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A B S T R A C T   

Organic coatings delamination and corrosion pose an ongoing challenge in materials science. This review ex
plores the knowledge of corrosion mechanisms in painted steel structures up to date, focusing on filiform 
corrosion (FFC) investigating its mechanisms, and discussing available prevention strategies alongside their 
suitability. First reported in the 1940s, FFC garnered significant attention in the subsequent decades, particularly 
in the study of coated aluminum, and very recently magnesium alloys. However, its consideration as a 
component of steel degradation remained comparatively limited during this period. Despite advancements, 
comprehensive analysis of FFC has been infrequent, prompting a call for an updated critical analysis. This survey 
emphasizes the necessity for organized FFC mitigation strategies, discussing alternatives and emerging trends. It 
underscores FFC’s potential role as a precursor to general corrosion, emphasizing the economic implications of 
aesthetic damage. This review aims to fill gaps, assess current knowledge, and pave the way for future research in 
the realm of organic-coated steel corrosion.   

1. Introduction 

The degradation of painted steel structures frequently involves 
various forms of corrosion, with numerous aging mechanisms at play. 
Each service environment may give rise to distinct failure modes. 
Cathodic delamination is believed to represent the predominant corro
sion morphology, resulting in coating delamination and diffuse sub
strate rusting. However, a lesser-known form of corrosion, termed 
filiform corrosion (FFC), characterized by anodic undermining, also 
occurs on painted steel. 

Sharman (1944) conducted the initial investigation on FFC [1], 
depicting it as a deterioration process that leads to the development of 
filamentous corrosion products beneath protective coatings. FFC typi
cally occurs in moist environments, originating from surface imperfec
tions in the protective film in the presence of soluble ionic species. This 
type of corrosion commonly affects steel, aluminum [2–10], and mag
nesium [11–13] surfaces coated with organic films such as lacquer or 
paint. The FFC occurrence varies depending on the specific metal sub
strate, indicating the existence of distinct underlying mechanisms. The 
participation of ions with different valences and their inclination to 
create compounds with varied chemical and physical characteristics 

lead to peculiar observable morphologies. The filaments associated with 
FFC exhibit a slender and shallow profile, yet they can attain significant 
lengths (in the order of several centimeters). The width and thickness of 
these filaments appear to be influenced by the properties of the organic 
coating, such as the adhesion to the substrate and the specific type of salt 
that initiates corrosion. Filaments typically display a branching struc
ture and exhibit directional growth. In metals with a distinctive pro
cessing direction, corrosion threads tend to develop along that specific 
orientation. Alternatively, in the absence of a characteristic extrusion 
direction, filament growth occurs in random directions, originating from 
defects in the coating or weak interfacial spots. The visual representa
tion of corrosion filament in the case of an acrylic-coated steel substrate 
is depicted in Fig. 1. A distinct separation between two different areas is 
discernible along the filament. This unique distribution of corrosion 
products has been noted to form a “V-shaped” head, characterized by a 
clearly defined boundary between the designated “head” (the leading 
portion) and “tail” (the rear part). The color contrast in the two regions 
is attributed to the presence of different iron ions-based compounds, 
emphasizing the distinct chemical composition of the head and tail re
gions, and therefore the diverse reactions involved. 

Although the first observation of FFC on painted steel dates back to 
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the 1940s, the subsequent decades have witnessed a growing interest in 
this phenomenon, particularly in the context of aluminum and magne
sium. This heightened attention is primarily driven by the significance of 
the issue in the aeronautic and automotive industries, where the use of 
lighter alloys is prevalent. Despite this increased focus, there has been a 
notable scarcity of investigations specifically centered on steel sub
strates. In the subsequent years, notable contributions were made to 
understanding FFC. Ruggeri and Beck (1983) [14] were among the pi
oneers, and later, in 1996, Bautista [15] provided a comprehensive re
view encompassing the state of the art knowledge related to this failure 
mechanism. While the latest review of advancements in this field by 
McMurray and Williams within Volume 2 of Shreir’s Corrosion dates 
back to 2010 [16]. Their reviews covered causes, and mitigation stra
tegies and highlighted certain unresolved issues, along with suggestions 
for future research. However, it has been >25 years since the last 
comprehensive survey, and during this time, several research groups 
have made significant strides in enhancing our understanding of FFC in 
organic-coated steel. 

FFC occurrences in defective coated steel have been established to 
comprise two phases: (i) contaminants-driven initiation and (ii) linear 
front propagation [17,18]. In recent years, utilizing various electro
chemical techniques such as scanning Kelvin probe (SKP) [19–22], 
electrochemical impedance spectroscopy (EIS) [23] scanning vibrating 
electrode techniques (SVET) [24,25], and micropotentiometry (SECM) 
[24], substantial evidence has been gathered to discern anodic and 
cathodic activities, marked by pronounced spatial separation. Further
more, recent literature has provided new insights into the corrosive 
environment developing at the metal-paint interface. It also explores the 
influence of environmental factors, such as oxygen, contaminants, and 
humidity, on FFC morphology, growth rate, and initiation triggers 
[18,26–28]. The average growth rate of filiform corrosion in coated steel 
typically falls within the range of 0.2 to 0.9 mm per day (see Table 1). 
Significantly, the growth rate of threads in steel is approximately one 
order of magnitude higher than that observed in aluminum [15,29]. 
Corrosion damage tends to escalate with higher environmental salinity 
[28]. Interestingly, the thickness of the protective film does not exhibit a 
definitive influence on the rate at which the filiform corrosion process 
develops [14]. 

Given these advancements and the evolving landscape of research in 
this domain, there is a recognized need for an updated, comprehensive, 
and critical analysis of the achievements to date. Such an analysis would 
provide valuable insights into the current state of knowledge, identify 
gaps, and set the stage for future investigations in the field. Furthermore, 
there is a need for organization in the field of FFC mitigation, encom
passing a discussion on the currently available alternatives and 
emerging trends in research for protecting against this failure 

mechanism. While FFC is commonly perceived as causing aesthetic 
damage to the coating system [30], it can potentially serve as an initi
ation event for the general corrosion of the steel substrate [18] along 
with paint delamination. Although the expansion of filaments at the 
metal-paint interface does not harm the mechanical integrity of the 
structure, as the metal substrate dissolution depth is approximately 10 
μm [14], the situation changes when coating delamination occurs. With 
coating detachment and the subsequent deposition of iron rust with a 
thickness of tens of μm, the protective properties of the paints wear off. 
This allows both humidity and oxygen to freely reach the exposed sub
strate, resulting in more severe general corrosion. At this juncture, the 
significance of preventing and mitigating FFC becomes evident to halt 
further damage progression. Moreover, the undesirable alteration of the 
appearance of painted goods over time is no longer acceptable, as any 
potential noncompliance reflects on maintenance costs and the fre
quency of scheduled service events. 

