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Filiform corrosion (FFC) is characteristic of metals such as aluminium and magnesium, usually takes

place on coated metals, and spreads from coating defects in the form of filaments with a width on the
order of 100 pm. In this work, in situ and operando Raman spectroscopy and optical microscopy were
used to characterize the composition and distribution of corrosion products inside growing filaments.
The filament head contains water (OH stretching modes, 3000-3600 cm™!), and corrosion products
based on aluminium oxide with both tetrahedrally (840 cm™) and octahedrally (600 cm™) coordi-
nated AI3t, and with some hydroxyl group content (3075, 1420, 1164 cm‘l). Remarkable is the
prominent presence of structural motifs as in y-AlH3 (1045, 1495 cm™). The tail contains predomi-
nantly aluminium oxide with octahedrally coordinated AI** and in addition carbonate (1100 cm™)
and aluminium chloride (347 cm™). Video recordings of the active filigree show hydrogen evolution
inside the active head and a very fast precipitation of corrosion products. Re-dissolution, transport
and re-formation of the corrosion products is also observed, accompanying start-stop-cycles of the
propagation of FFC; this mechanism leads to wavy surface morphologies by lifting of certain coating
areas after the passage of the corrosion front as evidenced by 3D optical profilometer analysis. When
exposed to the acidic head conditions for a sufficient time, the initiation of other forms of localised
corrosion, such as pitting, is possible, which in turn facilitates further propagation of the filament.
The in situ detection of hydride which transforms into the typical aluminium corrosion products in due
course points to a prominent role of hydride as intermediate in the aqueous corrosion of aluminium.
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1 Introduction leading to the start of the filament propagation.* Once the prop-

agation has started, the inside of the filament is characterized by

Reported already in the 1940s and 1950s, 12 filiform corrosion
three different environments: °

(FFC) of a coated metal has become a concern in the building
and automotive industry. This localized corrosion process usually 1. An acidic head where the dissolution of the substrate metal
takes place on coated metals. In the most severe cases, FFC can takes place (anodic reaction).

lead to flaking of the coating and sometimes to initiation of other
types of corrosion such as pitting or intergranular corrosion. 3 FFC
typically initiates from coating defects. In the coating defect the place.
cathodic oxygen reduction reaction (ORR) and hydrogen evolu-
tion reaction (HER) take place until a differential aeration cell is
build where the combination of low concentration of oxygen far The currently accepted FFC mechanism on aluminum alloys is
from the defect combined with a high concentration of oxygen shown in Fig. 1.°

close to the defect gives rise to a difference in electrode potential Since the 1980s, many authors have studied FFC and the effect

. . . 6-8 : 9
between the two regions that now constitute the corrosion cell of substrate and pretreatment, °~° metallurgical parameters, * cor-
rosion products, 10 and other features such as the kinetics, 11:12

effect of intermetallic particles (IMP), 13 effect of surface treat-
ment as machining, !4 and enrichment of alloying elements such

2. A neutral to alkaline back of the head where the ORR takes

3. Atail filled with corrosion products.

@ Department of Materials Science and Engineering, NTNU, Norwegian University

of Science and Technology, 7491 Trondheim, Norway. E-mail: FFC-Raman@the- as Cu.1® Furthermore, the in the presence of a near surface de-

passivists.org formed layer (NSDL) induced by thermo-mechanical processing,

b i . . . .
SINTEF Industry, 7465 Trondheim, Norway. shear deformation and machining, a microstructure that is very

F Electronic Supplementary Information (ESI) available: Scheme of the setup. Addi-

tional surface morphology data. Detailed discussion of assignment of Raman spec- different from the bulk alloy 1s present, which increases the sus-

s 14,16-20 SN
tra, including some additional spectra. Video showing in situ activation and deacti- ceptibility to FFC. The mechanism in this case, however,
vation of a filament. See DOI: 00.0000/00000000. is slightly different. The NSDL is electrochemically more active
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Figures/__FFC mechanism.png

Fig. 1 FFC propagation mechanism on coated aluminium alloys
showing the corrosion products filling the tail, the corrosion cell in
which the anodic (metal dissolution) and cathodic (oxygen reduc-
tion) reactions take place.® Reprinted from Shreir's Corrosion, Vol. 2,
H.N. McMurray, G. Williams, chapter 2.14 - Under Film/Coating Cor-
rosion, pp. 988-1004, Copyright (2010), (https://doi.org/10.1016/
B978-044452787-5.00040-8) with permission from Elsevier, https:
//www.elsevier.com/.

