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a b s t r a c t

The effect of curing temperature on initiation and propagation of filiform corrosion of an epoxy cat-
aphoretic electrocoating deposited on aluminum alloy substrate was studied. EIS measurements were
used to follow the evolution of the water uptake of the intact coatings. In addition, EIS was applied to
determine the performances of the systems as a result of exposure to HCl vapours.

Cantilever method (stressmeter) was used to determine the stresses generated in an organic coating
during a humidity cycle.

Scanning Kelvin Probe (SKP) was applied in order to investigate the initiation and propagation of filiform
corrosion of painted aluminum alloy. The mechanism of filiform corrosion is discussed according to the
paint properties.

© 2009 Published by Elsevier B.V.

1. Introduction

A large amount of metallic constructions in atmospheric weath-
ering conditions are protected by polymeric (paint) coatings.
Different studies have been carried out in order to determine
the mechanisms of corrosion beneath the coating. The develop-
ment of filiform corrosion underneath organic coatings on steel,
aluminum and magnesium alloys, results in thread-like corrosion
products which propagate across the coating–metal interface. All
details were reviewed in [1–3]. Filiform corrosion is most virulent
in an environment with a combined marine (presence of anion
chloride) and industrial atmosphere [2]. It can be controlled by
many parameters such as metallic substrate surface pretreatment,
defects, permeability of the coating to water and oxygen, adher-
ence of the paint system and salts. The adhesion and stability of the
metal–coating interface are controlling the initial stage of degrada-
tion [4].

The filament can be divided in two parts, namely a head where
active metal dissolution takes place and a tail composed of cor-
rosion products. Most explanations are based on the differential
oxygen concentration cell mechanism, as suggested in [5]. The oxy-
gen concentration is high in the tail, where it is reduced and is
low in the active head, where metal anodic oxidation takes place.

∗ Corresponding author.
E-mail address: anne-pascale.romano@fpms.ac.be (A.-P. Romano).

It is generally accepted that the mechanism of filiform corrosion
is the anodic undercutting of the coating by the filament. Visual-
izing the galvanic cell “in situ” underneath polymeric coatings was
made possible thanks to Scanning Kelvin Probe (SKP) or Atomic
Force Microscopy in Kelvin Probe Mode [6–9].

SKP is a useful method to investigate filiform corrosion because
it does not require bulk electrolyte and it can measure the potential
below thin adsorbed electrolyte films or resistive intact polymeric
coatings. In this study, SKP was applied to study filiform corrosion
of aluminum alloy AA6016 coated with cataphoretic epoxy coating.
This alloy painted and cured at 185 ◦C had previously been studied
by FT-IR and SKP in [7]. The electrocoating was also characterized
previously [10] and the influence of curing temperature (155, 165,
175, 185 and 195 ◦C) on the mechanical properties was proved.

The filiform corrosion resistance of coated Al6016 substrates
was determined by a normalized test (ISO/DIS 4623) and by elec-
trochemical impedance spectroscopy on scratched samples. After
optimizing the experimental parameters, the active area of various
systems vs. immersion times in electrolyte solution was deter-
mined by EIS [10]. It was shown that by increasing the temperature,
the density of the crosslinking bonds in the polymer matrix also
increases. The lowest active area was obtained at 175 ◦C. For curing
temperatures lower than 175 ◦C, a disbonding phenomenon was
observed. A good correlation was observed between the results
obtained by the normalized test (21 days) and by EIS within a
shorter time (24 h).

The aim of this work was to continue these investigations and,
in particular, to study, through different techniques, the influ-
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Table 1
Chemical composition (weight%) of alu-
minum alloy AA6016.

Weight%

Al 97.900
Si 1.184
Mg 0.318
Fe 0.300
Mn 0.126
Cu 0.118
Balance 0.054

ence of the curing conditions of a cataphoretic coating on its
mechanical properties and its filiform corrosion performances on
AA6016 aluminum alloy. The parameters investigated are wet adhe-
sion, water uptake, stress generated in the organic coatings and
their evolution behaviour with regard to temperature and humid-
ity. The techniques used were EIS and the cantilever method
[11–14]. Presently the stress measurements can only be carried
out on a calibrated steel substrate. This explains why steel was
used in some experiments for paint characterization. The study
of the influence of test conditions and mechanisms of initiation
and development of filiform corrosion was carried out on intact
samples by EIS measurements and on scratched samples by SKP
measurements.

2. Experimentation

2.1. Materials and exposure

For stress measurements, electrocoating was applied on a
calibrated substrate made of carbon steel (282 mm × 12.6 mm ×
0.1 mm) degreased with acetone. In order to obtain a thickness of
15 �m, the applied voltage was 100 V and the bath temperature
30 ◦C. The samples were coated for 2 min 30 s, rinsed and cured for
25 min.