In addressing this issue, various efforts have been dedicated to 
adapting existing prevention and protection techniques, including con
version coatings (CCs) and inhibitors to counteract FFC. Additionally, 
novel materials have recently been introduced to mitigate this phe
nomenon. Notably, several stimuli-responsive micro/nanocontainers for 
the controlled release of corrosion inhibitors are gaining increasing 
attention in this field. Some promising results from these endeavours 
focusing on steel substrates have been published encouragingly [31,32]. 
Further efforts are necessary for the prevention of FFC, and this study 
aims to establish guidelines for the design of protective methods. The 
objective is to adapt these methods in alignment with the accepted 
corrosion mechanisms. 

In this review, we present a comprehensive overview of experimental 
research conducted to date in the realm of filiform corrosion occurring 
on painted steel substrates. Emphasis is placed on elucidating the 
mechanisms underlying delamination from an electrochemical 
perspective, examining various models proposed over the years and 
their correlation with factors that precipitate this corrosion phenome
non. This manuscript encompasses a thorough compilation of laboratory 
studies simulating weathering conditions and outdoor exposure sce
narios where FFC occurs, discussing associated features such as propa
gation rates and encountered atmospheric parameters. Additionally, we 
discuss the main mitigation strategies explored over the years, ranging 
from the integration of inhibitors and pigments within the paint 
formulation to the application of surface treatments, aiming to quanti
tatively compare their efficacy in inhibiting corrosion. 

2. The phenomenon: Causes and outcomes 

FFC in organic coated steel constitutes a localized corrosive 

Fig. 1. A schematic representation of the filiform corrosion (FFC) mechanism is illustrated in (a), accompanied by an example of filament appearance captured 
through optical imaging via the Acrylic clearcoat in (b). Adapted with permission from Ref. [24]. 
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phenomenon characterized by linear patterns of progression. Its 
morphological features include the presence of distinct anodic and 
cathodic reaction sites at the filament tip. The progression of FFC in
volves the linear advancement of the thread’s head along a path, with 
the resultant corrosion products forming a developing tail. Optimal 
conditions for FFC initiation require a relative humidity (r.h.%) within 
the 60–95 % range [15,18,33], coupled with the presence of 
contaminant-aggressive ions, typically chlorides and sulphates, in the 
atmosphere [14,17,38]. Elevated r.h.% values disrupt linear filament 
propagation, favouring a failure mechanism that induces blistering 
(Fig. 2) [18,35,39–41]. This phenomenon has been specifically 
emphasized in cyclic cabinet tests, exemplified by ASTM G85 – Annex 5 
[42]. In these tests designed to emulate natural exposure conditions, the 
humidity varies from 40 % to the point of saturated saline fog. Notably, 
these controlled experiments reveal a simultaneous manifestation of 
both FFC and blistering under these elevated humidity conditions [18]. 
A hypothesis made on this phenomenon states that at elevated relative 
humidity levels, the increased water content within the polymer accel
erates the rate of oxygen diffusion through the coating. Thus, this 
heightened oxygen permeability facilitates the oxygen reduction reac
tion encompassing the location of iron dissolution. Consequently, under 
these conditions, the unidirectional nature of the filament is compro
mised, and there is a preference for the formation of blisters 
[18,19,28,43]. Nevertheless, there is currently no experimental valida
tion for this plausible interpretation. Additionally, an explanation for 

the emergence of this humidity threshold, varying between 93 % and 
100 % depending on the specific coating system under consideration, is 
absent from the available information [18]. 

On steel substrates FFC exemplifies an oxygen concentration cell 
beneath the paint, where the distinct color and shade gradient enables 
easy differentiation between the leading head and the developing tail 
(Fig. 1) [24,26,27]. Various factors influence the susceptibility of 
painted structures to filiform corrosion (FFC). The key parameters 
include (i) humidity levels and (ii) oxygen availability, the presence of 
contaminant species (iii) necessary for FFC initiation, the impact of 
temperature (iv) on coating properties and chemical kinetics, the quality 
of metal-paint adhesion (v) related to surface preparation, pre
treatments/conversion layers (vi), and paint chemistry (vii), as well as 
the existence of weaknesses and defective spots in the coating layer 
(viii). The conditions conducive to FFC appear to be more prevalent than 
the extremely high humidity levels associated with cathodic delamina
tion [18,28,41]. This underscores the significance of conducting in- 
depth investigations into the mechanisms leading to paint failure in 
the context of FFC. The main conditions available in the literature are 
summarized in Table 2. 

Going through the environmental parameters, humidity emerges as a 
crucial factor in triggering FFC, setting it apart from cathodic delami
nation. Moreover, the necessary concentration of contaminants, such as 
chlorides for initiation, is low enough to observe the phenomenon even 
in continental environments [44]. The influence of contaminants on the 

Table 1 
Propagation rate on organic coated steel sample aged after the introduction of an artificial scratch.  

Coating Thickness 
(μm) 

Initiating electrolyte Relative humidity 
(%) 

T 
(◦C) 

Propagation rate 
*(mm/day) 
**(mm2/day) 

References 

Lacquer – CH3COOH – – 0.85* Sharman 1944 [1] 
Varnish – CH3COOH 86 24 0.5* Van Loo 1953 [28] 
Urea-alkyd – – 85 Room 0.25* Slabaugh and Grotheer 1954 [34] 
Varnish – – 60 Room 0.28* Preston and Sanyal 1956 [35] 
Polyurethane 25–50 NaCl 90 23 0.16–0.5* Ruggeri and Beck 1983 [14] 
PVB 20 NaCl 93 20 0.46 * Williams et al. 2003 [17] 
polyurethane 100 HCl 85 40 0.83* Catubig et at. 2011 [36] 
PVB 30 FeCl2 93 20 0.55* Watson et al. 2014 [27] 
PVB 10 FeCl2 95 25 0.12** Glover et al. 2017 [37] 
Acrylic 75 NaCl 80 40 0.27* Cristoforetti et al. 2023 [26]  

Fig. 2. Instances of coating delamination vary depending on the oxygen availability, and relative humidity of the surrounding environment. (Adapted with 
permission from Ref. [26, 27, 40]). 
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filiform delamination of organically coated steel has been extensively 
examined by Koehler [38] and Williams et al. [17]. Group (I) salts such 
as NaCl, KCl, and CsCl play a role in FFC initiation during the initial 
stages of the liquid environment formed at the interface near a damaged 
area. The ions derived from these salts exhibit varied actions and evolve 
through different stages. Anions are noted to participate in reactions 
throughout the entire propagation [18,26], while the role of cations is 
confined to the initial phase of the mechanism. Their impact is primarily 
associated with migration to various active spots where anodic and 
cathodic reactions transpire, thereby balancing the electrostatic ionic 
charge. Further details on the initiation mechanism will be discussed in 
the subsequent section. 

The role of oxygen is closely tied to the integrity and permeability of 
the coating through corrosion products. When a scratch is present in the 
paint, oxygen tends to preferentially follow the paths created by the 
damaged area, making any potential delamination event more likely to 
initiate in these vulnerable spots [45–48]. Throughout propagation, the 
damage remains the primary source of oxygen for oxidation activity in 
the thread, flowing along the tail through the permeable and loose de
posits of corrosion products. Studies have demonstrated that the fraction 
of species required to sustain the FFC’s reactions passing through the 
intact polymeric layer is negligible in the case of a growing filament 
from a macro-defect. However, this minor flux might be adequate to 
support the propagation, influencing the kinetics and morphology of the 
phenomenon [26,27]. 

