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Filiform corrosion (FFC) is an underpaint corrosion form frequently observed on metals with a high band
gap oxide, e.g., aluminium and magnesium. Macroscopically, FFC shows as filaments propagating at a
metal/coating interface. Electrochemically, an anodic active region is followed by a cathodic tail and a
region where solid corrosion products precipitate. Two forms of FFC are observed, (i) fast anodic
undercutting at the metal/coating interface and (ii) successive pitting. This work reviews experimental
evidence for FFC mechanisms especially on 3xxx and 6xxx rolled and extruded aluminium alloys and the
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effect of the surface composition and microstructure. Recent evidence suggested that the hydrogen
evolution and related bubble detachment near the anodic region in the head are more important for
coating detachment than previously envisaged. For efficient FFC protection, surface pretreatments such as
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anodising and the sequence of etching, desmutting and conversion coating are crucial. Industrial focus has
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1 Organic coatings in corrosion
protection

Corrosion has huge economic consequences, costing annually
a few % of the gross domestic product of industrialised
countries." The use of organic polymer coatings is often an
attractive method for corrosion protection.>™ Coatings are
pricewise attractive and possibly also the most sustainable
method of corrosion protection.” Coatings are in addition
frequently used to determine the visual appearance of
materials. Corrosion protection through classical passive
coatings is realised by simply isolating a reactive metal from its
corrosive environment.>™ On the other hand, coatings can also
fail, with the result that their protective properties deteriorate
significantly, or their decorative purposes vanish.>™*

Several mechanisms of coating failure exist.” There is the
possibility of cohesive failure under mechanical load and the
possibility of chemical degradation of the substances
constituting the coating, e.g., by photochemical or radical
activation. These mechanisms depend on the specific
molecular composition of the coatings.

Adhesive failure at a metal/polymer interface can occur via
chiefly mechanical processes, or by corrosion driven
processes. On steel including galvanised steel under wet
conditions, cathodic delamination is typically the fastest
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recently been on FFC on aluminium with a large content of post-consumer (a.k.a. end-of-life) scrap.

mechanism.>*® On the other hand, anodic undercutting is a
process in which the anodic metal dissolution at a metal/
polymer interface drives the disbonding process.>® Corrosion
science typically classifies corrosion forms according to their
macroscopic appearance; one form of underpaint corrosion
where an anodic process is driving the failure of a metal/
coating interface is FFC.

Defined for the first time as ‘“hair-like corrosion” by
Sharman in 1944,” FFC is a type of localised corrosion
process taking place mainly on coated metals such as
aluminium and magnesium. On iron, FFC is possible
although the most common type of underpaint corrosion is
cathodic delamination.>* To illustrate the macroscopic
appearance of FFC, an optical microscopy image of FFC on a
coated AA3005 aluminium alloy is shown in Fig. 1. The
threadlike filaments can grow from coating defects such as
cut edges or locations in which the coating has been
damaged or not perfectly deposited. In these regions, the
penetration of electrolytes favors metal dissolution. Although
some of these principles are the same for aluminium, iron,
and magnesium, their respective FFC propagation
mechanism is different.

The presence of FFC as a macroscopic corrosion form is
not limited to metals coated with polymer coatings. Most
prominently on some magnesium and aluminium alloys, FFC
as a corrosion form can also be observed when exposed to
conditions of atmospheric corrosion or exposed to
electrolytes. In these cases, the oxide layers on the respective
metal take the role of the coating, and FFC propagates at the
metal/oxide interface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optical microscopy image of FFC affecting a rolled AA3005
aluminium alloy coated with a weak poly(methyl methacrylate)
transparent model coating. FFC was induced by dripping concentrated
HCLl in an artificially made coating defect. Samples were exposed at
82% R.H. and 40 °C in a humidity chamber for 1000 h.§

2 Filiform corrosion: phenomenology
and mechanistic discussions
2.1 FFC on aluminium: general features

On aluminium alloys, a representation of the FFC process is
shown in Fig. 2. Specifically for aluminium, FFC has recently
been reviewed only under the special conditions of adhesive
bonding.® On the other hand, there is increasing interest in
the community because of the increased availability of
recycled aluminium based on PCS and the role FFC may play
in coated structures of PCS-based aluminium.’**

From the current understanding of the FFC mechanism,
the presence of chlorides penetrated inside a coating defect,
on the one hand, deteriorates the naturally present
aluminium (hydr)oxide layer and on the other hand,
produces soluble species such as aluminium chlorides or
oxychlorides favoring the aluminium dissolution and
formation of pit-like morphologies.

Oxygen is consumed faster in the defect region far from
the filament head leading to an oxygen concentration
gradient inside the defect. The different oxygen
concentrations lead to a difference in electrode potential;
consequently, the farthest region from the coating defect
acts as an anode and the closest region to the coating
defect acts as a cathode. The development of a potential
gradient allows the start of filament propagation. Three
main regions are present inside a filament during its
growth:

1. The tip of the head where an acidic environment
characterized by a pH ranging from 1 to 3,"*'* with a higher
concentration of chlorides (estimated to be between 0.5 and
0.96 M)'**® compared to other parts of the filament, is the

§ As several other figures in this work, this figure illustrates a typical case
recorded in our lab. Even though this is a review article, we use our own data to
illustrate typical, well-known phenomena.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review
Dry tail Active head
0, \ electrolyte
\

Organic coating

' v Aluminum alloy
substrate

(a)

ORR: O,+4e+2H,0 —40H"
HER: 2H,0* +2e —H, + 2H,0~
AID: Al—AP*+3e”

@ : Chloride ions

O : Aluminium ions
O : Hydrogen bubbles
=3 : Aluminium (hydr)oxides
—1: Aluminium hydrides

(b)

Fig. 2 Schematic representation of the FFC mechanism on an
aluminium alloy showing the different characteristic regions inside the
filament: the tail of the filament where the metal dissolution takes
place, the back of the head where the cathodic ORR takes place and
the filament tail where the aluminium based corrosion products are
deposited. (a) Schematic version, reprinted from Shreir's Corrosion, vol.
2, H.N. McMurray, G. Williams, chapter 2.14 - under film/coating
corrosion, pp. 988-1004, Copyright (2010), (https://doi.org/10.1016/
B978-044452787-5.00040-8) with permission from Elsevier, https://
www.elsevier.com/.® (b) A model depicting more details, including
pitting and hydrogen evolution near the head.’® Adapted from ref. 13
with permission from the PCCP Owner Societies.

AlH;+ 3H,0 — 3H, + AI(OH),

ORR HERinpits |AP*+3H*+6e —AlH; Al—AP*+ 3¢

site of the anodic metal dissolution. In this region, AI*" is
generated via metal dissolution. AI** migrates towards the
back of the head.