The panels of aluminum alloy AA6016 (the composition of this
alloy is summarized in Table 1) were degreased, etched for 10 min
in a commercial bath (Ridoline® 124N and Novox Activator 12B by
Henkel S.A.) and subsequently rinsed with deionised water before
coating. The applied voltage was determined in order to obtain
a film thickness of 20 �m. The bath temperature was 30 ◦C. The
samples were coated for 3 min, rinsed and cured in an oven for
25 min.

The curing temperatures were 155, 165, 175, 185 and 195 ◦C.
After curing, the film thicknesses were measured with a 456
Elcometer thickness gauge.

For testing painted aluminum samples by SKP measurement
scratches of 1 mm wide were made. According ISO/DIS 4623 the
samples were exposed during 1 h in HCl vapours to initiate filiform
corrosion. The samples were then exposed in a climatic chamber at
40 ◦C and 80% RH during 21 days.

2.2. Stress measurements

2.2.1. Stress interpretation
There is now no doubt that stress can affect coating adhesion and

that this may lead to delamination or filiform corrosion. As seen in
[15], stress leads to peeling out and lifting of the coating under
conditions of cathodic delamination that facilitates degradation.
This parameter should also influence the propagation of filiform
corrosion.

The three main causes of stress development in an organic coat-
ing are: film formation, variations in temperature and in relative
humidity (RH) [11–14]. The kinds of stress arising are known as
internal (SF), thermal (ST), and hygroscopic (SH), respectively. The

thermal and hygroscopic stresses are often referred to as hydrother-
mal stresses. The total stress is defined as follows:

Stot = SF ± ST ± SH (1)

For coatings that can contract or expand only through their
thickness, Eq. (2) represents the simplified general equation
describing the stress arising in a coating:

S = Eε

1 − �
. (2)

One can also write that

SF =
∫ Vt

VS

E

1 − �

1
3VS

dV. (3)

where S is the stress (N/m2), ε the strain, � the Poisson’s ratio,
E the elastic modulus (N/m2), and VS and Vt are the volumes
of the coating at solidification and at time t after solidification,
respectively.

When coated substrates are exposed to variations in tempera-
ture and humidity, dimensional changes are induced. If the thermal
and hygroscopic expansion coefficients of the coating (˛T

F and ˛H
F )

and the substrate (˛T
S and ˛T

S) are different, which is usually the
case, thermal and hygroscopic stresses (ST and SH) will develop in
the coating.

ST =
∫ T2

T1

E

1 − �
(˛T

F − ˛T
S) dT (4)

SH =
∫ RH2

RH1

E

1 − �
(˛H

F − ˛H
S ) dRH (5)

In practice, these stresses act together. The positive sign denotes
a coating tendency to contract (tensile stress) and the negative sign
a coating tendency to expand (compressive stress). SF is practically
always positive.

Two climatic conditions can lead to high stress in a coating:

1. Low temperatures and RH’s induce high tensile stresses;
2. High temperatures and RH’s induce high compressive stresses.

2.2.2. Method
The method used to measure stress is based on the cantilever

method (based on Perera and Schutyser’s research work [11]). This
method is based on the following: if a coating under stress is applied
on a substrate, the coated substrate will deflect in the direction
which relieves stress. Since deflection can be measured and the
elastic properties of the substrate are known from separate deter-
minations, stress can be calculated.

The mathematical equation to calculate stress is the following:

S = 4d′Est3

3l2c(t + c)(1 − �s)
+ 4d′Ec(t + c)

l2(1 − �c)
(6)

where d′ is the deflection in the middle of the substrate (m), Es the
elastic modulus of the substrate (N/m2), Ec the elastic modulus of
the coating (N/m2), �s the Poisson’s ratio of the substrate, �c the
Poisson’s ratio of the coating, t the thickness of the substrate (m), c
the thickness of the coating (m), and l is the distance between the
two knife edges (m).

Eq. (6) assumes a good adhesion between the coating and the
substrate, and isotropic elastic properties of the coating and the
substrate. It also assumes that the elastic limit of the substrate is
not exceeded and that the stress is constant throughout the coating
thickness.

The second term in Eq. (6), which contains a number of coating
properties difficult to determine, can be neglected, as, in that case,
Es � Ec and t � c.
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A commercial equipment, the CoRi stressmeter was used to
measure the deflection in the middle of the substrate. The stress
evolution of an uncoated substrate, used as reference, is always sub-
tracted from data obtained with a coated one. For each condition,
measurements were repeated three times.

2.3. Electrochemical measurements

2.3.1. EIS method and equipment
EIS measurements were carried out on intact samples with

a conventional three-electrode cell in order to determine water
uptake of electrocoatings and the stability of adhesion in water
electrolyte. The working electrode was the investigated sam-
ple (exposed area of 4.5 cm2), the counter electrode was a
platinum plate and all potentials were measured with respect
to an Ag/AgCl reference electrode. The cell was filled with a
NaCl 0.5 M solution and placed in a Faraday cage in order to
minimize external interference on the system. The impedance
measurements were carried out over frequencies ranging from
100 kHz to 10 mHz using a 20 mV rms amplitude signal volt-
age, at ambient temperature. The impedance spectra were
acquired by using a frequency response analyser and potentio-
stat, both devices being computer-controlled with Powersuite®

software.