As previously mentioned, the progression of the corrosive event 
hinges on its initiation conditions, particularly the nucleation site 
responsible for supplying the necessary ionic species. Conventional 
corrosion tests on painted metals typically utilize longitudinal scratches 
[49,50]. Conversely, two primary scenarios arise in real-world appli
cations: spot defects in the paint and cut edges. Moreover, the type of 
initiation feature can significantly impact the morphology of the prop
agation. The “V-Shape” morphology of the head or the linearity resulting 
from gradients in species supply [26], particularly oxygen, strongly in
fluences the development of FFC throughout its propagation and 
delamination failure. 

In addition to the previously mentioned factors, given the electro
chemical nature of the involved reactions, the temperature is anticipated 
to influence the kinetics of reactions [51–54], the concentration of 
species in the electrolytes formed at the interface [44], and the 
chemical-physical properties of the paint [55,56]. Nevertheless, tem
perature might pose the most challenging parameter to consider in the 
study of painted metal corrosion, as it is intricately involved in multiple 
competitive mechanisms [41,51]. 

3. FFC knowledge: Historical background 

Since Sharman’s initial observation of FFC on painted iron in 1944 
[1], various models of the underlying mechanism have been proposed 
over the decades. While some models share commonalities, others 
diverge, reflecting differences arising from reliance on morphological 
observations, rudimentary analyses, and assumptions. These hypothe
ses, although well-formulated, often lack robust experimental 

verification or disproof, primarily due to challenges in studying a phe
nomenon occurring beneath an organic layer. The presence of the 
coating has posed a significant barrier to obtaining information on 
electrochemical activity at the metal-paint interface. Nevertheless, 
certain consistent inferences about FFC features have been drawn:  

i. Once the filament is well-developed from the defect, corrosion 
evolution involves two spatially separated electrochemically 
active sites: the anode and cathode. [14,24,33,38,41,58]  

ii. The primary influencing factor driving thread propagation is the 
differential aeration between the front and back. 
[15,22,26,27,33]  

iii. Contaminants’ presence plays a role in the initiation stage, and 
these can migrate along the filaments during growth. 
[17,18,26,38]  

iv. Some localized alkalinization and acidification are present in the 
corroding interfacial environment. [14,24,57] 

However, divergent models highlight crucial points of contention: 

i. The location of anodic and cathodic sites, as well as the electro
chemical nature of the leading front where delamination occurs.  

ii. The primary path for oxygen and water to reach the reaction sites.  
iii. The existence of an active outpost preceding the filament during 

its propagation. 

The first mechanistic interpretation of FFC, recognizing initiation 
and driving mechanisms, was proposed by Van Loo et al. in 1953 [28]. 
While their model suggested the formation of initial anodes at the 
exposed metal-paint junction, this theory was later disproved by Wil
liams and McMurray fifty years later [17]. However, the propagation 
model based on the differential aeration between the thread’s front and 
back parts remained valid. This study identified relative humidity 
thresholds above which radial blistering preferably occurs (~95 %). 
Consequently, FFC was defined as a corrosion event determined by 
exposure conditions rather than the characteristics of the coating or 
substrate, as it is observed in various protective systems. The discussion 
on the causes of the “V-shape” morphology remains unresolved until this 
point. 

The growing interest in FFC was evident with the publication by 
Slabaugh and Grotheer [34] just one year later Van Loo et al. They 
presented the initial approximate measurement of the pH of the elec
trolyte at corrosion sites, detecting alkalinization (pH 12) in the exposed 
filament using indicator paper. However, no distinction between 
different reaction sites was recognized. Emphasizing the presence of Fe 
(II) and Fe(III) in corrosion products as crucial, they identified only Fe 
(II) in the green head. Consequently, they proposed that further iron 
oxidation to Fe(III) might occur at the junction between the head and the 
brown tail. A humidity threshold (65 %) was found necessary for FFC, 
linked to the need for water migration toward active sites. Others 
observed this threshold at lower values (50 %) [35]. Despite initially 
attributing this fact to species permeation through the organic layer by 
osmosis or capillarity, later studies established that the filament itself 
serves as the primary path for species needed for the reaction, rendering 
coating permeation marginal [14,26,27]. The discussion also explored 
the possibility of observing the “V-shaped” border between the head and 
tail due to the oxygen gradient capable of oxidizing Fe(II) to Fe(III) in 
the orthogonal direction of propagation, where lower oxygen concen
tration at the center could delay oxidation compared to the edges. 

In 1977, Koehler [38] conducted a study focusing on the role of 
contaminants in the degradation of organically coated steel, specifically 
examining the influence of different salts on the morphology of filiform 
corrosion with various paint types such as epoxy, alkyd, and phenolic- 
based paints. The investigated salts include sodium chloride, sodium 
sulphate, ammonium sulphate, potassium chloride, and potassium sul
phate. It was observed that sulphates produced finer corrosion filaments 

Table 2 
Natural and artificial environments in which FFC has been detected.  

Test Relative humidity 
(%) 

T 
(◦C) 

References 

Natural exposure*,§,†, ‡ – – [28] 
Humidostatic 60–95 Troom - 40 [14,15,33,34,57] 
Cyclic 40–100 cyclic Troom - 35 [18,39,40] 

Exposure sites: *Marine: Key West (Florida USA), Lyon Arboretum (Hawaii 
USA), Waipahu (Hawaii, USA), Kilauea Volcano (Hawaii USA), §Suburban: Co
lumbus (Ohio USA), †Rural: Ewa Nui (Hawaii USA), ‡Industrial: Campbell In
dustrial Park (Hawaii USA). 
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compared to chlorides. The green head was found to contain chlorides, 
suggesting their migration through the tail via electrochemical trans
port. Koehler presented a model placing both corrosion semi-reactions 
in the leading head, a rearrangement of previously published models. 
Although the manuscript did not introduce new experimental evidence 
on the mechanism, Koehler noted a peculiar feature later unfolded and 
rediscovered 25 years later by Williams and McMurray [17]. Koehler 
reported the development of a “detachment halo” circular-shaped 
around the coating defect where salts were placed, categorizing it as 
cathodic disbonding caused by the strong bases formed by potassium 
and sodium. 

In 1983, Ruggeri and Beck conducted a comprehensive review of 
filiform corrosion [14]. Beyond summarizing all available information 
up to that year, they delved into the role of the tail and deposited 
corrosion products in supporting the reaction. Theoretical calculations 
led them to observe that the oxygen permeating a typical polymeric 
coating might be sufficient to sustain FFC reactions. However, they 
noted that if this were the case, a symmetric cell would form instead of 
the directional filament growth observed. Moreover, considering the 
dehydration of Fe(OH)3 to the presumed most stable form of iron oxide, 
Fe2O3, in the tail leads to volumetric restriction, resulting in an expected 
porous tail. This porous tail is assumed to be the primary pathway for 
oxygen and water from the defect to the FFC front. Ruggeri and Beck 
assert that this directional path is the main reason for the separation of 
anodic and cathodic sites and the stable linear growth. The “porous tail 
model” based on the diffusional process inside the filament head, de
signs the portion right behind the “V-shaped” border as the cathodic 
sites. 