2. The back of the head where the oxygen supplied by
diffusion through the tail is reduced to hydroxide ions. The
pH can range from neutral to alkaline.'®

3. The tail of the filament filled (or partially filled) with
mainly aluminium-based corrosion products, but also
carbonates and chlorides."*'”"®

The acidic environment at the tip of the head caused by
the partial hydrolysis of aluminium ions,

[Al(H,0),]*" = [Al(OH)(H,0), "' + H" = ... (1)
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combined with the oxygen deficiency, is favorable
conditions for the HER. The formation of hydrogen bubbles
in this region of the filament has been explicitly
documented a few times in the literature.'*'* Initially, its
kinetics has been considered as less important for the
propagation of the filament; however, recent studies on
undercoating aluminium corrosion demonstrated that gas
evolution can be a key component in the coating
detachment.”®"'® The inhibition of the HER has been shown
to lead to the inhibition of coating detachment.>® For FFC
on AA2024, detailed analysis with a controlled amount of
acid in the defect yielded the result that the rate of coating
delamination is proportional to the interfacial area between

the filament-head electrolyte droplet and the metal
substrate,® so the surface must also play a crucial role in
aluminium.

The active head of the filament has recently been
investigated in situ by Raman spectroscopy, and spectral
features consistent with the presence of aluminium hydrides
were found." This result leads to a number of questions
about the involvement of hydrogen, generated either via
electrochemical or non-electrochemical processes (as for
example hydrolysis of aluminium hydrides), in the early
stages of FFC. For similar stages in cathodic delamination,
the limited availability of water was argued to lead to start-
stop cycles of the progression of the disbonding process.*
Formation of aluminium hydride particles during alkaline
etching was already reported previously.>*>** Hydride was also
discussed as an important species to explain the corrosion
potential of aluminium.>®

A feature of FFC which merits discussion is the fact
that despite the fact that there is an anodic region
around the head, FFC usually does not propagate deep
into the material. Obviously, the spatiotemporal correlation
of anodic and cathodic sites does not enable sustained
growth of stable pits into the material. With increasing
separation of the anodic region from the corresponding
cathode, resistance increases locally, leading to a
permanent or temporary stop of the propagation into the
material. Mechanisms of permanent, or at least sustained,
deactivation of the filament will be discussed in section
2.5. Locally, the main question is whether and where
novel cathodic areas become available. The surface
contains IMPs, and these particles can become active
cathodes. In other words, there is the competition
between propagation into the material's bulk and along
the interface; in the latter case, novel cathodic areas and
solvents are more readily available. A consequence is the
jumping movement during FFC, where IMPs have been
shown to play a role, as shown schematically based on
experimental data in Fig. 3.°**” The more recent results
of the role of cathodic processes in the active head are in
line with this interpretation."'® Importantly, it is not
given that pits will always deactivate. Initiation of other
forms of localised corrosion has been observed in relation
to FFC.*®
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Fig. 3 Schematic illustration of the “jumps” observed during the
propagation of the active head by in situ SKPFM. The IMPs nearest to
the active filament are shown in red. After incorporation into the
filament, they are shown in ruby. The top sequence shows the
propagation of the filament in the first 4.5 h and the bottom sequence
shows the further propagation imaged in the following 17.5 h of an
experiment on AA2017-T4. Reprinted from Electrochimica Acta, vol 56,
Ceylan Senéz, Michael Rohwerder, “Scanning Kelvin probe force
microscopy for the in situ observation of the direct interaction
between active head and intermetallic particles in filiform corrosion on
aluminium alloy”, 9588-9595, Copyright (2011), with permission from
Elsevier.2®

2.2 FFC on other material systems: magnesium and steel

For what concerns magnesium, most of the time, the term
FFC has been used to indicate the type of corrosion that
takes place when magnesium alloys are immersed in aqueous
chloride-containing solutions.>"' At least on some alloys,
FFC also occurs when under conditions of atmospheric
corrosion. The same macroscopic corrosion form is obtained
as the native oxide layer can take the role of a coating. On
magnesium, the HER has been noted to drive a cathodic
delamination type of process; the dominance of anodically
driven FFC over cathodic delamination strongly depended on
the salt used for initiation.*” Detailed recent reviews on the
role of FFC in magnesium and its alloys are available
elsewhere;*"**7**> FFC on magnesium is thus excluded from
this review unless necessary. Recent insights include specific
differences between specific ions in the FFC kinetics and
mechanism.***’

Different models have been proposed regarding the
mechanism of FFC on iron and steel. One suggestion is that
of anodic disbondment where the oxygen penetrating from
the filament tail is reduced in the head where the anodic
metal dissolution takes place as well.*® However, there is no
general consensus regarding the location of the anode and
cathode when analysing the studies over several decades.
One of the first models was proposed in the 1980s.%° In this
model, a small cathodic region is present in the front of the
propagating filament. In this region, hydroxide ions are
produced as a consequence of the ORR. This region tends to
grow until it merges with the filament leading edge, i.e., the
site of the anodic process. The positive ions generated by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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metal dissolution tend to migrate towards the cathodic
region. What was initially the cathodic region becomes in
this way the new anodic edge of the filament during
propagation.®® This model would be consistent with the
“jumping” movement of FFC on iron.*°

Ruggeri and Beck contested the previous model by arguing
that if the cathodic region directs the FFC from an intact area
in front of the filament head, the ion transport must occur
either through the coating or an ~35 nm thin aqueous layer
present at the metal/coating interface.*’ Furthermore, no
experimental evidence of coating disbondment in front of the
filament was observed at that time. However, experimental
evidence for the existence of a cathodic area in front of the
propagating filament was given by Maeda et al. based on the
observation of an alkaline region at the rim of the head of a
filament which was argued to stem from cathodic activity.*?
The existence of cathodic regions near the head on steel was
later confirmed by SKPFM.*° Cathodic activity was observed
in a region extending outside the filament front suggesting
the possibility of cathodic disbondment. Furthermore, a
recent study on cathodic delamination shows the possibility
of cation insertion at the delamination front favoured by the
presence of negative charges as induced by oxygen
adsorption in the same region.*> During preparation of this
work, a comprehensive review on the mechanism of FFC on
steel became available.**

2.3 Role of O, supply: aluminium vs. steel

One of the most accepted hypotheses regarding the way of
oxygen supply to the cathodic region is that O, is provided by
diffusion through the porous corrosion products deposited in
the filament tail instead of diffusing through the coating.
Experiments conducted by covering the organic coating with
metallic foil to hinder possible oxygen diffusion from the
head show that FFC propagation rates remain unaltered.*
However, in the mechanism of wunderpaint corrosion
proposed for steel it is usually assumed that oxygen diffuses
through the coating so the reason why for aluminium with
similar coatings this shouldn't be the case is unclear.