2.3.2. Interpretation of EIS data
The coating properties (adhesion and porosity) were char-

acterized after different immersion times by following, on one
hand, the changes of impedance modulus at low frequency
(10 mHz) and, on the other hand, the coating capacitance deter-
mined from impedance values obtained at high frequencies
[16,17].

The impedance values at the lowest frequency represent the
total resistance of the system including pore resistance, resis-
tance of electrochemical processes occurring at the exposed
metal/electrolyte interface. Degradation of the metal–polymer joint
can decrease the low frequency modulus. This is mainly due to the
decrease in the pore resistance (e.g. due to polymer swelling) and
the decrease in the interfacial resistance caused by corrosion reac-
tions, loss of adhesion (e.g. blistering), when two time constants are
visible in the impedance spectra.

The volume fraction of the water absorbed by the coating can
be estimated from the capacitance data (Cc) by using the empirical
formula derived by Brasher and Kingsbury [18]:

Xv = log(Cc/C0)
log 80

(7)

where Xv is the volume fraction of water absorbed by the coating,
C0 the coating capacitance at the beginning of exposure (initial dry
film capacitance) and 80 is the dielectric constant of water at room
temperature.

2.3.3. Scanning Kelvin Probe (SKP)
The mechanical vibration of the probe above the working elec-

trode creates an alternative capacitor (Cp/s) and an alternative
current (I(t)) flowing between the probe and the working electrode
surface. The amplitude of the current is related to a contact poten-
tial difference �Vp/s between the probe and the working electrode
surfaces according to the following Eq. (8):

I(t) = �Vp/s
dCp/s

dt
(8)

This potential drop corresponds to the difference in Volta
potentials between the probe and the working electrode and is pro-
portional to the difference in the electron work functions (˚) (Eq.

(9)) [19].

�Vp/s = ˚S − ˚P)
e

(9)

In this equation, e is the electron charge. The potential of the
probe (˚P/e) is kept constant and calibrated against a reversible
reference electrode. The potential (˚S/e) or work function (˚S) can
thereby be obtained. ˚ is defined as the minimal work to move
the electron from the bulk of the metal to the point just outside
its surface. The work function is thus the negative value of the real
potential of an electron in a metal [20]. SKP can therefore be used to
determine the corrosion or red-ox potentials of the metal surfaces
in atmospheric environments [21].

According to the definition of the metal electron work function,
˚S contains both bulk metal and surface contributions as seen in
Eq. (10):

˚S

e
= ˚M

e
+ �m/o + �o/a (10)

The electron in the bulk metal is determined by the Fermi
energy (˚M) or chemical potential of an electron in the metal.
For metals covered by oxide films, the metal is in contact with a
semi-conductive oxide which creates a contact potential difference
(Schottky junction �m/o) which is equal to the difference in the work
functions or Fermi levels before the materials came into contact
[22]. SKP measures the potential in the air just outside the metal
surface and the potential drop across oxide–air (�o/a) contributes to
the measured potential. Increasing the oxide film thickness propor-
tionally raises the contact potential difference. This potential drop
can help to determine the oxide film thickness on the aluminum
alloys [23,24]. In SKP measurements the freshly polished Al has a
potential close to −0.6 V (SHE) and its oxidation in the air enables
the potential to reach −0.3 V (SHE) [25]. The SKP potential measured
above a corroding location depends on the atmosphere. If humid
air is replaced by humid nitrogen, the metal anodic polarization by
oxygen red-ox system is inhibited and the corrosion potential drops
by about 300 mV [25].

For metals covered by a polymer the potential measurements
take place in the air above the surface of the organic coating.
The oxide–air interface is replaced by metal oxide–polymer and
polymer–air. According to the nature of the polymer and sub-
strate, the adhesion bonding includes ionic, donor–acceptor or van
der Waals interactions. These interactions can lead to charge sep-
arations at the interface. Hence, the polymer depending on its
functional groups can raise or reduce the metal potential between
0.1 and 0.3 V [26]. On the other hand, the properties of the metal
oxide underneath the coating can also affect the SKP potential
measured above the intact metal–polymer interface [9]. As a conse-
quence, the mechanical deformation of AA6016 surface decreases
and the measured potential increases due to heat treatment [9].