Over the years, various authors have scrutinized and critiqued the 
aforementioned models, proposing alternative theories. Notably, Funke 
[58,59] challenged the notion of the anodic nature of delamination at 
the head front, suggesting instead that cathodic disbonding drives the 
head’s advancement. Funke’s model revolves around the formation of a 
cathodic site at a distance ahead of the filament front. According to his 
perspective, the filament grows through the production of hydroxyl ions, 
leading to paint delamination owing to the alkalinization of the inter
face. This cathodic region is posited to develop until it merges with the 
filament front, allowing another separated cathodic site to form ahead. 
However, Ruggeri and Beck [14] contested Funke’s theory, asserting 
that the high resistivity of the paint precludes the existence of an ionic 
current flow through the coating or at the metal-paint interface in the 
hypothesis of a distant leading cathodic site. They argued that, due to 
the lack of observed paint detachment preceding the filament head, 
there is insufficient aqueous layer at the interface to enable ionic 
movement through this path. 

The models from the ‘80s lacked certain experimental evidence, 
leaving crucial questions unanswered and discrepancies among them 
unresolved. Significant progress in understanding FFC mechanisms for 
coated steel, aluminum, and magnesium alloys was achieved in the next 
century, particularly through the works of Williams et al. 
[11,16,17,27,60] and Stratman et al. [22,61–63]. These studies intro
duced the use of techniques like SKP and SIMS (Secondary ion mass 
spectrometry) and innovative experimental setups for collecting 
measured data. The subsequent section outlines the outcomes of recent 
studies, updated models, and remaining open questions in this field. 

4. Recent advances 

The initiation mechanism of filiform corrosion is acknowledged to 
hinge on the osmotic effect at a coating defect in the presence of soluble 
salts, leading to local liquid aggregation [11,14,15,34]. The phenome
non unfolds in two distinct stages. Initially, the exposed steel portion 
undergoes anodic dissolution of iron directly exposed to the atmosphere 
or electrolyte. Simultaneously, reduction activity develops around the 
anodic region, causing the initial delamination of the coating through 
the expanding cathodic front. During this phase, cations resulting from 

the solubilization of contaminant salts migrate toward the edges of the 
active region to counterbalance the negative charge of hydroxyl anions 
released by oxygen reduction at the cathodic front (Fig. 3b). This 
migration beneath the paint creates an alkaline liquid film. The presence 
of the initial cathodic area is evident in Fig. 3e, where the paint, loaded 
with 1 wt% of cresolphthalein, undergoes a color change from non- 
colored to purple in the pH range of 8–9.8. Concurrently, in the 
anodic site, the increasing deficiency of cations is promptly filled by iron 
cations (Fe2+ and Fe3+) produced through steel dissolution. Conse
quently, iron hydroxides form, and their low solubility [64] prevents the 
movement of iron cations within the surrounding electrolyte. Once the 
cations from contaminants (such as Na+, and K+) are depleted at the 
early detached interface, the cathodic expansion halts, and a switch in 
the reaction role is observed [17]. 

During the second phase, the anodic activity takes precedence at the 
delamination front, now governed by an anodic undermining process. In 
these reversed scenarios, chloride anions migrate from the defect to the 
leading [60]. The interfacial liquid becomes increasingly enriched with 
anions from the cathodic reaction (mainly oxygen reduction) and cat
ions from the anodic one (iron oxidation). Additionally, the oxygen 
gradient induces the formation of localized cathodic and anodic sites. 
Differential aeration underlies filament formation, as the salt concen
tration contributes to the reduction in oxygen solubility at the filament 
front, leading to a lower concentration compared to the rear part 
[15,24,27]. These findings are primarily derived from SKP and SIMS 
investigations, particularly in the case of polyvinyl butyral (PVB) coated 
mild steel. A dark halo around the scratched zone is evidence of the 
initial cathodic disbonding, and its expansion halts once FFC is present, 
aligning perfectly with the two-phase model proposed by Williams et al. 
[17]. Fig. 4 illustrates an example of a stationary cathodic halo around a 
longitudinal scratch while FFC progresses over time under humidostatic 
conditions (40 ◦C and 80 % r.h.) [26]. It emerges during the phase of salt 
spray contamination and appears to exhibit stability irrespective of the 
duration of exposure under humid conditions. Notably, in accordance 
with the universally accepted linear growth velocity of filaments, a 
slight reduction (15 %) in growth rate is observed once the filaments 
extend beyond the halo region and advance into the intact interface 
[17]. This observation serves as evidence for a diminution in coating 
adhesion, attributable to the initial phase in the FFC process. Further
more, enhanced adhesion contributes to a deceleration in the corrosion 
creep. 

Once the filament is fully developed, the propagation is believed to 
be responsible for the coating delamination through anodic under
mining processes involving the migration of chlorides and sulphates 
anions to the front region and iron cations toward the rear portion of the 
head and the tail, where the cathodic reactions occur. 

In a recent publication [24], a map depicting the distribution of 
electrochemical activities along filaments was presented, utilizing 
Scanning Vibrating Electrode Techniques (SVET). Fig. 5 displays SVET 
maps of samples featuring artificial defects introduced through the 
coating. These defects are located at the head Fig. 5b and in the tail 
Fig. 5d. The scanning process commenced approximately 3 min after the 
perforation stage and roughly 1 min into immersion in the naturally 
aerated test solution. Distinctly, positive ionic currents were measured 
in the green-colored head, and negative currents were observed in the 
brownish tail. These signals can be qualitatively attributed to the cor
responding anodic (positive) and cathodic (negative) corrosion re
actions persisting beneath the coating. Notably, these reactions were 
still evolving despite the time elapsed between the creation of the de
fects and the actual scanning measurement. The authors concluded that 
the entirety of the green head encircled within the designated “V-shape” 
border alongside brown corrosion products, was demonstrated to 
exhibit anodic behaviour. Notably, the intensity of this activity appeared 
to be more pronounced in the darker posterior portion compared to the 
leading halo. This observation contradicts certain models found in the 
literature that propose a cathodic delamination outpost; instead, the 
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delamination front was unequivocally identified as having an anodic 
character. Moreover, in this study, the role of the tail was unrevealed: 
the entire length of the brown filament thread displayed electrochemical 
activity conducive to the reduction of oxygen, effectively serving as the 
cathodic site. This finding supports the notion that the brown filament 
tail plays a crucial role in filament propagation. 

At the metal-paint interface, the species’ movement is driven by a 
potential/concentration gradient between the two active sites in the 
head [26]. A differential aeration cell is created due to the easy diffusion 
of oxygen through the tail to the tip of the filament. The leading portion 
of the head is considered to have a lower concentration of oxygen, 
influenced by restricted availability, high ionic strength, and lower pH 
[24]. Oxygen supply to the reaction sites is crucial for the filament’s 
shape development. Watson et al. [27] demonstrated that the amount of 
oxygen permeating through the coating is sufficient to sustain filament 
propagation. However, in the case of a macro-defect (the most common 
situation), oxygen-supporting filament propagation is supplied from the 
porous tail, resulting in a higher concentration in the back of the head 
compared to the front (schematized in Fig. 6). 