than the bulk of the material, 2122 and acts as a sacrificial anode.
In this case, the attack is usually limited to the NSDL itself. How-
ever, it is not uncommon to observe a successive-pitting type of
corrosion. 121923 The mechanism proposed consists of two steps,
(i) the consumption of the NSDL by the passage of the corrosion
front, and (ii) the passage of a new corrosion front in which the
corrosion products generated during the first step are chemically
dissolved or mechanically broken and the matrix surface can be
subject of pitting corrosion.2* Furthermore, the successive-pitting
mechanism can take place only when the surface is not cathodi-
cally protected by the presence of a NSDL. Both IMPs and NSDL
near the surface are industrially removed by pretreatment such as
alkaline etching.2°

A recent series of studies of FFC on coated Mg alloys showed
a modification of the schematic mechanism as sketched above,
and highlighted also the importance of the chloride concentra-
tion. 2627 On magnesium, 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.28 For cathodic delamination, a recent work
highlights the importance of cation insertion into the intact inter-
face,2? a step which could also play a role in FFC.

While there are a number of studies involving post-mortem
analysis, %1421 the actual transformation between corrosion
products forming in the head region to the final tail region has
mainly been studied by Kelvin probe or other electrochemical
techniques. 11-13:26-28 Acoustic emission is also becoming an in-
creasingly useful in situ technique.3° In situ optical microscopy
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permitted direct observation of the morphology during propaga-
tion. 2627 Two studies have investigated FFC in situ,3! or quasi
in situ, 19 by infrared spectroscopy on aluminium. In situ and
operando vibrational spectroscopy gives on the other hand signif-
icant advantages for obtaining direct insight into reactions mech-
anisms and processes, 3233 such as the study of solvation, 3435 re-
action intermediates in electrocatalysis or corrosion, 36-39
forming in electrocatalytical processes, %42 corrosion and oxi-
dation products, 4348 cathodic delamination,*’ or corrosion in-
hibitors.>%>1 Raman spectroscopy as a vibrational spectroscopic
method in a confocal microscope combines the possibility of opti-
cal imaging with information related to chemical composition of
corrosion products on the um length scale; it can be applied in the
field, 2 and is a popular tool, e.g. in electrochemistry, >3 or atmo-

oxides

spheric corrosion.>* Raman spectroscopy is also widely applied
to study corrosion products of aluminium. >>->8

Main purpose of this work was to follow FFC in situ, in order to
elucidate the chemical reactions in this complex process in more
detail. The main goal was to observe in situ the formation of
corrosion products particularly in the active head of the filament
and possibly to detect unstable intermediate species. To that end,
aluminium samples were coated with a weak transparent model
coating, and a defect was prepared in the coating by scratching.
In the defect, FFC was initiated by exposure to concentrated hy-
drochloric acid. The evolution of filaments was followed in situ
in an optical and confocal Raman microscope after placing the
sample in chamber with controlled relative humidity of >80%.
After a description of the samples studied (section 2.1) and the
methods used (section 2.2), this work proceeds in a slightly un-
usual way with the description of the results and their discussion
in section 3 with a structure inspired by the nature of the FFC
process. After a presentation of the results of the morphology
(section 3.1), the spectroscopic results are described and spec-
tra on the whole are interpreted (section 3.2). The discussion of
the processes in the filament head (section 3.3) and filament tail
(section 3.4) is presented together with a brief description of the
spectroscopic evidence in the respective part of the filament; the
respective sections also contain a comparison with existing litera-
ture. Finally, the discussions of the results from head and tail are
merged into a mechanistic picture of FFC (section 3.5), before the
manuscript concludes (section 4).

2 Materials and Methods

2.1 Materials

A hot rolled AA3005 aluminium alloy provided by Speira was
used for this study. The composition is shown in Table 1. The
manufacturing of the sheets consisted of hot rolling to 3.5 mm
thickness, followed by cold rolling to a final thickness of 0.68 mm
and annealing at 224-230°C.

2.2 Methods

Aluminium sheets of 3x3 cm? were cleaned with acetone and
ethanol using laboratory paper and dried with compressed air.
The samples were then coated with Paraloid B 48, a commercial
acrylate-based transparent weak model coating purchased from


https://doi.org/10.1016/B978-044452787-5.00040-8
https://doi.org/10.1016/B978-044452787-5.00040-8
https://www.elsevier.com/
https://www.elsevier.com/

Table 1 Composition of AA3005 samples as determined by inductively
coupled plasma optical emission spectroscopy at the manufacturer.