The effect of the oxygen source on the filament life time
can be illustrated by a virtual experiment (Fig. 4). The left-
side square in the geometry (Fig. 4a) represents the defect
and a filament with a length of 100 um. On the Al surface,
three reactions may take place: Al dissolution, ORR and HER.
All reactions obey the Butler-Volmer equation but may
become transport-controlled. The electrolyte is considered to
be saturated with oxygen as initial conditions. The top part
of the defect is blocked and no oxygen can enter via the
defect. However, from the polymeric coating on top of the
filament, it is possible for oxygen to diffuse in. For 50 pm of
the polymeric coating, the highest possible amount of oxygen
flux for any polymer listed in the Polymer Handbook is
calculated to be 1.2 x 10™® mol m™> s™.*® Fig. 4b shows the
resulting Al dissolution current density as a function of time.
During the early stages of the simulation, the filament shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Computational experiment investigating the role of the oxygen
consumption in underpaint corrosion. For the 2D geometry shown in
(a), with numbers indicating dimensions in um, the tertiary current
distribution was obtained by solving the Nernst-Planck equation using
the finite element method through COMSOL Multiphysics. The
electrolyte is 10 mM NaCl. Convection was neglected.
Electroneutrality was enforced for conservation of charge. (b) Al
dissolution current density for different times after start.§

active behaviour, but during the time the current density of
Al dissolution decays to zero, the filament is no longer active.
Deactivation of the filament here occurred due to lack of
oxygen driving the cathodic reaction as vital part of a
corrosion process. The amount of oxygen coming from the
polymer in this case is not high enough to maintain the
dissolution.

Differences between iron and aluminium could stem from
the difference in the electronic structure of the oxides present
on aluminium and iron. In the case of iron—which is usually
covered with a low band-gap semiconducting oxide—electron
transfer through the oxide is possible. Moreover, the
presence of mixed oxides constituted by different valence
states of iron (Fe** and Fe®") facilitates both cathodic and
anodic reactions as the ratio Fe**/Fe®" is potential dependent.
If oxygen diffuses to the filament tip of the head through the
polymer, the ORR is possible and can be accompanied by the
anodic reaction of the iron oxide oxidation. More and more
Fe** jons are converted to Fe®" until the thermodynamic
driving force for the electron transfer becomes so low that
the ORR rate becomes negligible. In this scenario, the
filament head would be polarised positively with respect to
the filament tail as it is the case for -cathodic
delamination.”"’

On the other hand, the high band-gap oxide present on
aluminium hinders the electron transfer and the ORR in a

RSC Appl. Interfaces, 2025, 2, 304-319 | 307
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region in front of the filament tip becomes very slow. The
sluggish kinetics of the ORR on the aluminium oxide in front
of the tip of the filament favours instead the formation of a
semi-occluded cell with a low concentration of oxygen at the
tip of the head and a higher concentration of oxygen at the
back of the head. Such a distribution of reactive species leads
to a negative polarization of the tip of the head with respect
to the back.*® Thus, for FFC on iron, the interface has an
opposite polarisation compared to the polarisation found in
the case of FFC on aluminium. The potential distribution
profile along the filament and the different mechanisms
could thus be attributed to the different semiconducting
properties of the surface oxides of the different metals. For
cathodic delamination, a recent study highlighted the
importance of cation insertion into the intact interface,*’ a
step which could also play a role in FFC, and then related
differences between metals to differences in chemical
interactions between different oxides.

A graphic illustration of the potential distribution profile
inside a filament during FFC on aluminium as calculated by
numerically solving the Laplace equationq is shown in Fig. 5.
The obtained profile is very similar to experimental profiles
measured with SKP."” Fig. 5 is meant to give an indication of
a possible potential distribution; the real potential
distribution can depend on many factors such as sample
composition, atmosphere composition and the surface
pretreatment.’” In some cases, a lack of oxygen induced by
saturating the atmosphere with argon leads to a flattening
of the potential in the tail. Only the tip of the head
remains polarised, indicating that the ORR takes place
mainly in the tail region."”” In other cases, however, the
filament becomes completely inactive when oxygen is
removed.”® Furthermore, the potential values are also

9 The discrete Laplace equation V; ;= i (V,url,j +Via,j+Vijra+Vija ) —which is
a property of the true solution of the Laplace equation—was solved on a grid of
points for the electrical potential V. At the boundaries along the x and y
directions, the potential is set to 0. The image of the filament was drawn in gray
scale using a graphic editor and imported as an array of numbers using Python.
The approach assumes a potential distribution which is mirrored in corrosion
product distribution. The geometry of the filament was enforced based on
literature reports and own observations. The array of grayscale values was
directly translated to potential values by considering all the grayscale values
>95% of the maximum value present in the array fixed at a potential value H
when originally imported. Similarly, all the potentials <5% of the minimum
grayscale value present in the array were considered fixed at a potential value L
when originally imported. At the edges, the potential was fixed to 0. Everywhere
else, the initial potential was set to 0. The direction of the potential was fixed on

17

experimental observations,’” ie., the head region was identified as having a

lower potential than the tail region. The Laplace equation was solved iteratively
. 1

by repeatedly setting V; ; — 1 (VM, Jt Vi + Vi +Vi h) except for the areas
with fixed potentials which are the edges, H, and L. Because of the fact that the
picture was drawn and the boundary conditions were set, the solution was
forced to converge to what is represented here to illustrate the potential
distribution; it does not add to experimental data which are available, e.g., in
ref. 27 and 50. Furthermore, the actual values have limited physical meaning,
but this method should yield an approximate picture of the potential
distribution, reflected in the unit mvV/mv, where the mV, presents an arbitrary
reference potential.
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Fig. 5 Computed potential distribution profile during FFC as
calculated by solving the Laplace equation. The head of the filament
has a potential that is more negative than the tail. The tail of the
filament has a potential that is higher than the head and the matrix
itself, indicating passivation of the tail region because of the
precipitation of corrosion products.§

indicative. Potential values different from each other have
been measured with SKP in different studies,*®*®°!
evidencing one more time the complexity of the local
environment present in the filament.