This outcome has been corroborated by Cristoforetti et al. in a sub
sequent publication [26]. Furthermore, the referenced study establishes 
the significance of oxygen supply distribution in the formation of the 
characteristic “V” border between the green and brownish corrosion 
products. The availability of oxygen at the active filament site situated in 
the head not only influences the driving force for filament propagation 
but also plays a crucial role in determining the morphology of the 

filament head. The primary source of O2 was altered from the tail 
pathway to paint permeation mode. In this experiment, FFC was initi
ated and promoted on acrylic-coated carbon steel panels. After 
approximately 500 h of testing, during which the average filament 
length measured about 6 mm, the scratch was sealed using epoxy resin 
to observe the progression of FFC in the absence of oxygen flux through 
the tail (Fig. 7b). Interestingly, when the oxygen supply from the tail was 
nullified, the greenish compounds in the “V-shaped” head transitioned 
to brownish corrosion products, resembling the tail (Fig. 7c). Moreover, 
a new anodic head emerged with a distinctly different morphology, 
losing the characteristic “V-shape” and the well-defined edge between 
the head and the tail (Fig. 7d). The greenish compound-rich portion of 
the head exhibited a more circular blister-like appearance. This 
observed behaviour is attributed to the change in the main source of 
oxygen once the scratch is sealed through the paint. The second growth 
stage, characterized by a radially symmetric oxygen source from the 
atmosphere through the paint, does not exhibit the peculiar “V-shaped” 
head due to the absence of an oxygen gradient in the propagation di
rection. The results support the hypothesis by Slabaugh and Grotheer 
[34] regarding the diffusion gradient attributed to the shape of the 
corrosion cell’s roof. However, the experimental outcomes reported in 
Fig. 7 contrast with this interpretation, indicating that the primary ox
ygen concentration gradient affecting iron oxidation comes from the tail 
path rather than through the coating. Therefore, the existence of a 
gradient in the oxygen flux in the tail is presumed due to the synergistic 
effect of corrosion product permeability and paint detachment. 

Fig. 3. FFC initiation mechanism proposed by Williams et al. [17] for defected organic coated steel with group (I) salts contamination (a-c) (Adapted with permission 
from Ref. [17]). Optical image captured on acrylic-coated steel after one day of humidostatic condition (80 % r.h.) following 5 h NSST contamination (e). In this case, 
the paint was loaded with 1 wt% of cresolphthalein which changed from non-colored to purple in a pH range of 8–9.8. A darker-colored halo is visible around the 
scratch and several purple-colored spots are present testifying to the cathodic activities in the first phase of FFC (Adapted with permission from Ref. [18]). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Images comparison of samples after 70 (a), 600 (b), and 1000 (c) hours of humidostatic aging (40 ◦C and 80 % r.h.). Adapted with permission from Ref. [26].  
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The propagation takes place when iron undergoes oxidation in the 
anodic region according to reaction 1, and the released cations move 
through the electrolyte, reaching the cathodic region where reaction 2 
occurs. At this point, the iron cations further oxidize to Fe3+ due to the 
presence of oxygen at the cathode, further supporting local alkaliniza
tion. The ferric ions rapidly combine with the OH− anions (reaction 3). 
Next, dehydration of the corrosion products takes place in the tail region 
according to reactions 4 and 5. The change in the iron oxidation state 
corresponds to the shift in color between the head and the tail, where 
iron compounds deposit as brownish clamshell marks. 

Fe→Fe2+ + 2e− (1)  

4Fe2+ +O2 + 2H2O→4Fe3+ + 4OH− (2)  

Fe3+ + 3OH− →Fe(OH)3 (3)  

Fe(OH)3→FeOOH+H2O (4)  

Fe(OH)3→
1
2

Fe2O3 +
3
2
H2O (5) 

During FFC, in the case of painted steel, the electrochemical reaction 
in the filament leads to the formation of regions with significantly 
different pH values of the electrolyte. Besides the ancient measurement 
by litmus paper in the corrosion products [14,34] along the tail, a recent 

Fig. 5. Ionic current map in microamperes per square centimeter (μA/cm2) was acquired through Scanning Vibrating Electrode Technique (SVET) (a and c). 
Accompanying this, an optical micrograph is provided for the surveyed square area, illustrating perforated circular defects. These defects are distinctly positioned in 
the brown-colored tail, the green-colored leading head, and the pristine uncorroded surface (b and d). Adapted with permission from Ref. [24]. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Schematic representation of FFC highlighting (a) oxygen availability 
when a defect in the coating is present, and (b) sources of oxygen when any 
defect is not present. In (b) sufficient concentration gradient is maintained by 
the oxygen permeating through the coating. Adapted with permission 
from Ref. [27]. 

A. Cristoforetti et al.                                                                                                                                                                                                                           



Progress in Organic Coatings 192 (2024) 108469

8

publication [24] reported about an in-situ pH measurement at the 
interface by antimony electrode-based micropotentiometry. They ob
tained a value of alkalinity in the interfacial region of 10.5 along the tail, 
while the environment of the leading portion coinciding with the green 
rust is characterized by a slight acidification (pH 4.5). These outcomes 
furtherly enhance the theory of propagation based on the spatial dis
tribution of the anodic and cathodic reaction. This distinctive pH dis
tribution results in the “V-shaped” head with a clear boundary between 
the head and the tail (see Fig. 1), highlighted by the color contrast of 
different Fen+ containing compounds in the two regions. According to 
the literature, the head exhibits a metastable greenish mixture of Fe(II) 
and Fe(III) compounds, known as “green rust” (GR), studied since the 
work of Bernal et al. [65] in 1959 and more recently classified as fou
gerite (Fe2

+4Fe3
+2(OH)12[CO3]⋅3H2O) [28,66–68]. GR, exhibiting stabil

ity at the leading edge of the filament due to a reduced oxygen 
concentration, underwent precipitation as amorphous iron oxide upon 
the filament’s progression and exposure to oxygen [28]. The green rust 
formation was initially observed in the presence of sulphates, leading to 
the development of Fe(II)–Fe(III) hydrosulphate [69,70]. Later, atten
tion shifted to the role of chlorides in green rust formation, resulting in 
Fe(II)–Fe(III) hydroxychloride [71]. Bernal’s XRD studies classified 
these compounds as GR1 and GR2, corresponding to hydroxychloride 
and hydrosulphate, respectively [65]. GRs are complex and abundant 
intermediate corrosion products in iron degradation in various envi
ronments, such as the atmosphere, liquids, or soil. In the tail, where iron 
undergoes further oxidation and oxygen availability is higher, the 

corrosion products are believed to be primarily hematite (Fe2O3⋅xH2O) 
[27]. Moreover, when the corrosion products dehydrate to Fe2O3, they 
form the expected porous tail, as the volume reduction from 97 % to 55 
% increases the free space at the interfacial occupied volume [14]. 