Elements wt.%
Si 0.49

Fe 0.58

Cu 0.22
Mn 1.08
Mg 0.35

Cr 0.041

Zn 0.14

Ti 0.017

Kremer Pigmente. The pellets were dissolved in toluene to a poly-
mer concentration of 33 wt.-%. The coating was applied to the
sample surface by spin-coating with a program that allowed to
deposit a ca. 20 um thick layer. Raman experiments at the poly-
mer/metal interface require sufficient transparency of the coat-
ing, so that the metal surface can be both illuminated and Raman
scattered light from the region can be collected.

An artificial defect was prepared in the coating with an Erich-
sen Model 639 Corrocutter according to the Qualicoat standard
procedure for FFC testing.°® FFC was initiated by dropping a few
drops of HCl (37%) on the artificial defect which was allowed to
react for 1 min before removing the solution very gently with a
laboratory paper. The sample was left in ambient air for 30 min
before putting it into a homemade in situ Raman cell at 40°C
and 86(*5)% relative humidity. The cell was based on a setup
previously used to study cathodic delamination.4® A schematic
representation is shown in ESI-Fig. 1. A saturated KCl solution
was used to fix the relative humidity.°© The base of the cell was
made in a way that water could be fluxed in it in order to keep
the temperature at 40°C.

Visual images, videos, and Raman spectra were recorded in
this cell in a confocal Raman microscope (WITech alpha 300 mi-
croscope) equipped with a 532 nm laser excitation. The spectra
were acquired using 10x and 50x objectives. A laser power of
30 mW was used in all the measurements unless differently speci-
fied. Typical integration times were 2 s with 10 accumulations per
spectrum. In different cases, instead of a single spectrum mea-
surement, an area scan or a depth scan analysis was performed.
For this purpose, 50 Raman spectra were collected to construct
one line and 50 lines were used to build a 2-dimensional image
in which each pixel is represented by a Raman spectrum. Cosmic
ray removal, background subtraction, and true component analy-
sis followed by de-mixing were performed in the instrument man-
ufacturer’s software to identify the chemical composition and to
build a distribution map of different components such as coating,
corrosion products, and metal matrix. An area scan represents a
2D image of a horizontal section while a depth scan represents a
2D image of a vertical section of the sample. All the data analysis
was done using the WITech Project Plus Version 5.2.16 Software.

The surface morphology of coated samples was studied using
a 3D optical profilometer model Contour GT -K manufactured by
Bruker. All the 3D profiles were measured post-mortem i.e., all
the filaments were inactive.

For some samples, the coating was removed using tweezers,
and the corrosion products were collected and analyzed with Ra-
man spectroscopy.

Raw data from this study is available online. %1

3 Results and discussion

3.1 Filament morphology

Fig. 2b shows the intensity of the Raman signal from the coating
obtained from a depth scan of the filament in Fig. 2a along the
propagation direction of the filament. This figure shows that the
part of the coating lifted most is the head of the filament. There-
fore, there must have been a coating relaxation after the passage
of the corrosion front, and consequently, the filament tail cannot
be completely filled with corrosion products, which is contrary to
the textbook representation in Fig. 1.

60 ym

Fig. 2 (Top) Filament growing from artificial scratch (right-hand side,
not visible in image) and (Bottom) distribution of coating signal from
depth profile in the confocal Raman microscope (high brightness - large
coating signal). The position of the depth scan is shown by the red line

in (a).

Fig. 3 shows 3D pictures of two different filaments measured
with an optical profilometer. These two filaments represent two
prototypical cases of different morphologies observed after deac-
tivation. All filaments show either of these two morphologies af-
ter deactivation; at least three different occurrences of each type
have been observed. The first type (example in Fig. 3a) are fil-
aments of 50-100 um width, where the high (~25 um) coating
lifting in the head suggests that the corrosion products have de-
posited mainly in this region. For filaments with this morphology,
it is evident that the tail contains fewer corrosion products than
the head since the coating on top is lower than the head. The
second type (example in Fig. 3b) shows narrower filaments of a
width <30 um, with a height decreasing along the filament from
tail to head.