Following the previous considerations, the electrochemical
mechanism in the case of aluminium would be more similar
to what is found in the case of pitting or crevice corrosion.
Both pitting and crevice corrosion are characterised by a self-
accelerating propagation mechanism. The formation of an
electrochemical cell is caused by the difference in oxygen
concentration between the deepest part of the pit and the
region close to the surface. The deepest part of the pit
becomes the region where the anodic reaction of metal
dissolution takes place and the walls of the pit (and
eventually part of the top surface depending on the
electrolyte resistance) become the region where the cathodic
ORR takes place. The electric field formed in the pit induces
ion migration of negatively charged ions such as Cl- towards
the tip of the pit. Chloride ions undermine the oxide layer
which usually passivates leading to an
electrochemically more active tip of the pit.*>*® Furthermore
the hydrolysis of aluminium ions, reaction (1), leads to a
decrease in pH. The local acidification of the interface
increases the probability of dissolution of the aluminium
surface oxide, hence the process is self-accelerating.
Consequently, also the acid-base properties of the surface
affect pitting initiation.”* As long as the oxide dissolution
and aluminium dissolution are faster than the oxide
formation, the pit will propagating. The
relationship between FFC susceptibility and pitting
susceptibility has been highlighted different times.'*>>">%
The correlation could be attributed to the analogous

aluminium

continue

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lf00231h

Open Access Article. Published on 17 decembrie 2024. Downloaded on 06.02.2026 16:31:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

potential distribution observed in the head of an active
filament and a propagating pit.

2.4 Filament environment

The composition of the inner part of the filament was
studied by IR spectroscopy to characterise the formation of
different chemical species both in the head and tail regions
of the filament as well as to elucidate the possible
propagation mechanism.”””° The formation of complex
carbonate-based polymeric species forming in the filament
tail has been observed. The formation of these carbonate-
based polymeric structures could incorporate chloride ions
contributing to the deactivation of the filament.">"’
Furthermore, the presence of aluminium hydroxychloride
was found whose hygroscopic properties determine the
influence of climatic parameters such as temperature and
relative humidity and the effect of wet-dry transitions on
FFC.*® Notably, exact humidity has a very strong effect on the
severity of the attack even within the limits of industrial
testing standards.””

For mill-finished non-anodised samples, the inner part of
the filament tail is not always completely filled with corrosion
products and there are areas still active after the passage of
the corrosion front. The movement of corrosion products can
take place inside the tail. This movement could be expected
especially if the corrosion products are not well adherent to
the surface and if the formation of gas bubbles contributes
to convective motions.

The formation of hydrogen bubbles has been reported a
few times in the literature but its effect on the FFC
propagation rate has traditionally been neglected."*"
However, the production of bubbles can generate convective
motions which can facilitate the mixing of the acidic solution
characterising the filament head and less acidic solution
characterising the filament back of the head. The formation
of a neutral environment resulting from the mixing of
solutions with high and low pH favours the precipitation of
aluminium (hydr)oxides. Indeed, more recent studies
suggested a much stronger role of hydrogen evolution in FFC
on magnesium alloys than previously thought.***” The
observation of aluminium hydrides on aluminium gives the
possibility for both chemical and electrochemical steps for
hydrogen evolution."> The presence of oxidation products
favours the passivation of the surface and contributes to the
deactivation of the filament.

The complexity of the filament's inner environment could
also be responsible for the different Volta potentials
measured during different times after the initiation of the
filament propagation,’”?””%® although an effect of the
technical parameters when measuring the surface potential
with SKP cannot be excluded. The formation, dissolution and
movement of complex species, the possibility of pit formation
and the formation of gas bubbles due to the HER make the
definition of polarisation regions not so obvious."**° The
presence of pits in the filament head would for example

© 2025 The Author(s). Published by the Royal Society of Chemistry
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change the potential distribution and electric field,
influencing thus the direction of the ion migration. As a
result, two different characteristic morphologies have been
observed for FFC on steel, where mass transfer has been used
to explain differences.*® The successive pitting, ie., cyclic
start of pitting initiation and stop of pitting propagation, has
been used to explain a wave-like pattern observed after
FFC."”

When it comes to understanding of mechanistic aspects
of FFC, modern techniques may also unravel novel features.
For example, acoustic emission is becoming an increasingly
useful in situ technique, which can distinguish phases of the
coating detachment such as tensile phases and shearing
phases.®*

2.5 Filament deactivation

Although not completely understood, the mechanism of
filament deactivation could be similar to the deactivation
mechanism of pitting. A lack of chloride ions in the head of
the filament could be a reason,®*® as chloride is needed to
undermine the passive layer. The impossibility of oxygen
diffusion through the filament tail leading to the zeroing of
the electrochemical gradient between the anode and cathode
can also be an alternative. Finally, also an increased
concentration of AI** ions in the tip of the head would lead
to a reduced potential gradient between the anode and
cathode causing the deactivation of the macroscale
electrochemical cell. A combination of the three cannot be
excluded.

SKP measurements showed that the Volta potential of the
tail region becomes higher after the passage of the corrosion
front indicating precipitation of corrosion products and
possible surface passivation.'”*”*® The passivity of the tail
region is the probable cause of the fact that the crossing of
two filaments has never been observed. The possibility of an
active area in a region in front of the visible filament head
has been proposed and could be an explanation for the
direction change of some filaments well before being close to
the intersection with the tail of other filaments.®

An example of a computed surface potential distribution
after filament deactivation is shown in Fig. 6. This figure
shows that the potential difference between the tip of the
head and the back of the head which is responsible for the
filament propagation is no longer present (ie., close to 0).
The possible presence of an active region present in front of
the visible filament head has been proposed,®® and the low
potential region shown in Fig. 6 could not be exactly
corresponding to the visible filament head but extend further
in the apparently inactive surface in front.

2.6 Differences between different alloy classes and
microstructures

Filaments tend to grow following the rolling or extrusion
lines. In these regions, the possible precipitation of IMPs
along the elongated GBs usually offers higher potential
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Fig. 6 (a) SEM image of an inactive filament after coating removal.
The white regions show the presence of corrosion products. (b)
Computed potential distribution profile along an inactive filament
calculated in the same way as that for Fig. 5.§

difference between the first few hundreds of nm of the
surface and the base alloy for the filament propagation.’"
Despite the wusually simplified version of the filament
morphology and inner composition shown in textbooks,*®?
the morphology and especially the environment inside the
filament head and tail are rather complex. Morphologies also
depend on the surface treatment.

Different surface treatments lead to different types of
attack. On AA6111, mechanical treatment before coating with
a weak polymer model coating could be used to induce
different mechanisms of FFC.® For hot-AC anodised 3005
aluminium alloys, the propagation of the filament takes place
following a successive pitting type of mechanism.®® In this
case, the attack is not uniformly distributed and the
movement of the solution contained in the inner part of the
filament diffuses towards the front through under-surface
canals in the oxide layer.