The Volta potentials were measured by using a commercial Scan-
ning Kelvin Probe from “UBM Messtechnik”. The equipment can
be used to measure the change in potential with time at a sin-
gle point above the surface or to map the Volta potential over an
area of the sample. SKP is equipped with an environmental cham-
ber that makes it possible to carry out measurements in different
atmospheres and humidities. The reference electrode was made of
a Ni–Cr alloy with a tip diameter of about 80 �m. The distance
between the needle and the sample was kept constant at 50 �m
during measurement. This gives a lateral resolution ranging from
80 to 100 �m. The probe was calibrated in humid air (95% RH) above
a Cu/CuSO4 saturated electrode and potentials were given with
respect to a standard hydrogen electrode (SHE). The density of the
measured points was 10 points/mm in X direction and 4 points/mm
in Y direction.
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Table 2
Glass transition values for different curing temperatures with
a slope of thermal cycle of 60 ◦C/h [27].

Curing temperature (◦C) Tg (◦C)

195 88.7
185 80.9
175 81.2
165 80.2
155 75.2

3. Results and discussion

3.1. Physical properties of the coatings

The stress measurements with respect to temperature were used
to determine the glass transition temperatures. It is important to
note that this Tg corresponds to the investigated metal–polymer
interface and not only to the polymer phase. This temperature is
related to the transfer from a vitreous state to a rubber state for
the polymer linked to the metal. In this transition stage the inter-
nal residual stress built in at the interface relieves and Tg can be
determined from stress measurement [10,27].

The painted samples were placed in the stressmeter and sub-
mitted to the following thermal cycle: from 40 to 130 ◦C with a
slope of 60 ◦C/h at 15% RH. Table 2 gives the glass transition values
for the coatings cured at different temperatures. These values were
determined by using a thermal cycle of 60 ◦C/h.

At 185, 175, and 165 ◦C, the values of the glass transition are very
similar. The lowest Tg value is obtained for samples cured at 155 ◦C
and the higher Tg value for samples cured at 195 ◦C. The Tg values
show that the crosslinking density increases when increasing the
curing temperature.

3.2. Influence of the curing temperature on the water uptake
measured by EIS

Fig. 1 shows the evolution of the water uptake, Xv, over 24 h,
during immersion in a 0.5 M NaCl solution, at different curing
temperatures. For all systems, the Xv are rather small with a maxi-
mum of 1.8%. The Xv value increases when the curing temperature
decreases. It can be related to an increase of the coating free volume,
which the water can saturate. For the intermediate temperatures,
the Xv are very similar.

Fig. 1. Water uptake of electrocoatings on phosphatised steel samples according to
immersion times in 0.5 M NaCl solution for different curing temperatures.

Fig. 2. Influence of humidity on stress at 25 ◦C for the coated carbon steel cured at
different temperatures.

3.3. Influence of humidity on stress measurements

The calibrated painted samples were placed in the stressmeter
at 25 ◦C and a humidity cycle including four steps was performed.
The humidity varied (1) from 35 to 80% RH for 1 h, (2) from 80 to
35% RH for 30 min, (3) from 35 to 15% RH for 1 h and (4) finally from
15 to 35% RH for 30 min.

The influence of humidity on stress at 25 ◦C shows a clear differ-
ence between the systems cured at different temperatures (Fig. 2).

During the high humidity period, water adsorption occurs and
induces a compressive stress. On the contrary, during the low
humidity period, water desorption generates a tensile stress in
the coating as discussed in [12]. The behaviour of both coatings is
reversible. Indeed the final stress measured at the end of the cycle
is the same as at the beginning under the same conditions of tem-
perature and humidity. This shows that no stress relaxation at all
takes place during humidity cycling.

At the beginning of experimentation at 35% RH the measured
stress corresponds to residual stress which is built at the inter-
face during the coating curing. Under ambient conditions stress is
higher in the paint cured at higher temperatures, showing thereby
a higher crosslinking density (Fig. 2). Stress is concentrated near
the metal–polymer interface and can therefore alter the interface
stability. Moreover, increased built-in stress is related to a better
adhesion at the metal–polymer interface [5]. This prevents stress
relaxation as well as the motion of the coating segments.

The initial stress is tensile and humid air reduces it (Fig. 2).
The stress gaps obtained between 35 and 80% RH and 35 and 15%
increase when the curing temperature decreases. The coating which
has a high crosslinking after curing at 195 ◦C, is less sensitive to
hygroscopic stress. This effect correlates with data given in Fig. 1,
showing a decrease in water uptake for high crosslinked polymers.

3.4. Influence of filiform corrosion initiation by HCl on
non-scratched painted aluminum alloy samples

The coated Al6016 samples were placed under the same operat-
ing conditions as the normalized test in filiform corrosion in order
to test the influence of HCl on the performances of intact coatings
(Table 3). Four series of Al samples were analysed by EIS according
to the following procedure:

• After painting, samples A were analysed by EIS. The coating
capacitance, measured after 10 min in NaCl 0.5 M immersion, was
considered as the coating capacitance of the dry film. The sam-
ples of series B and C were placed in HCl vapours for 1 h, in order
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Table 3
Modulus (Z) at 0.01 Hz (�) and water uptake (Xv in %) of Al6016 samples according to time for different curing temperatures: (A) after painting, (B) after 1 h in HCl, (C) after
1 h in HCl and 21 days in climatic chamber (40 ◦C and 82% RH), (D) after 21 days at room temperature (23 ◦C and 40% RH).