This morphology of the tail was similar for all the analysed fila-
ments, i.e. for filament morphologies of the first and second type.
Along the filament, there are mature regions where the lifting
of the coating is more pronounced and regions where lifting is
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less pronounced. An example of a long filament with alternating
regions is shown in ESI-Fig. 27. Two types of morphology have
also been observed after FFC on carbon steel coated with a thin
epoxy-based coating, %2 one of those closely resembling the wave-
like patterns observed here. Different directions of O, ingress
have been suggested to cause different morphologies.®2 For ca-
thodic delamination, a strong dependence of delamination rate
on morphology was found, ®3 which shows that disbonding kinet-
ics itself is affected by the morphological features of the surface.

Two other important features not present in Fig. 1 are bubble
formation in different regions of the filament including the head,
and the precipitation of corrosion products in the local anode re-
gion. From the video of the propagating filament which is part
of the ESIf (description in ESI-section 4), it is clear that the pre-
cipitation of corrosion products can take place close to the propa-
gation front in proximity to what closely resembles an active pit.
Probably the concentration of the different salts in the region near
the pit becomes so high that precipitation of corrosion products
takes place immediately after the product of solubility is reached
and a nucleation site is present. The implications of gas evolution
will be discussed in detail in section 3.3.

3.2 Assignment of spectral features

Table 2 Raman peak positions of the aluminium/coating interface con-
taining corrosion products, as observed in this work, together with the
tentative empirical assignment. Vv - stretching mode, § - deformation
mode. Index s - symmetric, index as - antisymmetric

Peak Species Mode Ref.
em!
347 Al-Cl Ag 64-66
521 [AI(OH,)13" A 67,68
600 AlOg4 octahed.  v(Al-0), Eg 69,70
840 AlO, tetrahed.  v(Al-0) 71
1045 y-AlH, A1g(Al-Hz/H,) 7274
1100 CO42~ Vs 75,76
Surface phonon +
1164 AL-O surface s (AD)— Og) 77,78
1420 (A)-OH 5(0H)
1495 y-AlH, Big(Al-H,) 7274
1607 bound H,0  §(OH,) 71,79
3075 (AD-OH v(OH) 35
3000-3600 H,0, OH v(OH) 34,35

Spectra recorded in the different stages of FFC are shown in
Fig. 5 and 6. As exemplified by the area scan in Fig. 5, the Ra-
man spectra collected throughout this study can be divided into
three groups, (i) those characteristics for the intact model coat-
ing, (ii) those characteristics for the corroding metal/polymer in-
terface and (iii) featureless spectra of the metal. The spectrum
of the non-degraded coating is known from reference measure-
ments (ESI-section 3){, and the spectrum of the metal does not
show peaks; most relevant for the understanding of the corrosion
processes is the component of the interface. The latter is repre-
sented by the blue area in Fig. 5d which is a map of the horizontal

4| Journal Name, [year], [vol.], 1-16

section of the filament head shown in Fig. 5b; this spectrum will
be prototypically used for the discussion of the assignment.

Before proceeding to a discussion of the chemical processes in
the different stages of FFC, it is crucial to assign the spectral fea-
tures to chemical species. Table 2 lists all the spectral features
observed in the system here, together with a tentative empirical
assignment. The full reasoning behind the assignment is given in
ESI-Section 3. Obvious is the prominent presence of OH stretch-
ing modes (3000-3600 cm ™) in the head with a shape typical for
water, and a discrete peak at 3075 cm~! assigned to an OH group
or ion. 343> We further notice distinct differences to the literature
spectra of different aluminium (oxy)hydroxides, such as gibbsite
y—Al(OH)4, bayerite a-Al(OH);, boehmite y—AIOOH and dias-
pore a—AIOOH.8%-82 On the other hand, there is the presence
of typical modes from aluminium oxides indicating AI** in oc-
tahedral (=600 cm~!) and tetrahedral (~840 cm~!) coordina-
tion. 80:83-88 peaks at 1420 cm~! and 1164 cm ! have strong con-
tributions of Al-O-H deformation.””-83 There is a very close sim-
ilarity in shape, intensity, and position between peaks observed
in y—AlH,; and the peaks at 1045 and 1495 cm™! in the head,
which is why these peaks are assigned to hydride species.”%73
The very broad peak at 1100 cm ™! in the tail is in a region typi-
cal for carbonate stretching modes embedded in aluminium oxy-
hydroxides. 757689 Finally, the lowest distinct peak in the tail at
347 ecm~! is assigned to Al-Cl-related modes. 69091

