting on
cathodic events (Fig. 6), it appears to be ineffective in mitigating the
progression of FFC. On the other hand, Phosphate reduces the growth
rate (by 32 %) and corroded area extension. After 270 h in a climatic
chamber (Fig. 12), the samples treated by phosphating are less damaged.
Currently, the predictive accuracy of propagation rates appears to be
enhanced when relying on the R values derived from electrochemical
impedance spectroscopy (EIS) raw data modeling (Table 2). This

ﬁ i = w_

O

Fig. 10. Coated samples after 100 h of filiform test. The diverse extent of the cathodic halo developed during the first NSST contamination stage is highlighted.
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Fig. 11. Corroded area evolution over time (a) and average filaments width
fitting lines.

parameter has proven effective in discerning subtle performance varia-
tions, potentially attributed to a less severe testing environment.
Notably, the aggressive nature of the simulated acid anolyte conceals
these characteristics. In instances involving the presence of a phosphate
layer, a higher charge transfer resistance may underlie the restrained
propagation of delamination. Concerning the durability of conversion
coatings, their primary determinant lies in their capacity to withstand
the harsh conditions arising at the interface between the metal and paint
during the various steps of FFC evolution. Additionally, their pivotal role
in impeding the movement of charged species is essential to decelerating
the progression of the corrosive phenomenon. Also, the observed
reduction in filament width in Fig. 11b for CCs compared to coated bare
steel could be attributed to enhanced bonding.

Fig. 12 also shows the extent of damage at the conclusion of the 750 h
filiform test. At this juncture, the chemical-physical compatibility be-
tween the organic coating and the treated surface significantly in-
fluences corrosion progression. This factor cannot be incorporated into
an electrochemical simulated approach reliant on experiments con-
ducted on uncoated substrates. The proposed methodologies are not
independently applicable; instead, they require integration with wet
adhesion tests in the specific scenario outlined. This necessity arises
particularly when alterations occur in the metal-paint interface owing to
surface modifications, such as conversion treatments. Nevertheless, the
approach holds greater utility in comparing the FFC susceptibility of
organic coated systems that share analogous interfacial interactions,
such as similar alloys with diverse compositions [11], metals heat
treatments [63], or paints containing varied inhibitors.

The steel conversion affects the FFC morphology. Fig. 13 shows the
evolution of underpaint corrosion for the different samples. The fila-
ments are well-developed and unidirectionally propagated for the
Phosphate substrate (Fig. 13a); the painted Cr(III) conversion coating
shows diffuse FFC ramifications in all directions (Fig. 13b). This change
in morphology can be associated with the lower adhesion displayed by
the Cr(IIl) layer and the acrylic-based layer. In situations where the paint
bonding is weak, the growth of lateral branches appears to be promoted.
In contrast, for the Phosphate coating, growth primarily occurs in the
longitudinal direction, where there is a notable aeration gradient. When
the adhesion is low the corrosion product formation yields the coating
lift from the substrate [45], and if it is not enough bonded, some fila-
ments could nucleate sideways. Concerning the organic coating in this
context, its predominant influence stems from adhesion and interaction
with the substrate. While oxygen and water permeability may pose
potential concerns, their impact is not predominant when assessing the
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evolution of delamination initiated from a macrodefect. This is because
the primary source of the species necessary for the reaction’s progres-
sion is derived from the open defect and filament tails [6].

4. Conclusions

In this study, commercially available conversion coatings were
tested for their ability to mitigate filiform corrosion (FFC) in acrylic-
coated steel. Widely used technologies were selected, including triva-
lent chromium conversion and phosphating, and some novel insights
specific to FFC mitigation in organic coated steel are presented. Their
electrochemical response was assessed at first in a near-neutral envi-
ronment. To simulate the FFC mechanism the converted surfaces were
tested by means of simulated electrochemical approach coupling PDP
and ZRA outcomes. The outcomes carried out with testing solutions
reproducing the anolyte and catholyte environments developed in the
FFC interface show that both conversion coatings are acting mainly
inhibiting the cathodic events and seem less efficient in providing
enhanced performances in the anodic acidic one.

The electrochemical findings did not fully match the actual corrosion
resistance assessed on acrylic-coated samples in terms of FFC propaga-
tion. The main reasons responsible for the mismatch could be: (i) the
main effects given by CCs were found on the cathodic event which is not
the leading one once the filaments are formed, (ii) the cathodic reaction
takes place on reactive sites that have already been damaged by the
passage of the anodic front; this occurrence compromises the protection
provided by the CCs, rendering it affected, (iii) the interfacial compat-
ibility between the converted surfaces and the organic layer cannot be
included in the electrochemical simulated method. However, a benefi-
cial effect of the conversion treatments was highlighted during the
cathodic-driven initiation phase for both the CCs, according to the
electrochemical outcomes in an alkaline environment (PDP and ZRA).

In addition to corrosion performance, this study discussed the
applicability of the experimental approach proposed in our previous
publication [9], which is based on potentiodynamic polarization curves
and zero-resistance ammeter to investigate conversion coatings. In the
end, this approach should be considered as a supplementary method to
the electrochemical characterization under near-neutral conditions
when assessing the efficacy of conversion coatings. Since the protective
performance of conversion coatings against FFC might not be as effec-
tive as for cathodic delamination, this novel approach has the potential
to yield divergent results and therefore adds valuable insights to the
evaluation process.
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(a)

Fig. 13. Details of the modified FFC morphology caused by the conversion layers, phosphate (a) and Cr(III) (b). Images taken after 500 h of the filiform test.
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