Curing temperature (X) Series A Series B Series C Series D

Z Xv Z Xv Z Xv Z Xv

195 3.3E09 0.5 4.8E06 3.0 4.8E06 4.7 3.2E09 1.3
185 2.4E09 0.8 2.0E06 3.0 3.0E06 5.1 2.0E09 0.8
175 1.2E09 0.9 5.1E06 2.6 5.7E06 6.1 6.2E08 0.9
165 6.3E09 0.9 1.4E06 2.9 l.3E06 7.4 1.7E08 1.2
155 1.0E09 1.6 2.0E06 3.9 3.0E06 6.8 1.6E09 1.8

to simulate the conditions used to initiate filiform corrosion. EIS
measurements were carried out on samples of series B after this
first step. The samples of series C were placed for 21 days in a
climatic chamber (40 ◦C and 82% RH) before measuring, in order
to simulate the conditions under which filiform corrosion takes
place.

• Samples D were placed for 21 days at room temperature (25 ◦C
and 40% RH).

Table 3 shows the impedance modulus at 10 mHz according to
time at different curing temperatures. The value of the modulus
gives away information about the properties of the film such as wet
adhesion and porosity.

For series A and D, the impedance modulus values are between
108 and 1010 �. The stability of the coatings is almost maintained
for 21 days under ambient conditions. However, as shown in Table 3,
after 21 days of exposure at ambient conditions, the low frequency
impedance modulus seems to increase altogether with an increase
of curing temperature.

The coating porosity (water uptake) increases and the adhesion
stability of the interface may decrease with curing temperature, due
to lower crosslinking density and lower density of coating–metal
bonds.

For series B and C, the low frequency impedance modulus at
10 mHz are lower than 107 � (Table 3); the coatings significantly
loose their protection properties due to exposure to HCl vapours. It
means that, in a classical filiform test, the exposure to HCl vapours
not only initiates filiform corrosion in the defect of the coating,
but also reduces the stability of the metal polymer interface. In
the vapour phase HCl is not a charged species, and the diffusion
of the molecule to the interface can quickly appear. HCl can chem-
ically interact with aluminum, which consequently leads to loose
of adhesion and decrease of the interfacial impedance. However,
further exposure of the samples contaminated by HCl in the cli-
matic chamber for filament growing (samples C, Table 3) does not
decrease the modulus more.

The coatings water uptake (Table 3) were determined from
capacitance data obtained at high frequencies. For samples of series
D, water uptake is very similar to that of series A. For samples of
series B submitted to HCl vapours, water uptake is ranging between
2.5 and 4%. For samples of series C, Xv is higher than for series B
samples and this effect seems to be increasing with the decrease
of the curing temperature. These results confirm that HCl induces
hydrophilic locations in the coating or at the metal–coating inter-
face.

3.5. SKP

3.5.1. Initiation of filiform corrosion
Previous research on filiform corrosion had already investigated

the process of filaments propagation but the initiation had seldom
been studied. In order to understand the role of the coating in fil-
iform corrosion, the corrosion of a non-coated aluminum sample
with local HCl deposition was studied. Al6016 panel was masked by

a tape leaving a line with bare metal of 1 mm wide. After exposure
to HCl vapours the tape was removed, the metal around contamina-
tion was gently degreased with ethanol and was SKP scanned. The
corrosion products formed in the line during HCl deposition locally
increased the metal potential by 0.4 V (Fig. 3a). This correlates with
previous observation concerning the influence of corrosion prod-
ucts on the aluminum potential [23–25]. The topography shows
that the corrosion products distribution inside the line was not uni-
form and that their height varied from 10 to 60 �m. The sample
was exposed for 12 h in a climatic chamber under the conditions
used for filaments growth (40 ◦C, 80% RH). From the line of con-
taminated Al the new corrosion spreading was observed (Fig. 3a).
A new-formed thin layer of corrosion products thereby increased
the potential around the defect (Fig. 3b). Additionally the contour

Fig. 3. Photo picture (a), potential profiles (b) for Al6016 surface locally polluted by
HCl. Sample was exposed for 12 h in climatic chamber.
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with low potential (−0.6 V) around corroding locations could be
observed on the SKP map measured in humid air (Fig. 3b). Addi-
tional exposure in climatic chamber for 24 h led to a thickening
of the corrosion products layer that increased the potential in cor-
roding locations by 0.1 V and spread around the original line over
a width of 4–5 mm. From these data we can say that the spread-
ing of corrosion from the locally contaminated aluminum surface
takes place without deposition of any polymeric coating. Due to
the non-uniformity of the potential the galvanic cell which drives
the spreading can be described. Al areas with corrosion products
with more positive potential can be more cathodic and the bare
aluminum nearby the corroding locations can be more anodic.