Based on the spectral assignments, the corrosion products in
the head are based on aluminium oxides, containing structural
motifs as in y-AlH,, and different types of hydroxyl groups. The
oxide structures contain both tetrahedrally and octahedrally coor-
dinated aluminium. As there are large differences to the spectra
of typical aluminium (oxy)hydroxides, these compounds cannot
be typical for the structures observed here. The spectra in the
tail point to carbonate and chloride containing aluminium oxide,
with predominantly octahedrally coordinated aluminium.
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Fig. 3 Morphology of two different inactive filaments [(a) and (b)] measured with a 3D optical profilometer after exposure to high humidity conditions,
with coating on top. The graph at the bottom of the respective panel shows the height profile indicated by the grey line (representing the filament
propagation direction) in the respective image. The image on the left represents a surface view, and the image on the right the same area in a 3D view.
The color coding in the height profile is the same for the left and the right image in the respective panel. The red arrow represents the head-to-tail
direction. On black pixels, no height information was obtained.
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Fig. 4 Filament propagation. The same area imaged every 24 h. The
yellow star can be used as a reference point to facilitate the following of
the filament growth.
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3.3 Head of the filament

Fig. 5a shows a filament propagating from an artificial scratch.
Fig. 5b shows a higher magnification of the head of the main fil-
ament shown in Fig. 5a (indicated by the red arrow) and the po-
sition of the area scan (square). Fig. 5¢ shows the spectra of two
of the three main components and the bitmap with the position
of the respective component; the metal matrix shows essentially
a flat, noisy spectrum which is not displayed here. The positions
of the main observed Raman peaks are summarized in Table 2.

As obvious from the assignment in section 3.2 and the compi-
lation in Table 2, the spectra from the head show evidence for
the presence of aluminium oxides with some hydroxide, and alu-
minium hydride. While the former are very well documented in
the literature in a variety of different situations, the latter is not.
However, the continuous formation of aluminium hydride parti-
cles during aluminium dissolution under alkaline conditions was
evidenced by secondary ion mass spectrometry (SIMS). 9293 More
generally, the presence of hydride was reasoned to be important
to explain the corrosion potential of aluminium. *#

Mechanistically, the formation of adsorbed hydrogen atoms,
H* +e” — H,q,), must be the first step of the HER, and as
discussed in section 3.1, there is evidence for bubble formation
in the region of the head. Hydride can thus form as a side re-
action of the HER by the reaction of aluminium with adsorbed
hydrogen, 9293

Aljg) +3H — AlHj . (D

Alternatively, the hydride formation may be seen as an electro-
chemical reduction of H,

3 —
AL +3H, +6e” — AlHj ). )

The fact that hydride formation is observed in the head region
which is supposed to be anodic points more to a chemical mech-
anism [reaction (1)] of formation rather than to an electrochem-
ical mechanism [reaction (2)]. The forming hydride-containing
species must be more than a surface hydride, judging by the
depth resolution of a confocal Raman microscope, and also by the
thickness of the hydride-containing region in the spectra, e.g. the
depth scan in ESI-Fig. 5. Rather, this must be a solid phase ex-
tending over at least many tens of nanometres.

This hydride-containing solid oxidises stepwise in a reaction
with water to the aluminium [(oxy)hydr]oxides, with steps of the
type

A1H3 (s) + HZO(I) — HZAIfOH(S) + H2(g), (3)

again yielding H, as a product. It is thus not a priori clear whether
the observed hydrogen bubbles originate from the electrochemi-
cal HER, or a chemical step such as reaction (3). Most likely,
both will contribute. In this context, it must be stressed that
at typical corrosion potentials of aluminium, electrochemical hy-
drogen evolution is thermodynamically possible. It is therefore
not a contradiction to observe hydrogen also around the anode.
Aluminium does furthermore show the negative difference effect,
i.e. increased rates of hydrogen evolution with increasing elec-
trode potential. %>

Transport of water into the filament is needed for the hydride

hydrolysis [reaction (3)]. Because water is present only in small
amounts, hydrides can build up to large amounts as observed.
Water transport kinetics may also contribute to the overall ki-
netics. The lack of water has also been used to reason for the
presence of start-stop cycles in cathodic delamination. 4°