Fig. 7a and b show an example of the successive pitting
FFC morphology where round-shaped features are present
and can be attributed to the formation of hydrogen bubbles

310 | RSC Appl Interfaces, 2025, 2, 304-319

View Article Online

RSC Applied Interfaces

or corrosion products that are able to lift part of the surface
oxide. For mill-finished non-anodised samples of the same
alloy, the attack is rather different as shown in Fig. 7c; the
whole inner part of the filament is superficially attacked.
However, in the center of the filament's body (area between
the orange lines in Fig. 7c) the attack is deeper with respect
to the sides (area between the orange and green lines on
either side of the filament centre in Fig. 7c). The deeper
attack is probably a result of the higher exposure time to the
aggressive solution characterising the inner part of the
filament during the propagation process.”® Furthermore, the
passage of the corrosion front leaves behind a porous surface
with a morphology that hints to dissolution of the matrix as
a result of galvanic coupling with nobler IMPs (Fig. 7d).
Fig. 7c evidences the presence of round shaped thin canals
(some of them shown by the red arrows). The formation of
these features has been ascribed to matrix dissolution due to
the presence of cathodic IMPs.°*®” However, from these
pictures, there doesn't seem to be a co-location of IMPs and
these features. In addition, the circumference of these
features is much higher than that of IMPs so their formation
mechanism remains unexplored.

3 Role of the microstructure and alloy
composition in FFC on aluminium

The surface structure and composition play a pivotal role in
FFC susceptibility. During thermo-mechanical processes such
as extrusion or rolling, the high shear stress to which the
near-surface region is subjected induces the formation of a
NSDL.**7* This layer is characterized by nano-sized grains
that can extend for a few um below the top surface. Hot and
cold rolling processes can cause enough preferential surface
deformation to lead to the precipitation of a high number of
fine secondary IMPs. For example, for 3005 aluminium alloys,
these are predominately o-(Mn,Fe);SiAl;,.”> The combination
of a high density of noble Fe-rich IMPs with a reduced
amount of Mn present in solid solution with respect to the
underlying bulk material increases the electrochemical
activity of the surface and thus the FFC susceptibility.
Microgalvanic coupling between these particles and the
matrix is essential and FFC does not occur on aluminium
alloys in their absence.”®

For 6xxx aluminium alloys, analogous considerations can
be made. The thermo-mechanical history and the sample
composition influence the surface structure, composition
and thus the FFC susceptibility. Because of the dissolution of
the precipitate distribution formed during hot-extrusion, the
effect of pre-extrusion heat treatments has a negligible effect
on the FFC susceptibility. A post-extrusion heat treatment
can however lead to the formation of a high density of fine or
intermediately sized precipitates which increase the corrosion
attack.® Fe-rich noble particles in 6060 alloys are
predominantly o-AlFe and MnSi phase IMPs.”” The high
shear stress to which the surface is subjected during
extrusion leads to (i) formation of an electrochemically active

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@ and b): Example of FFC on a hot-AC anodised AA3005 aluminium alloy showing the surface resulting after a successive pitting-type

of FFC propagation mechanism. Picture (b) is a higher magnification of the area delimited by the red rectangle in picture (a). Coating and
corrosion products have been removed before taking the pictures. (c and d): Example of FFC on a non-anodised AA3005 aluminium alloy after
removal of coating and corrosion products. Picture (d) is a higher magnification of a part of a different filament with respect to the one shown
in (c). The red arrows in (c) indicate selected canals formed during FFC; the area between the orange boundaries presents the centre of the
filament, whereas the areas between the orange and green lines on each side of the filament centre present the sides of the filament. In all the
cases, FFC was induced by making an artificial defect on the coated samples and keeping the defect in contact with HCl (37%) for 1 minute
before putting the samples in a humidity chamber at 40 °C and 86% relative humidity. Exposure was stopped after initiation of FFC was

observed as described in ref. 13.§

NSDL, (ii) surface enrichment of alloying elements and
impurities, and (iii) precipitation of Fe-rich noble particles;
although a certain susceptibility remains,”® the control of the
bulk concentration of certain elements such as Si, Cu, and
Pb,*® and the removal of the NSDL and Fe-rich particles
improve the FFC resistance of the family of 6xxx aluminium
alloys.””

With the different compositions of the different alloy
classes, NSDLs will naturally differ, not only between alloy
classes, but also between production processes. Table 1 gives
an overview over the most important trends. Generally, the
presence of a NSDL increases the susceptibility towards FFC
to different degrees, implying that its removal improves FFC

© 2025 The Author(s). Published by the Royal Society of Chemistry

resistance. Naturally, the exact nature and composition
depend not only on the alloy class but also on the nature of
the thermomechanical processing. It is also clear that not for
all possible combinations of NSDLs and coatings, it is
meaningful to systematically investigate FFC susceptibility.
Different efficient methods for selectively removing the
noble element rich particles from the top surface were
proposed—especially for 6060 aluminium alloys—two
decades ago.”* However, in some cases, the noble particle
removal does not have a strong effect on FFC since the
process could still be sustained by the emergence of new
IMPs when the surface is exposed to an aggressive
environment as the inner part of the filament. For this
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Table 1 Overview over the specific effect of the NSDL in different alloy classes on FFC. The effect on FFC susceptibility is described compared to a

surface where the NSDL has been removed by chemical or physical processes

Key
Alloy NSDL characteristics Effect on FFC ref.
1xxx No systematic study available”
2xxx Ultrafine grains, enrichment of Mg, O, and Li — 78-81
3xxx Two types of NSDLs. Fine grains decorated with oxide particles (after hot rolling) Severely increased susceptibility 70,
or fine grains without oxide particles (after hot rolling + cold rolling) 72,
82
4xxx No data available
5xxx Two types of NSDLs. Fine grains decorated with oxide particles (after hot rolling) Moderately increased susceptibility 65,
or fine grains without oxide particles (after hot rolling + cold rolling) 71
6xxx For an AA6111 single layer with ultrafine grains (50-150 nm diameter) induced by Moderately increased susceptibility, 64,
mechanical grinding. Enrichment of Cu, Mg, and silicon at the GBs. For AA6082, an possible combination with IGC 83,
inner layer (nm-sized grains) and an outer layer (um-sized grains) were observed after 84
mechanical grinding. Mg and Cu segregate at the GBs
7xxx The NSDL induced by hot-rolling has a bi-layered structure with the bottom layer Largely increased susceptibility 85-88
containing a significantly higher concentration of precipitates as Cu and Zn. A one layer
structure is observed if the NSDL is induced by machining instead
8xxx Amorphous and nanocrystalline NSDLs characterised by nanosized grains (5-50 nm) Severely increased susceptibility 89

with IMPs (a-particles) and oxides decorating the GBs

¢ Removal of IMPs (“pure aluminium”) will remove susceptibility towards FFC.”*

reason, alternative solutions, such as chemical CCs, which
can have different mechanisms of corrosion protection, have
been explored.®® 92