Cambier et al. [28] utilized Raman spectroscopy to assess the for
mation of steel corrosion under organic coatings, specifically focusing 
on FFC during outdoor exposure. Within this investigation, Raman 
spectra corresponding to the crystallization stages of akaganeite 
(FeO0.833(OH)1.167Cl0.167) were discerned in the restricted electrolyte 
beneath the coating in the leading part of the filaments (Fig. 8). Aka
ganeite is known to develop in environments with elevated chloride 
concentrations [72,73], while green rust remains stable in low-oxygen 
electrolytes when the [Cl− ]/[OH− ] ratio surpasses a certain threshold. 
Notably, green rust precipitates from chlorine-containing GR1 when 
chloride species are present in the absence of sulphate or carbonate. It is 
important to note that magnetite and goethite can also emerge as al
ternatives to akageneite [28,74]. Goethite tends to precipitate in 
sulphate-rich environments. However, the Raman spectrum did not 
indicate the presence of sulphate beneath the coating, introducing un
certainty regarding the role of sulphate in the corrosion mechanism. 
Furthermore, the investigation revealed that the iron oxides constituting 
the filament were not contingent on the specific field site. 

Beyond the observed morphology reported thus far, depicted in 
Fig. 1, where the head front gradually merges with the pristine coating 
and the propagation is continuous, another phenomenon may be 
observed. Under specific conditions related to coating permeability to 

Fig. 7. Evolution of FFC morphology and “V” shape disappearance after the scratch sealing from time zero (a) to 200 h (d) of 80 % humidostatic condition at 40 ◦C. 
Pictures (e) and (f) show a schematic view of the oxygen source before and after the scratch sealing. Adapted with permission from Ref [26]. 
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oxygen and external partial pressure, continuous growth may be 
substituted by a saltatory mechanism, resulting in a so-called “bead-like” 
morphology [19,28], as shown in Fig. 9c-d and Fig. 10. In this case, upon 
observing the evolution over time, the advance appears as a step-wise 
mechanism rather than a smooth one. The presence of a dark annulus 
at the edge of the head front is detected, and the propagation consists of 
the formation of a further semicircular annulus at a constant distance 
from the previous one. The typical “V-shape” border is no longer clearly 
identifiable, along with the linearity of the filament. Watson et al. [27] 
extensively investigated this phenomenon, especially in relation to the 
variation of the oxygen partial pressure in the environment surrounding 
the coating over the defect and its ratio to the one experienced by the 
open defect. They concluded that when the oxygen partial pressure over 
the coating is above a certain threshold, saltatory growth occurs through 
the formation of a cathodic ring placed at the leading edge of the head. 
Subsequent rings develop over time with a constant frequency. The 
cause of this cathodic activity happening at the front lies in the high 
amount of oxygen reaching the interface, creating an oxidizing envi
ronment leading to the deposition of iron hydroxide, the main constit
uent of the dark ring (Fig. 9a-b). This fact is proven by the disappearance 
of the annular hydroxide deposition when O2 is removed from the at
mosphere in contact with the coating covering the filament, thanks to 
the experimental setup specifically built by Watson et al. In these 

Fig. 8. Iron oxides found by Cambier et al. [28] by Raman spectroscopy on a 
PVB coated sample exposed outdoors. Adapted with permission from Ref. [28]. 

Fig. 9. Schematic view of (a) cross-section and (b) top-view of a filament showing the mechanism of the formation of an anterior ring (adapted with permission from 
Ref. [27]). (c) is an optical image taken on a filament growing by a saltatory mechanism in a PVB clear-coated steel substrate (adapted with permission from 
Ref. [27]). (d) reports a typical “bead-like” corrosion event developed outdoors (Waipahu, Hawaii). Adapted with permission from Ref. [28]. 
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dummy experimental conditions, the only oxygen is coming from the 
defect through the tail, reaching the head. Since other authors reported 
similar morphologies in standard aging conditions (i.e., in 93 % r.h. after 
chlorides contamination [19]) with other coating systems (i.e., epoxy or 
acrylic-based), a further step in the discussion could be made. Under a 
combination of oxygen permeability through the coating and external 
atmospheric parameters (humidity, temperature, and atmospheric 
pressure), the formation of iron hydroxide deposits is favoured thanks to 
the O2 enrichment in that region. The reason behind the annular dis
tribution around the head is suggested to be the finer thickness of the 
head droplet. Furthermore, the supposed cathodic activity is explained 
to periodically end because of the absence of cations in the head capable 
of providing long-range ionic conduction to sustain proper cathodic 
disbonding [27]. The actual role of the promoter or retarder of FFC 
growth introduced by this cathodic ring is still unresolved, but the 
possibility of encountering this phenomenon is fully accepted. Leblanc 
and Frankel [19], using a Scanning Kelvin Probe Force Microscope 
(SKPFM), underline the presence of an anterior cathodic region in a 
growing filament’s head. The carbon steel samples analyzed in this case 
were epoxy-coated and showed a “string of beads” morphology, as re
ported in Fig. 10. They pointed out that the green-colored head possesses 
a low potential with respect to the tail, but the poor imaging contrast 
combined with the small difference left the actual location of the main 
anode and cathode unclear. In this work, all reactions are assumed to 
occur in the leading head; however, the authors stated the uncertainty of 
this outcome of their low-resolution SKP measurements. In a ground
breaking study, Senöz and Rohwerder [75] pioneered the real-time 
monitoring of FFC through high-resolution SKPFM. Although their 
investigation focused on aluminum alloy, its findings bear significance 

for steel as well, as they align with the findings of Lebalnc and Frankel 
[19] regarding the localization of anodic and cathodic regions. Addi
tionally, the study sheds light on the influence of intermetallic particles 
on corrosion propagation and rate, as well as their impact on alterations 
in potentials and coating adhesion. 

5. FFC prevention strategies 

A comprehensive strategy for corrosion mitigation, particularly 
addressing FFC, involves ensuring robust paint adherence to the metal 
surface [62,76–78]. For instance, Harun et al. [79] reported on the 
enhanced wet and dry adhesion given by a steel surface modification 
with 3-glycidoxypropyltrimethoxy silane resulted in a notable reduction 
of the delamination rate for an epoxy coating, achieving a threefold 
decrease. Employing pretreatments before the painting process can 
enhance both the compatibility of the metal with the paint and its 
resistance to moisture [80]. However Marsh et al. [81] observed that 
certain treatments significantly improved adhesion, while others 
notably enhanced resistance to corrosion and/or delamination, but these 
phenomena were not always correlated. Reducing the number of defects 
in the coatings and adequately protecting cut edges are crucial practices 
[82–84]. It has been noted that improper paint application and varia
tions in coating thickness may contribute to FFC [15]. While penetrative 
defects are a primary source of concern, low-permeability coatings are 
generally preferred. Thick and multilayer coating systems can reduce 
the likelihood of heterogenies serving as initiation sites for FFC. 
Consequently, pigment loading plays a significant role and acts as an 
additional variable influencing FFC susceptibility. 