Aluminium hydrides may play a more general role as interme-
diates in aluminium corrosion than previously thought. Here, the
hydrides are formed in the head, which must be acidic, because of
anodic aluminium dissolution and the accompanying aluminium
hydrolysis equilibrium. In contrast to the in situ observation un-
der acidic conditions in this work, previous analysis by electro-
chemical methods indicated no presence of hydrides under condi-
tions of alkaline etching below a pH of ~11.5.9%°3 Furthermore,
the open circuit potential analysis conducted in the 1970s give
no reason to believe that hydride presence should be restricted to
a certain pH;* we, therefore, expect a more general presence
of hydrides when aluminium is exposed to aqueous solutions.
Aluminium hydrides are, however, difficult to observe because of
their reactivity. Indeed, an impedance study suggested multistep
dissolution of Al in hydrochloric acid, for which an Al* intermedi-
ate had been postulated. °® However, a hydride intermediate may
also explain the multistep nature of the observed dissolution.

The effect of H, bubbles on filament propagation is worth dis-
cussing. The presence of pits and hydrogen evolution has been
reported a few times in literature °7-?8 but has traditionally been
considered as negligible. More recent works on related systems,
however, point to a more prominent involvement of hydrogen
evolution under certain conditions. 2899 The presence of a pit at
the tip of the filament head (i.e., of what is considered to be the
anodic region of the “macro” corrosion cell) can affect the whole
system in different ways:

1. The H, bubbles formed inside the pit will cause a convec-
tive motion that will stir the solution leading to a more uni-
form pH and composition of the corrosion cell. In a more
neutral environment, the precipitation of aluminium-based
corrosion products is favoured. The effect of induced con-
vection also contributes outside the pits.

2. The presence of an electric field in close proximity to the pit
will cause the migration of positively charged ions toward
the surface just outside the pit (or toward the pit’s walls).
Since the pit is at the tip of the head, this motion will be in
the opposite direction with respect to the migration caused
by the presence of the electric field in the macroscopic cor-
rosion cell. Thus creating milder conditions would also fa-
cilitate the precipitation of corrosion products.

3. The high concentration of ions in the proximity of the pit
facilitates the precipitation of corrosion products.

Furthermore, the H, bubbles, regardless of their mechanism of
origin, can merge to bubbles with larger volume, accumulate un-
der the coating, and assist in the process of coating detachment.
Bubble-assisted coating detachment could explain the voids ob-
served sometimes during the filament propagation (Fig. 4). In
this case, the porous layer of corrosion products deposited around
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Fig. 5 (a) Low magnification micrograph of filament growing from an artificial defect. (b) Higher magnification of the filament head shown in (a)
as indicated by the red arrow. (c) Raman spectra of model coating (red) and corrosion products (blue); the spectrum in purple shown in the inset
represents the y-AlH; spectrum from ref.”3. (d) Combined bitmap file showing the position of coating (red), corrosion products (blue) and metal

(green). Peak positions from spectra are compiled in Table 2.

the bubble could act as a capillary canal that induces and facili-
tates water propagation towards the filament head. When H,
escapes, either through the coating or the tail of the filament, the
precipitation of corrosion products takes place also in the cen-
tral region of the head. The repetition of this process during the
filament propagation could explain the filament tail morphology
discussed above with alternating lifted and lower areas.

The presence of IMPs is necessary for FFC to occur. 1°° The ab-
sence of noble intermetallic particles on Al-Mn alloys led to im-
munity to FFC.100 The filaments have a tendency to propagate
“jumping” from one intermetallic particle to another. 13 This detri-
mental effect on FFC resistance caused by the presence of IMP
could be on one hand because of the increased potential differ-
ence between cathode and anode when noble IMP are involved or
on the other hand to the higher amount of H,, evolution favoured
by noble IMP assisting the corrosion process. 101 Most likely is a
combination of the two.
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A prominent role of hydrogen evolution in the degradation of
the metal-coating interface has been suggested in a recent study
on the corrosion of aluminium under an epoxy coating.®® A cor-
relation was observed between the position of blisters and Mg-
based IMPs suggesting that HER does not occur only in the prox-
imity of IMPs nobler than the base alloy but also close to less
noble IMPs.%° In this last case the HER would be accompanied by
Mg dissolution, 102 or facilitated by the presence of Mg(OH),. %’