Fig. 4 shows the potential maps measured after 3 exposure days
of sample cured at 155 ◦C. Measurements are performed for the
same area in the air and in nitrogen at 95% RH. In the air, in the
center of the scratch, the potential map shows areas with more
positive corrosion potentials and with low potential anodic loca-
tions which concentrate at the boundary between the defect and
coating. By replacing the air by nitrogen during 2 h, the potential
inside and around the defect decreases, showing thereby where
cathodic reactions take place. The potential in the defect varies by
0.35 V, which proves that the cathodic reaction is mainly related to
the defect. Around the defect the potential also decreased due to
underfilm metal corrosion.

Fig. 5 shows the SKP results obtained for the paint cured at
165 ◦C. After 1 day of exposure, blistering at the boundary between
the defect and paint appears in the topography map (Fig. 5a and
b). Below blisters the interface shows low potentials (−0.55 V),
which indicates that blisters are local anodes. The metal surface in
the defect shows noble potentials where oxygen reduction is tak-
ing place. After 3 days of exposure (Fig. 5c and d) the scanning
was repeated. Air–nitrogen transitions at 95% RH decreased the
potential inside the defect, showing thereby that the scratch (1 mm
width) is a cathode. Local anodes with low potential were observed

Fig. 4. Potential profiles measured in the air (a) and in nitrogen (b) at 95% RH. Sample
was exposed for 3 days and paint was cured at 155 ◦C.

Fig. 5. Paint was cured at 165 ◦C. Topography (a) and potential profiles (b–d). The sample was exposed during 1 day (a and b) and 3 days (c and d). Measurements were
performed in humid air (a–c) and humid nitrogen (d).
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Fig. 6. Curing temperature of 195 ◦C. Measurements were performed, after 1 day of
exposure, in the air at 95% RH.

at the boundary defect–intact paint. The map (Fig. 5c) shows that
after 3 days of exposure the local anode spreads underneath the
coating at 2 mm from the defect.

Fig. 6 shows the initiation of filiform corrosion of the paint cured
at 195 ◦C. After 1 day of exposure the anodic and cathodic locations
were developing inside the defect. Therefore cathodic and anodic
places were located in the defect. The exposure went on for 3 days
(Fig. 6). No significant spreading under the coating was observed at
that time for the scanned area. One can conclude that the center of
the scratch is mainly cathodic and that the boundary defect–intact
paint develops the local anodes.

To sum it up, the initiation of filiform corrosion from the defect
leads to the formation of a galvanic couple. The center of the defect
mainly works as a cathode for oxygen reduction and the boundary
defect–intact coating creates local anodes. In general this mecha-
nism is almost the same for all coatings. However, after 3 days of
exposure, the spreading of corrosion beneath the coatings proved
to be different. Therefore, we can assume that relatively uniform
undermining takes place for the coating cured at 155 ◦C. Local
anodes appear at the boundary defect–adherent paint cured at
165 ◦C, which seems to cause spreading of the filaments from the
defect. The same geometry of the galvanic cell was observed for the
paint cured at 195 ◦C, but no sufficient spreading of the anodes from
the defect took place during the initiation period.

3.5.2. Investigation of the filament propagation
The potential was measured during air–nitrogen–air atmo-

sphere cycling at 95% RH for the sample cured at 175 ◦C, in order
to test the decrease of oxygen concentration to at different loca-
tions of the corroding surface. In humid air and in the presence of
corrosion activating species, the measured potential corresponds
to corrosion potential. It depends on the efficiency of the cathodic
reaction and by removing the oxygen this potential shifts to more
negative values. The probe was located above the surface and the
potential was monitored in humid air until steady state conditions
were reached. The air was then replaced by nitrogen at the same
humidity (Fig. 7). At the beginning of the filiform corrosion test (3
days) the largest variations (650 mV) of the potential were observed
inside the scratch (Fig. 7a). The potential varied by 150 mV at a dis-
tance of 1 mm from the defect and only by 30 mV above the intact
metal–paint interface measured at a distance of 20 mm from the
defect (Fig. 7a).

Similar measurements were repeated after 21 days of exposure.
The measurement was performed inside the defect, close to the fil-
ament and outside the filament. According to the atmosphere used,
air or nitrogen, the potential varied from 250 to 50 mV respectively
(Fig. 7b). This indicates that at the beginning, the cathodic reaction
is very effective in the defect and supplies the current to the sur-
rounding anodic locations. During exposure the efficiency of the

Fig. 7. Variation of the potential (paint curried at 175 ◦C) during air–nitrogen–air
cycling at 95% RH. (a) After 3 days of exposure and (b) after 21 days of exposure.
Measurements were done inside the scratch: 1a, 1b, 2b; and above the paint: 1 mm
from the scratch (2a) and 20 mm (3a).

reaction in the defect decreased due to the formation of corrosion
products but close to the filament, the cathode was efficient enough
to maintain the anodic reaction in the filament.