An approach to preventing corrosion involves modifying the 

Fig. 10. SKPFM line scan along the filament developed on an epoxy-coated carbon steel substrate. The combination with the optical micrograph image highlights the 
different electrochemical activities in the analyzed region. Adapted with permission from Ref. [19]. 
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aggressive environment, achieved through pH adjustment, reduction of 
oxygen availability, or the introduction in the coatings of chemical 
species such as inhibitors capable of slowing down the corrosion pro
cess. Various substances exhibit corrosion-mitigating properties, cate
gorized based on their operating mechanisms. These include physical 
adsorption and chemical interaction, overpotential increase in cathodic 
and anodic reactions, sheltering effect against oxygen reaching the 
metallic surface, and favouring metallic passivation [85–87]. Imple
menting corrosion prevention through environmental conditioning and 
the judicious use of inhibitors based on these mechanisms offers a ver
satile and effective means to combat corrosion-related challenges. Also, 
the metallic surface modifications and treatment prior to the painting 
could enhance the resistance to coating delamination. 

In this context, conversion coatings (CCs), typically inorganic layers 
improve the corrosion susceptibility and the adhesion at the steel paint 
interface. They can increase the surface roughness, modify the surface 
chemistry, and increase the surface energy level [80]. Moreover, the 
deposited layer acts as a barrier against the electron transfer between 
anodic and cathodic sites [88,89]. Numerous studies have investigated 
the impact of CCs on mitigating FFC in organic-coated aluminum 
[37,90–92]. However, to the best of our knowledge, there is a lack of 
specific research focused on treated steel substrates. Cristoforetti et al. 
[93] recently reported the effect of commercial steel CCs, such as 
trivalent chromium-based and phosphating, on FFC susceptibility. They 
found that phosphating significantly enhanced the resistance to fila
ments initiation and propagation, while the contribution provided by 
trivalent chromium was less visible in the testing conditions considered 
in the study (acrylic-coated steel samples in a humidostatic environment 
80 % r.h. at 40 ◦C). 

In the context of CCs, in the existing literature, considerable efforts 
have been directed toward leveraging some eco-friendly materials such 
as Layered double hydroxide (LDH) as a surface treatment or a thin 
coating applied prior to the organic covering. This approach has proven 
successful, especially for aluminum [3,94–96] or magnesium alloys 
[97,98], where the surface actively participates in the synthesis, 
resulting in a well-adherent and protective inner layer. However, 
achieving satisfactory results on steel remains challenging. Recent 
studies have endeavoured to develop hydrotalcite-based coatings on 
steel through in-situ growth [99–101]. Various compositions, including 
those involving iron ions (MgFe) or not (MgAl), have been explored. 
While these systems demonstrate corrosion protection in concrete en
vironments, their limited adhesion, attributed to poor compatibility 
with the substrate and ceramic material, poses challenges for their 
application in atmospheric corrosion protection or in conjunction with 
organic coatings. 

In addition to surface treatments, incorporating corrosion inhibitors 
into the coating is a potential solution. Once activated or released, these 
inhibitors can interact with the metal-paint interface, potentially form
ing a protective film on the surface or creating a passivating environ
ment [37,102,103]. The effectiveness of inhibitors relies on various 
factors, including their stability, activation, pH of the environment, 
oxidative state of the metal, and interactions with other chemical and 
microbiological species [104]. Consequently, a thorough understanding 
is crucial to tailor an appropriate protective system. In the context of 
FFC, several inhibitors have been investigated to counteract the degra
dation of painted steel. For instance, Peng et al. [105] achieved success 
with a 20 wt% addition of rare earth carboxylates, namely lanthanum 4- 
hydroxycinnamate (La(4-OHcin)3) and yttrium 3-(4-methylbenzoyl) 
propanoate (Y(mbp)3), in epoxy coating. In particular, lanthanum 4- 
hydroxycinnamate acts as a mixed inhibitor [106], effectively sup
pressing the initiation and propagation of FFC, as well as cathodic 
delamination when added to polyurethane varnish at a concentration 
higher than 10 wt% [36,105]. 

Glover and Williams [37] demonstrated the efficacy of phenyl 
phosphonic acid (H2PP) in PVB, particularly above the concentration 
threshold of 10 wt%. Under these conditions, the authors proposed the 

formation of a Fe2PP layer that acts as a barrier, preventing Cl−

adsorption onto the iron surface and reducing the observed progression 
rate. 

Exbrayat et al. [107] incorporated Mercaptobenzotriazol (MBT) into 
silica nanocapsules containing a corrosion fluorescence nanosensor. In 
the composite coatings, which are PVB-based, MBT effectively inhibits 
the delamination process, leading to the absence of filament propagation 
as observed in the study. 

Recently, poly(diallyl dimethylammonium) coumarate (poly
DADMA-COU) has been evaluated and has shown promising results 
when incorporated into acrylic coatings at a concentration of 10 wt% 
[108]. This system demonstrated improved adhesion levels to the steel 
substrate and active corrosion protection. Potentiodynamic polarization 
tests revealed a maximum inhibition efficiency of 96 % while under 
standard testing conditions of 80 % r.h. and 40 ◦C after one month, 
coatings containing 10 % polyDADMA-COU exhibited only minimal 
corrosion points, with no evidence of filiform corrosion propagation, 
contrasting with control specimens that were fully damaged by anodic 
undermining. 

Other candidates for this purpose are benzotriazole and benzo
triazolate, which have been explored more on zinc‑aluminum‑magne
sium coated steel [109]. It’s noteworthy that the available inhibitive 
species specifically evaluated for an anodic undermining mechanism are 
limited, and further efforts are needed in this regard. A comparison of 
the mitigation performances achieved to date for steel substrates 
exploiting various strategies is provided in Table 3. 

The use of inhibitors within organic coatings may pose technological 
challenges, including issues such as leaching or a reduction in efficiency 
due to interactions with the polymeric matrix, as observed with car
boxylates and epoxy-based paints, leading to a decrease in the barrier 
performance of the coating [110]. One strategy to address these unde
sired effects is to incorporate inhibitor molecules into nanocontainers 
capable of hosting them within the coating and releasing them when 
activated by the evolving aggressive environment (e.g., water uptake or 
chloride accumulation) [111–113]. LDH anionic clays, also known as 
hydrotalcite, represent one of the most promising systems for this pur
pose. They can be utilized not only as treatment for metal surfaces before 
the painting stage but also as a pigment embedded in the organic coating 
[3,31,32,94,110,112,114,115]. This system exhibits an anion-exchange 
character and is suitable as an anionic inhibitor nanocontainer 
[110,115–123]. In addition to their ability to store and release inhibitor 
compounds, LDH pigments based on hydrotalcite or calcined hydro
talcite may also serve as chloride scavengers. The smaller size of Cl−

facilitates anionic exchange compared to the intercalated molecules, 
making this property particularly useful for FFC prevention 

Table 3 
Reduction of FFC propagation rate for organic coated steel by various mitigation 
strategies collected from the studies available in the literature.  