3.4 Tail of the filament

Fig. 6 shows a magnified image of part of the filament tail pre-
sented Fig. 5a (indicated by the yellow arrow) and the respec-
tive spectra. The main difference between the two spectra ac-
quired in different regions (one brighter and one darker) is the
presence of a peak at ~350 cm~!. The peak at ~350 cm~! has
been observed also in other dark areas of the filament tail sug-
gesting the accumulation of chloride-based compounds in these



regions. Occasionally, in the same location, peaks at ~350 cm™!

and ~520 cm~! are observed, the latter indicating the presence
of [Al(OH2)6]3+ (ESI-Fig. 77). This colocation could either indi-
cate the presence of hydroxychlorides®7-68 or of a local mixture
of dissolved aluminium and a chloride-containing species.

In the tail of the filament, the presence of hydroxycarbonates
is expected. Aluminium hydroxycarbonates can form at a pH of 6
- 7 and are typically amorphous. 193 The width of the carbonate
peak as observed here has been interpreted to indicate an inter-
action of the carbonate oxygen atoms with the Al3* ion. In this
work, this band is more intense when the corrosion products are
analyzed separately than in the in situ measurements; possibly
the carbonate content increases post-mortem due to the exposure
of the corrosion products to atmospheric CO,. In ZnAl metal-
lic coatings (“galvalume”), the formation of zinc and aluminium
hydroxycarbonate was hypothesized; while the formation of zinc
carbonates is well-known in zinc corrosion, 194 the formation of
aluminium-rich carbonates was not excluded, 1°° or qualitatively
confirmed without quantitative analysis. 1°© On an aluminium al-
loy in a post-mortem analysis, the presence of aluminium hydrox-
ycarbonate in the tail of filament was also found previously. 1°

Fig. 7 shows the same filament as in Fig. 6 before and after
the propagation of a new filigree, initiated from the previous
one. In the tip of the head, it has been argued that aluminium-
based cations Al(OH)2*, Al(OH)zJr and polymeric species such
as A11304(OH)24(H20)127+ are formed and migrate toward the
back of the head precipitating as an aluminium hydroxide gel into
which carbonate and chlorides are incorporated !°. (A migration
may also not be necessary since the tip of the head is moving for-
ward over time). Finally, some chloride ions are released and mi-
grate toward the tip of the head. 19 Nevertheless, the presence of
chlorides is observed also after the passage of the corrosion front
(Fig. 6) meaning that some part of the chloride-based compounds
remains trapped in the aluminium hydroxide gel. The presence
of chlorides in the tail was confirmed by proton-induced x-ray
emission. 197 It is worth noting that the “new” filament shown
in Fig. 7 starts propagating from the region where the presence
of chlorides was detected (Fig. 6) as if the presence of chloride-
based corrosion products acts as a reservoir of aggressive species
able to trigger the initiation of a new filament without the ne-
cessity of a transfer to the corrosion front. Because some of the
chlorides remain trapped in the corrosion products deposited in
the tail, there will always be fewer chloride ions at the corrosion
front during the propagation. The decrease in available chloride
concentration would lead to filament deactivation.

Deactivation because of chloride consumption is in agreement
with observations during accelerated FFC tests. During these
tests, the propagation rate decreases with time probably because
of a decreasing amount of chloride ions able to reach the tip of
the head. A similar mechanism also acts on Mg alloys. 26

A semiquantitative determination of a composition gradient be-
tween head and tail along the filament is prohibitive due to large
amount of measurement time needed during which the system
would again transform. An additional complication arises from
the non homogeneity of the corrosion product distribution inside
the filament. The inner part of the filaments is characterized by

regions alternating a strong signal form corrosion products with
an almost absent signal. Because the propagation mechanism is
also function of stochastic events (such as pitting initiation) the
amount and distribution of regions with high and low amounts of
corrosion products along the filament would differ from filament
to filament.
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Fig. 6 (a) Part of the tail of the filament shown in Fig. 5(a); (b) Raman spectra at the positions marked by crosses in (a). The green arrow indicates

the position of the peak characteristic of the Al—Cl stretching mode. The band shown at 1100 cm~! is representative of the carbonate stretching
mode.
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Fig. 7 Same filament (a) before and (b) after the initiation of a new

filigree.