After hot and cold rolling, two different types of NSDLs
can be formed.®* The first one, produced during hot rolling,
is characterized by very fine grains decorated with
magnesium and aluminium oxide particles, and the second
type, produced during cold rolling, is characterized by a
similar structure but without oxide particles. The
precipitation of another type of fine dispersoid containing
Mn and Fe has also been observed.”®“* In this last case, the
more noble precipitated particles act cathodically and are
galvanically coupled with the nano-grain bodies favoring the
dissolution of the latter. However, other surface treatments
such as machining induce only the formation of one type of
NSDL.*®

On extruded alloys, the NSDL has been less studied
compared to rolled products. Nevertheless, the presence of
an active layer with a detrimental effect on the FFC
resistance has been demonstrated.”” The deformed
microstructure can consist of sub-micron sized grains with
oxide particles decorating GBs.”” The NSDL on extruded
alloys is however thinner and easier to remove than the
NSDL present on rolled alloys, e.g., ref. 96. It is good
industrial practice to tune the production parameters such
that the formation of the NSDL is minimised. For this
reason, in many cases the quality of a pretreatment is
judged on the basis of the amount of material that is
removed by etching after extrusion. The recommended
amount varies from 1 to 2 g m™> based on the application
region of a certain product.””%®

OCP transients associated with the preferential dissolution
of the NSDL with respect to the base substrate and the
unstable polarization method confirm an increased activity

312 | RSC Appl. Interfaces, 2025, 2, 304-319

69,99

of the top part of the surface. OCP and pitting potential
tend to become more positive towards the bulk.' In general,
an increased amount of IMPs combined with a reduced
amount of noble elements in solid solution enhances the
electrochemical activity of the NSDL, thus providing an
additional driving force for the corrosion process and
increasing the FFC susceptibility."® Even though the NSDL
can be removed by alkaline etching and acidic desmutting,
post-production processes such as machining, grinding, and
abrasion can also lead to the formation of a NSDL affecting
in a negative way the FFC resistance.®®'°"'%* Formation of
heterogeneous electrochemically active zones induced by
friction stir welding is also associated with the formation of a
NSDL.”

The surface activation mechanism induced by some
elements is different from the commonly known galvanic
coupling. Pioneering studies demonstrated that certain trace
elements such as Pb and Sn can enrich at the surface and
precipitate along the GBs of the NSDL during thermal
treatments.'**'** For some elements, such as Pb and Sn, the
activation mechanism is analogous to the “mercury drop”
dissolution.’® Liquid Hg or Ga in contact with the bare
aluminium surface prevents the reformation of protective
aluminium oxide by hindering the passage of oxygen and
water. The oxidation of the base substrate occurs first by the
dissolution of aluminium in the Hg drop and then by
oxidizing it at the drop/air interface. In the case of activation
due to the presence of Pb and Sn, the presence of chloride
ions is required.'® The surface activation induced by the
presence of nano-sized grains and precipitation of noble or
heavy elements in this region leads to a fast FFC propagation
that is usually limited to the NSDL itself. The NSDL acts as a
sacrificial anode, cathodically protecting the underlying base
substrate.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of annealing temperature (left) and amount of elements (right) on anodic polarization curves of AW3005 aluminium alloys (Si 0.48-
0.5; Fe 0.55-0.59; Mg 0.34-0.35 wt%; Cu, Mn, Zn varied, see below; balance Al) due to segregation of noble elements, as studied
systematically.'°>%” Tests were performed in a 0.86 M NaCl solution exposed to air. The numbers in the legend in the right figure represent the
amount of elements in the alloy where w < x = y < z (increasing Cu and Mn concentration; w - Cu 0.15, Mn 1.04, Zn 0.09 wt%; x - Cu 0.15, Mn
1.39, Zn 0.08 wt%; y - Cu 0.22, Mn 1.08, Zn 0.14 wt%; z - Cu 0.22, Mn 1.39, Zn 0.22 wt%). Samples on the right (1 to 4) were all annealed at 400
°C. The surface activation increases with increasing the annealing temperature (left; for sample z) or the amount of alloying elements (right).§

Surface activation can be obtained by heat treatment of
AA3005 aluminium alloys which leads to segregation of noble
elements to the surface or the depletion of, e.g., Mn from
solid solution to secondary phase particles.'® An example of
a polarisation curve of an alloy with surface activation
induced by heat treatment and the effect of noble element
concentration is shown in Fig. 8. Activation can be observed
in both cases (ie., heat treatment or noble element
concentration) from an increase in anodic current with
increasing temperature or noble element concentration
(Fig. 8 left and right, respectively). During FFC, the passage
of the corrosion front consumes the NSDL. When this active
surface layer is consumed and converted into corrosion
products, the possible passage of a second corrosion front
has been suggested.®® In this last case, the previously formed
corrosion products are either dissolved or mechanically
broken and a deeper attack characterized by pitting or IGC
takes place.”*

Excursion: polarisation curves of anodically activated alloys

The anodic polarisation curves in Fig. 8 show typical
examples of anodic activation. The blue curve in the left
panel (no heat treatment) presents a typical anodic
polarisation curve of an aluminium alloy.®”"*® At a potential
above the corrosion potential of ~-0.78 V wvs. Ag/AgCl/
KCl(sat.), an increase in current is observed with a lot of
small variations in current that may indicate metastable
pitting. Above a critical potential, here ~-0.68 V vs. Ag/AgCl/

© 2025 The Author(s). Published by the Royal Society of Chemistry

KCl(sat.), the current rapidly increases; this potential is
typically identified as the critical pitting potential. At current
densities above 10 mA cm 2, the increase of current with
potential flattens which is usually caused by a combination
of transport limitation—such as transport of dissolved
species into the bulk of the electrolyte—and the effect of
ohmic potential drop.

After different heat treatments, the effect of anodic
activation becomes apparent. In general, the corrosion
potential has moved to more negative values after anodic
activation. Second, the current densities in the anodic branch
before reaching the pitting potential have been increased.
Third, the anodic polarisation curves show “wiggles”, i.e.,
maxima and minima, as the red curve in the left panel of
Fig. 8 illustrates as a prototypical example. Such features
always indicate changes in the surface composition, resulting

in a modified electrochemical response as anodic
polarisation progresses. In these cases here, corrosion
processes proceed at the aluminium|oxide interface,

changing the active area and dissolution conditions inside
the active area during recording of the polarisation curve.
Interestingly, in some cases,”*®*° on AA2098-T351, the
electrochemical activity of precorroded samples or samples
with a NSDL can be lower than the activity of the base alloy.
Both the HER and ORR can be more pronounced when
corrosion products or a NSDL is not present. In the presence
of corrosion products (precorroded surfaces) or in the
presence of a NSDL, the surfaces can be less susceptible to
severe localised corrosion.”®®” These observations seem to be

RSC Appl. Interfaces, 2025, 2, 304-319 | 313


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lf00231h

Open Access Article. Published on 17 decembrie 2024. Downloaded on 06.02.2026 16:31:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

partly in contradiction with what was discussed above.
However, the presence of non-noble elements such as Mg in
the deformed layer could contribute to the protection by
galvanic coupling to the surrounding matrix.®* The system
under consideration would be in the first phase of the
process mentioned above and discussed in ref. 60 in which
the localised corrosion process on samples that contain a
NSDL or deposited corrosion products takes place after the
dissolution or mechanical removal of the corrosion products.
However, similarities between coated and uncoated surfaces
must be considered carefully since the surface composition
and electrocatalytic properties of IMPs can vary substantially
between coated and uncoated systems due to the formation
of unique local environments."’