The propagation of filaments after exposure in climatic chamber
during 21 days was studied for sample cured at 155 ◦C. Topog-
raphy and potential profile are shown in Fig. 8. The area with
decreased potentials is related to the intact paint. The potentials
are increased in and around the defect. Some blisters were found
close to the defect but they did not show the potentials of active
dissolution (Fig. 8). The paint around the defect had low adhesion
and could be easily delaminated. We can assume that the corrosion
uniformly spreads from the defect underneath the coating with-
out spatial separation of anodic and cathodic locations (Fig. 8). The
air–nitrogen potential transitions were 100 mV. The width of this
area was 2–2.5 mm. This correlates with disbonding phenomena
observed in [10].

The sample, cured at 165 ◦C and exposed in the climatic chamber
for 21 days, shows filiform corrosion. The topography and potential
profiles for the filament spreading from the defect are given in Fig. 9.
In humid air the head of the filament has potential of 300 mV more
negative than the intact metal paint interface. It corresponds to the
active anode containing hydrolyzed species of AlCl3 [7]. The tail
shows more positive potentials due to the formation of corrosion
products Al(OH)3 and Al(OH)(CO3) [7]. By replacing humid air by
nitrogen, the potential of the head, the tail and the surface in the
scratch decreases by approximately 100–150 mV (Fig. 9b and c). As
a result, the cathodic process is distributed over the surface of the
corroding location.

Filaments can be seen on samples cured at 185 ◦C (Fig. 9d). The
filaments are small (about 2 mm). They are located close to the
defect and almost without any “tail”. The boundary defect–intact
paint shows low anodic potentials and the defect is noble. Replacing
humid air by nitrogen during 2 h reduces the potential in the defect
by 170–200 mV and in active locations in filaments by 150–180 mV.
It shows that oxygen reduction during the propagation of the fila-
ment takes place in the defect and above the active filament.
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Fig. 8. Topography (a) and potentials (b) in the air at 95% RH for sample cured at
155 ◦C and exposed for 21 days.

Additionally the parts of the interfaces without filaments were
also scanned. An increase of the potentials around the defect was
observed (e.g. see Figs. 8b and 9b). This is generally related to a
thickening of the surface oxide and can be observed thanks to
the deposition of corrosion products [23–25]. The width of these
areas developed from the scratch after 21 days of exposure was
correlated with the curing temperature (Fig. 10). The highest creep
was observed for curing at low temperature and uniform corrosion
could not spread under the joint after curing at high temperature.

The potential of the intact metal–paint interface was measured
outside the defect after a 21 days test in the chamber. The paint
cured at 155 ◦C has a potential close to the bare aluminum. It may
be due to minor interface interaction. By raising the curing tempera-
ture, the potential above intact polymer coating goes up and this can
be related to an increase of adhesion at the aluminum–paint inter-
face in wet air conditions (Fig. 10). One may assume that improved
interface inhibits uniform spreading and concentrates the corro-
sion to local corrosion events (filaments). These results correspond
to those observed in the classical filiform corrosion test examined in
a previous paper [10]. Indeed, after 21 days of exposure, a decrease
of curing temperature induces a delamination phenomenon instead
of filiform corrosion.

4. Discussion

In the first part of the study, it was shown that, by increasing
the curing temperature, the polymer crosslinking and the residual
stress which is developed at the interface also increased. On the
other hand, it results in a decrease of water uptake. The mechan-

ical properties of organic coatings and coating–substrate interface
have significantly shown the influence on initiation and propaga-
tion of filiform corrosion. The deformability and strong adhesion
of the coating are influenced by the resistance to filiform corrosion
[28–30]. Stronger adhesion increased the anodic attack depth of the
metal at the interface [28]. Increasing the crosslinking can increase
the amount of groups anchoring to the metal oxide. Increased cur-
ing temperature can provide the interfacial layer with improved
interaction. The high crosslinked polymer shows a more intact and
stable-to-hydrolyze interface. As a result, the samples in the water
electrolyte show a high impedance modulus at low frequency range
(Table 3). Moreover, increased polymer crosslinking produces a
residual stress (Fig. 2) which, on its turn, can raise the coating ability
to peel out from the substrate. It was shown [31] that for painted car-
bon steel the maximum impedance modulus is obtained when the
paint is cured in a range of temperatures between 155 and 185 ◦C.
The impedance decreases significantly when the paint is cured at
lower and higher temperatures. This may prove the double effect
of crosslinking on joint stability.