Journal Name, [year], [vol.]1-16 |11



3.5 Revised picture of FFC mechanism

Based on the discussion of the chemical process in head and tail,
a refined mechanistic picture of successive-pitting type FFC is
shown in Fig. 8. This figure presents a propagating filament at
different stages. In addition to the known anodic reactions of
aluminium dissolution (labelled “AlD™) and ORR, hydrogen evo-
lution, aluminium hydride formation and hydride decomposition
are represented. Aluminium dissolution and the presence of pits
in the tip of the head can cause a drastic increase in aluminium
ions concentration leading to the precipitation of corrosion prod-
ucts also in the tip and not only in the back of the head where
the ORR takes place. The presence of the forming porous cor-
rosion products could favour water transport toward the undam-
aged part of the coating by capillarity (upper part of Fig. 8; sec-
tion 3.3). When the coating adhesion in the region highlighted
by the blue circle in Fig. 8 is high, the exposure time of the alu-
minium surface to the electrolyte is high enough to allow the for-
mation of a new macro corrosion cell where the pressure gen-
erated by the formation of bubbles and new corrosion products
assists the coating inflation and detachment. Hydrogen bubbles
can be generated inside the pits or when the aluminium hydride
in contact with the aqueous solution is converted into gaseous
hydrogen and aluminium hydroxides. When the new macro cor-
rosion cell is formed, the region that was previously the active
head transforms into a part of the tail. However, a certain level
of active corrosion must still occur since the presence of bubbles
and a movement of corrosion products are sometimes observed.

Carbonate is included in the corrosion products here, because
atmospheric CO, also diffuses into the active region, causing pre-
cipitation of carbonate-containing corrosion products above a pH
~6-7. The exact role of carbonate on the kinetics and morphol-
ogy in this system is so far unclear; for zinc-based alloys, the role
of carbonates is very prominent, 194 though their development is
only limited on short time scales.48:198 Possibly, carbonate for-
mation also plays a role in the propagation and thus ultimately
inhibition of FFC. The presence of the hydrides may also facili-
tate a reaction with CO, and solid corrosion products. This point
requires dedicated detailed studies.

Pits would initiate after a certain exposure time to the condi-
tions of the anolyte, and not directly at the tip of the head. Pitting
initiation would usually require a certain initiation time Ty, i.€. a
certain residence time 7 of the material in a critical (acidic) so-
lution. If FFC progress was uniform with velocity v, the length /
along the filament direction of the region exposed to the acidified
solution would determine the time material is exposed to a given
area conditions, 7 = % The fact that v varies over time makes
this process semi-continuous: material is exposed to the acidic
head for a certain time, pitting initiation occurs if 7 > 7., and a
consequence is the progress of the disbonding front.
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Fig. 8 Proposed mechanism of filament propagation at different times, where the top image precedes the bottom image.
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4 Conclusions

1. In situ and operando Raman spectroscopy during FFC under
a weak model coating shows evidence for the formation of
aluminium hydride in the acidic head region of FFC. As no
evidence is found for the presence of hydrides in the cor-
rosion products in the tail, these hydrides must transform
into hydroxides which later condense into oxides in the FFC
propagation process. On the other hand, carbonates are in-
cluded in the corrosion products in the tail. Overall, the
presence of hydrides as intermediates may be more promi-
nent in the aqueous corrosion of aluminium than previously
envisaged.

2. Hydrogen evolution must have an important role in the
propagation mechanism, both for the transport of species,
the coating detachment, corrosion product formation and
precipitation.  Possible chemical decomposition of the
formed hydrides under the evolution of hydrogen may ex-
plain the observation of hydrogen evolution in regions close
to the anode.

3. The re-dissolution and lateral displacement of corrosion
products inside an active filament are possible. Video ob-
servations show that during the filament propagation, (i)
the precipitation, re-dissolution and displacement of corro-
sion products take place inside the filament tail, and (ii) the
precipitation of corrosion products is possible also in the fil-
ament head before it sets in the filament tail. The species
transported by diffusion or convection from the tail toward
the head can act as nucleation sites for the precipitation of
corrosion products.

4. The presence of two different filament head morphologies
after the filament deactivation suggests the possibility of dif-
ferent deactivation mechanisms.

5. Initiation of pitting corrosion, and possibly other forms of
localised corrosion, is possible if a surface area is exposed
for a sufficiently long time to sufficiently aggressive condi-
tions. Limited availability of certain species (e.g., H,O) in
this system may lead to pit deactivation, triggering the suc-
cessive pit initiation, propagation and deactivation which is
observed here and in other systems.
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