4 Surface treatments are crucial to
prevent FFC

Aluminium and its alloys have a stable, naturally formed
oxide layer which covers the surface and guarantees good
corrosion resistance. The oxide layer thickness ranges from
2-4 nm and has a high band gap (6-7 eV)."**'°® However, at
acidic and alkaline pH, ie., <4 and >8, depending also on
the AI*" concentration and the presence of specific anions or
possibly complex formers, the solubility of the oxide is highly
increased.

Alkaline etching is one of the most common
pretreatments used both at the industrial scale and in lab
research in order to prepare aluminium surfaces for further
surface pretreatment steps such as conversion coating,
anodising or painting. In combination with its impact on the
further surface pretreatments, alkaline etching has a direct
impact on FFC. Susceptibility to FFC can be reduced by the
removal of the NSDL. When the surface active layer is
removed by alkaline etching in NaOH, the resistance towards
FFC increases and the morphology of the attack changes.®®
When the NSDL is present, the filaments are wide and they
tend to spread faster, the lifting of the coating is little, and
the attack is limited to the NSDL similar to what is shown in
Fig. 7 (bottom), where the NSDL was not removed before FFC
testing. In contrast, after alkaline etching, FFC propagation is
much slower and characterized by repeated blistering along
the filament length with a more pronounced lifting of the
coating.®®

Although FFC resistance is improved by alkaline etching,
a surface enrichment of elements such as Cu, Zn, Mn, Cr and
Fe takes place during this step.'>'°""'* Aluminium is highly
soluble at high pH and its selective dissolution occurs during
alkaline etching resulting in an increased relative
concentration of elements with a nobility higher than the
matrix.""> When less-noble elements are present in the alloy,
these will selectively dissolve. In the case of Li for example,
its preferential dissolution and incorporation into the
aluminium oxide layer can also improve the Al corrosion
resistance.'*®
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In general, surface enrichment of noble elements is not
desirable, which is why an acidic oxidising desmutting step
is used to remove the remains of alkaline etching. The
remaining IMPs with high electrocatalytic activity towards
the ORR and HER enhance cathodic activity. Based on mixed
potential theory,>®''”''® a faster kinetics for the HER and
ORR leads to an increase in corrosion current, thus having a
negative effect on localised corrosion."*® In practice, the
situation is rather complex. The presence of noble elements
at the metal/oxide interface and in the oxide layer is not the
only important factor when it comes to FFC resistance or in
more general to localised corrosion resistance. In fact, the
presence of a smut layer as a result of alkaline etching can
modify the interaction of the metallic surface with the CCs
successively applied."””'*' The enrichment of noble elements
such as Cu could on the one hand have a negative effect for
the reasons mentioned above; however, on the other hand, it
could also have an overall positive impact on FFC resistance
if it guarantees the formation of a more homogeneous and
uniform conversion layer.'*"'** Furthermore, an optimal
etching time can reduce the noble element surface
enrichment,**® and could also be of fundamental importance
in order to guarantee the formation of a highly protective
anodic layer in the case of anodised samples.'**

Adhesion properties of organic coatings can also be
improved by an alkaline etching step. The interaction
between hydrolysed organosilane polymers and oxidised
aluminium surfaces of comparable roughness increases with
increasing the hydroxylation of the aluminium surface.'*
The degree of hydroxylation can affect the performance of
both Zr and Ce-based CCs."*>"?*

Despite many decades of research dedicated to
understanding and improving the alkaline etching process,
there are still new challenges, new applications and
fundamental concepts pictured only in the last few years.
Challenges related to the preferential grain etching when an
amount of Zn higher than 0.03 wt% is present in AA6060
aluminium alloys could limit the ambition of increasing the
amount of PCS-based recycled aluminium used for alloy
production.”?”'*®  Fundamental understanding of the
deposition mechanism and structure of the layer formed
after alkaline etching shed light onto its effect on the
structure of CCs,'?1122:129:130 jtg effect on the structure and
corrosion protection properties of anodic layers,'*****'3? and
its effect on the enrichment of noble elements.’** In addition
to the dissolution of the matrix, there is also significant
dissolution of alloy elements, including noble alloy elements,
during alkaline etching.'>'**"'?* Alkaline etching has also an
effect on the efficacy of Ce acetate used as a corrosion
inhibitor in NaCl solution*® and on the deposition of
CCs. 221293137138 1mportantly, after applying CCs, it is not
given that the cathodic activity of a surface is directly
correlated to the susceptibility towards FFC.'**

The behaviour of different particles and the time
dependent cathodic activity of their surface during alkaline
etching have also only recently been explored.'**''* Detailed

111
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mechanistic studies on the dissolution of aluminium in
alkaline solution performed wusing a rotating cylinder
electrode have been reported more than 30 years ago,"*® and
more details have been added through the years by
employing more recently developed techniques such as
atomic emission spectroscopy coupled with
electrochemistry,"*® dynamic electrochemical impedance
spectroscopy (dEIS),"*" or detailed analysis of classical
electrochemical measurement combined with solution
analysis."?