The aluminum samples cured at low temperature show a quick
delamination around the defect without formation of filaments
(Figs. 4 and 8). A similar spreading of the corrosion from the corrod-
ing location takes place on the surface of bare aluminum. Increasing
the paint adhesion leads to filiform corrosion where the interface
locally allows low potential of active metal dissolution. A further
increase of adhesion makes the anodic front propagation more diffi-
cult. For the coatings cured at high temperatures the anodic reaction
is located near the defect (Fig. 9d). The ability to propagation was
mainly observed for the coating cured at 165 ◦C (Fig. 9a and b). The
paints with increased curing temperature show narrower filaments
that can be a result of increased adhesion to substrate [10].

Scientific research has shown that filiform corrosion of alu-
minum alloys is a result of the formation of a galvanic cell and
anodic undermining of the paint [5–9]. It fully corresponds to these
SKP data for cataphoretic coatings on AA6016 alloy. The initiation
of aluminum corrosion in the defect produces a galvanic couple
where the defect is the cathode and the metal underneath the intact
paint around the defect is the anode. The spatial separation of the
electrochemical reactions and the galvanic couple efficiency are
determined by the rates of cathodic and anodic reactions. The high-
est current of this cell corresponds to an effective oxygen reduction
on the surface of corroding aluminum and to an easy migration of
the chloride ions to the interface where aluminum anodic dissolu-
tion takes place. It was shown that, at the beginning of corrosion,
the cathodic reaction in the defect is very effective. The cathodic
current which is picked in the defect will be directed to the anodic
locations of the growing filaments. The low potential (anodic) areas
are going further than the visible area of paint lifting (blister, Fig. 5a
and c). It may be due to chloride ions which migrate out from the
defect along the metal–paint interface and which activate the metal
anodic dissolution and further filament growth. The geometry and
amount of active anodic places are dependent on the ionic con-
ductivity and on the stability of the surrounding metal–polymer
interface. Later on, however, the cathodic efficiency may decrease
due to the formation of corrosion products in the defect. When the
filament’s head moves away from the defect, its influence on fila-
ment propagation will decrease. In this case the filament tail will
be cathode in the galvanic cell (Fig. 9b and c). The topography of the
filament corresponds to the potentials profile (Fig. 9a and b).

In general, the galvanic cell formation takes place when in con-
tact with two dissimilar metals. The electromotive force of this cell
is determined by the difference in potentials. Additionally, the dif-
ference in potentials for the same metal surface may appear in the
concentration element. However, at the beginning, it is difficult to
induce the differential aeration cell inside the defect and intact
metal–paint interface. One may assume that the spatial separation
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Fig. 9. Topography (a) and potential profiles (b–d) after 21 days of exposure. (b and c) The filament under the paint cured at 165 ◦C and (d) at 185 ◦C. Measurements were
performed at 95% RH in the air (a, b, and d) and in nitrogen (c).

of two electrochemical reactions can be due to the difference in
efficiencies (Tafel slopes) of cathodic and anodic reactions. The cor-
rosion process inside the confined defect may have anodic control.
This is confirmed by the fact that chloride deposition and alu-
minum corrosion raises the defect potential. In order to remove
the control, the corroding system increases the anodic process
efficiency and the chloride ions migrate to metal–paint interface
and provoke a coating anodic undermining [25]. During filament
propagation the potential gradient is developed. Due to the cor-
rosion products formed in the defect and inside the filament tail,
the Al potential increases. In the galvanic couple locations with
more positive potential are working as a cathode and low potential
aluminum–paint interface nearby will be sensitive to anodic disso-
lution. We may assume that the difference in the surface potentials
may be the driving force of this galvanic cell.

Fig. 10. Area width of increased potentials around the scratch (1), potential value on
intact metal–polymer interface (2) vs. curing temperature, after 21 days of exposure.

5. Conclusions

A cataphoretic coating was applied at different curing temper-
atures (from 155 to 195 ◦C) which lead to a different crosslinking
density and different Tg values. The increase of Tg and crosslink-
ing density leads to a film showing a higher value of stress in the
same conditions of humidity and temperature. The residual stress
is applied to the metal–paint interface which can change its proper-
ties. A good correlation is observed between the water uptake and
the stress measurement during a humidity cycle: when the curing
temperature decreases, the coating is more sensitive to humidity
and induces a slight increase in water uptake. The protection prop-
erties offered by electrocoatings are very good whatever the curing
temperatures in case of substrate pre-treatment.

This study shows the important impact of HCl vapours, which
can cause a significant degradation of the system.

SKP measurements revealed that filiform corrosion of the
painted aluminum starts from the formation of a galvanic couple:
cathode (defect)–anode (boundary of the defect–intact paint). This
couple is the same whatever the curing conditions. The cathodic
current maintained in the defect can be significant for anodic
polarization and propagation of the filament. Increased adhesion
between paint and aluminum localizes the uniform spreading to
narrow filaments.
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