Coating *Inhibitor 
**CC 

Relative 
humidity 
(%) 

T 
(◦C) 

Reduction 
in 
corrosion 
rate 
(%) 

References 

Epoxy *20 wt% La 
(4OH-cin)3  

85  40 99 Peng et al. 
2023 [105] 

Epoxy *20 wt% Y 
(mbp)3  

85  40 85 Peng et al. 
2023 [105] 

Polyurethane *10 wt% La 
(4OH-cin)3  

85  40 71 Catubig et at. 
2011 [36] 

PVB *12 wt% 
H2PP  

95  25 76 Glover et al. 
2017 [37] 

Acrylic *10 wt% 
polyDADMA- 
COU  

80  40 96 Minudri 
et al. 2023 
[108] 

Acrylic **Cr(III), 
Phosphating  

80  40 6, 35 Cristoforetti 
et al. 2024 
[93]  
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[113,124–127]. 
Some efforts have already been directed toward this approach, 

particularly in the context of FFC of organic-coated aluminum [32,128], 
magnesium [109], and zinc‑aluminum-coated (ZAM) steel [31], 
employing inhibitors-doped commercial hydrotalcite. Encouraging re
sults should stimulate increased scientific interest in this field, with a 
focus on overcoming the use of chromium. Wint et al. [31] proposed a 
model (Fig. 11) in which anionic exchange occurs during filament 
propagation at the metal-coating interface. In their study, acetic acid 
was used to initiate FFC PVB-coated ZAM-coated steel. Recent research 
has demonstrated the remarkable resistance of organic-coated MgZn2, a 
predominant phase in ZAM alloys [129], against cathodic delamination, 
but a significantly higher likelihood of organic coating delamination 
occurring via anodic undermining [130,131]. For ZAM substrates, FFC 
could be initiated through the introduction of small quantities of acetic 
acid into a penetrative defect in the organic coating. Interestingly, 
chloride-based electrolytes (such as NaCl, FeCl2, and HCl) do not 
consistently induce FFC on these substrates. Preferential anodic disso
lution of magnesium-rich eutectic phases could create pathways within 
the ZAM coating, facilitating oxygen diffusion to the iron substrate. 
Consequently, iron exposed in the FFC tail (or at the tail-head droplet 
interface) forms a galvanic couple with ZAM, thereby intensifying the 
driving force for filament advancement. These findings underscore the 
complex interplay of factors contributing to the initiation and propa
gation of FFC on ZAM alloys [20,132]. 

In this context, during FFC propagation, the presence of acetate an
ions is driven by the electrostatic need for neutrality at the anodic site. In 
this scenario, carbonates intercalated into hydrotalcite particles are 
presumed to migrate in the delaminated volume, replacing acetates. 
While this example may be distant from the service conditions during 
atmospheric corrosion, the same principle could be applied to the 
release of inhibitors by pigments, also in the case of steel substrates, 
potentially mitigating the propagation of FFC. Moreover, the beneficial 
effect could be observed at the initiation stage, depending on the type of 
inhibitor released. However, for filiform corrosion nucleation on painted 
steel, the scavenger capability of hydrotalcite may be deemed ineffec
tive, as the main role of Group I cations is demonstrated to drive the 
process [17]. 

FFC is exacerbated by rough surfaces and contaminated metallic 
substrates [133]. Therefore, thorough surface preparation before 
painting is essential for ensuring durability [134]. Special attention 
should be given to the sandblasting procedure, as embedded oxide 
particles during this process may weaken the metal-paint interface [15]. 
It is imperative to avoid salt contaminants at the interface, necessitating 
careful consideration of the storage environment for uncoated parts and 
the level of care in the painting plant. 

The choice of an appropriate mitigation strategy should be informed 
by a detailed understanding of the specific degradation mechanism at 
play. In the context of preventing coating delamination, it is essential to 

consider the reactions at the extending front, as corrosion inhibition 
behaviour is often categorized as cathodic or anodic [135]. While some 
strategies may offer general metal protection irrespective of the corro
sion mechanism, others are more tailored to specific phenomena such as 
FFC, which is cathodically nucleating and typically exhibits anodic 
delamination. The selection of a mitigation pathway is, therefore, 
contingent on the intricacies of the corrosion process. 

6. Conclusions 

This paper offers an in-depth exploration of the origins, processes, 
and preventive measures related to filiform corrosion in steel coated by 
organic layers. 

The corrosion mechanism’s review reveals a complex two-stage 
process influenced by coating defects, soluble salts, and electrolyte 
conditions. The first stage involves anodic dissolution of exposed steel, 
leading to cathodic delamination facilitated by the migration of cations 
from contaminant salts. The initial cathodic area is evidenced by a color 
change in the paint, and this phase is crucial for subsequent filament 
development. The second phase is characterized by anodic undermining 
at the delamination front, with chloride anions migrating to the leading 
edge. Filament formation is driven by differential aeration, resulting in 
oxygen concentration gradients. 

Filament growth and morphology are influenced by oxygen supply, 
with the tail playing a crucial role in sustaining filament propagation. 
Oxygen flux through the tail affects the “V-shaped” head and the overall 
filament morphology. Sealing the scratch interrupts the oxygen supply, 
leading to changes in the head’s appearance and filament growth 
characteristics. 

The electrochemical reactions in the filament contribute to distinct 
pH distributions along the head and tail, influencing the formation of 
corrosion products. Green rust and other iron compounds are identified, 
with their precipitation influenced by chloride concentrations. Raman 
spectroscopy and in-situ pH measurements provide valuable insights 
into the corrosion products’ composition and distribution. 

Under specific conditions, a saltatory growth mechanism may 
replace continuous growth, resulting in a “bead-like” morphology. This 
phenomenon is attributed to oxygen permeability through the coating 
and external atmospheric parameters. The presence of cathodic rings 
and periodic annular hydroxide deposits suggests a complex interplay 
between oxygen availability, cation conduction, and filament growth. 

A suitable strategy to mitigate filiform corrosion involves meticulous 
surface preparation, the application of low-permeability coatings, and 
the incorporation of tailored inhibitors. In the case of steel substrates, 
promising solutions include conversion coatings, and environmentally 
friendly smart coatings like layered double hydroxides. Understanding 
specific corrosion mechanisms and implementing these technologies 
collectively could enhance the resistance of steel surfaces to filiform 
corrosion. 

Fig. 11. Schematic representation of the mechanism of ionic exchange during FFC propagation involving the hydrotalcite pigments loaded in the coating. Adapted 
with permission from Ref. [31]. 
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In summary, this updated overview contributes to a comprehensive 
understanding of filiform corrosion initiation, propagation, and 
morphology. The insights gained from this study provide a foundation 
for future research on corrosion prevention and mitigation strategies in 
coated metal systems. 
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[63] C. Senöz, S. Borodin, M. Stratmann, M. Rohwerder, In situ detection of differences 
in the electrochemical activity of Al2Cu IMPs and investigation of their effect on 
FFC by scanning kelvin probe force microscopy, Corros. Sci. 58 (2012) 307–314. 

[64] J.D.B. Sharman, J.M. Sykes, T. Handyside, Cathodic disbonding of chlorinated 
rubber coatings from steel, Corros. Sci. 35 (1993) 1375–1383. 

[65] J.D. Bernal, D.R. Dasgupta, A.L. Mackay, The oxides and hydroxides of iron and 
their structural inter-relationships, Clay Miner. Bull. 4 (1959) 15–30, https://doi. 
org/10.1180/claymin.1959.004.21.02. 
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