5 FFC of PCS-based aluminium alloys

New technologies of scrap separation make it possible to
obtain aluminium with controlled composition using more
than 70-80% of PCS.*'% However, the concentration of
elements such as Cu, Zn, Ni, Fe and Mn can sometimes be
slightly higher than in comparative primary alloys.'**
Importantly, the alloy element content can vary to a larger
degree than for primary alloys. Even in the absence of a
deformed layer, in some cases recycled products may have a
slightly higher FFC susceptibility.">* On recycled AA5050
aluminium alloys, controlling the Fe impurities can help in
increasing the FFC resistance.'®® Some of the most common
alloys contain elements such as Cu and Mn. Atomistic
simulations and experimental data have shown that
aluminium forms a more stable and protective oxide when
Mn is present as an alloying element.’*® In other cases, an
increased amount of Mn in solid solution diminishes the
potential difference between matrix and noble IMPs. The

W6060A WCu0.00 ®Cu0.015 &Cu0.030

%Cu0.045 #Cu0.060 ©Cu0.075 iCu0.090 Wt%

GSB Sea Proof: F< 0.3

0.00 - 0.09wt% Cu

§

\

Filiform coefficient, F

Plant 1

Plant3

Fig. 9 Results from industrial tests in which samples from the same
batch of AA6060 have been pretreated and powder coated in
different plants, and subsequently FFC-tested by the same
methodology.!* The same set of samples (the same composition and
thermomechanical history) containing increasing amounts of Cu
(from 0 to 0.09 wt%) were pretreated and FFC-tested at three
different plants. The bar charts show that the variability in
performance between plants is in most of the cases higher than the
variability in performance due to sample composition. Data from:
Halseid et al, “The effect of trace additions of copper and
pretreatment conditions on the filiform corrosion of powder-coated
aluminium alloy AA6060”, Surface and Interface Analysis, 51, (2019),
1225-1230, © 2019 John Wiley & Sons, Ltd.
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reduced potential difference reduces the probability of
localised corrosion initiation."*® However, although on a
microscopic scale, the increased amount of impurities
increases the heterogeneity and thus changes the
electrochemical properties of the surface. For certain recycled
alloys, an increased amount of elements such as Pb and Cu
does not necessarily result in an increased FFC
susceptibility.**

On 6xxx alloys, however, an effect of elements such as Cu,
Si and Pb has been observed. Some sources recommend to
control the concentration of these elements so that Cu <0.02
Wt%, Si >0.55 wt% and Pb <0.022 wt%,°® but some of the
rationale behind these numbers remains unclear and may
depend on other alloy elements. There are indications that in
the range of 0 to 0.1 wt%, Cu has a slightly negative effect on
the FFC resistance of 6060 powder coated aluminium
alloys."* The best FFC protection is achieved for samples
which have the lowest Cu surface enrichment. However, the
performance difference between samples coated at different
plants can be higher than the performance difference due to
the increased Cu content (Fig. 9).""

In the study in ref. 11, the copper content in 6060
aluminium alloys was systematically varied, samples from
the same batches were pretreated and powder coated at
different plants, and then FFC tested with exactly the same
methodology in the same chamber. Results indicate a large
variability between plants; whereas some of the coatings
show a performance almost independent of the Cu-content,
others show an increase with the Cu content up to a certain
level, and a decrease again at the highest Cu levels. The Cu
surface concentration can be leveled down by a desmutting
step in a concentrated nitric acid solution which can lead to
a similar surface enrichment regardless of the Cu
concentration in the bulk alloy."* Consequently, details of the
pretreatment process are more important than the exact alloy
composition.

An indication of a negative effect of an increased amount
of Cu was recently reported;lo however, also in this case, the
variation in corrosion susceptibility due to trace element
concentration was lower than the variation between coating
plants or different pretreatment processes highlighting one
more time the importance of the latter. Moreover, the type of
powder coating could influence whether alloys with higher
noble element concentration will be more susceptible to FFC.
Overall, the role of Cu remains controversial. Although in
some instances, an increased Cu concentration in the alloy
leads to an increased susceptibility to FFC which can be
attributed to the galvanic coupling of Cu-based noble IMPs
and the aluminium matrix, in other cases Cu has no effect
on the FFC susceptibility,"*” or it can also be beneficial.**®

Temperature also has an impact on FFC and the rate of
the filament propagation increases in the range of
temperatures between 25 and 50 °C. Samples with large
amounts of noble elements plated on the surface, or the
propensity for re-plating noble elements, have the highest
increase in the filament propagation rate with temperature.'®
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The increase in the propagation rate depends on the kinetics
of the cathodic reactions such as the HER and ORR. The
presence of surface features with higher electrocatalytic
activity towards the ORR will increase the total corrosion
current based on the mixed potential theory,>®'*”*® and
consequently the FFC propagation rate. The effect of Cu is,
however, not completely clear since both beneficial'*® and
negative>”'** effects have been reported.

In summary, in certain cases, the effect of impurities and
trace elements has no major impact on the FFC
performance,"*” in other cases, an effect can be observed and
the removal of noble surface precipitates is not sufficient to
reduce the susceptibility to FFC due to the exposure of new
noble IMPs during the filament propagation,” while in other
cases, the effect of the surface pretreatment overcomes the
effect of the sample composition.'®'* For these reasons, in
addition to considering the sample composition, a suitable
surface pretreatment must be designed in order to obtain a
high resistance towards FFC and possibly increase the
amount of PCS used for aluminium production. The large
variety of data reported motivates a deep look into
mechanistic aspects of both FFC and pretreatment.

6 Conclusion

Filaments pointing to the corrosion form of FFC can be
observed on a variety of different materials in a variety of
different situations. On aluminium, FFC can be observed
under coatings, but also in the absence of organic coatings.

There is a general consensus that the active head in FFC
is anodic, and the cathodic reaction tails behind; this
sequence distinguishes FFC from cathodic delamination.
There is an interaction of the anodic head with cathodic
IMPs. The limited amount of water in the confined space
under the coating gives room for reaction
mechanisms and processes which are more difficult to
observe in free solution.

On aluminium, two types of filaments can be observed, (i)
filaments as a result of a fast anodic undercutting process
that can be induced, e.g., by surface segregation of low-
melting point metals such as Pb or Sn at the oxide|metal
interface, and (ii) filaments that undergo start-stop cycles by
successive pitting. Mechanism (i) is rather fast but can be
easily avoided by appropriate heat- and surface treatment. On
the other hand, mechanism (ii) needs more careful tuning of
surface treatment.

Due to the buried nature of the coating|oxide|metal
interface which transforms during FFC, there are still a
number of open questions. The role of hydrogen evolution as
a driving force is not very well explored. Reasons for the
development of corrosion morphologies are still to be
understood in detail. Particularly challenging is an
understanding of the processes during interaction in the
oxide layers, including native oxides and CCs, with anionic
species such as chloride during the FFC process, and the
effect such an interaction has on the FFC kinetics.
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Appropriate pretreatment significantly decreases the
propensity of aluminium towards FFC. For PCS-based
recycled aluminium with its potentially larger composition
windows compared to primary produced alloys, more detailed
tuning of the pretreatment parameters may be needed.
However, there is no evidence for increased propensity of
PCS-based recycled aluminium towards FFC as long as
correct pretreatment is applied.

List of abbreviations
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CC Conversion coating

EOL End-of-life
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NSDL Near-surface deformed layer
OCP Open circuit potential

ORR Oxygen reduction reaction
PCS Post-consumer scrap

SKP(FM) Scanning Kelvin probe (force microscopy)
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