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The aim of the present investigation is a combined study of filiform corrosion of aluminium
alloys by accelerated exposure tests and potentiodynamic polarisation measurements. The
accelerated exposure tests are performed on binary Al-Cu, Al-Mg, Al-Si and Al-Zn model
alloys, a ternary Al-MgSi alloy and on the two commercial alloys, AA2024-T351 and
AA7075-T651, with variations of composition and surface treatments. The surface
treatments cover simple degreasing, chromate and cerium based treatments. A trend of a
higher filiform corrosion susceptibility with increasing alloying elements concentrations
was observed for all model systems. Furthermore, the filiform corrosion susceptibility
varies with the solute atom, in particular Cu was found to have a detrimental effect on the
filiform corrosion properties. Both chromating and cerating improve the filiform corrosion
resistance of the alloys significantly. To explain the trends observed in the exposure tests,
polarisation measurements were performed on the untreated Al-Cu and Al-Zn alloys in bulk
anolyte and catholyte solutions which are characteristic for the local anodic and cathodic
sites in the filaments on the aluminium substrates. From these measurements a filiform
corrosion current, defined as the intercept of the anodic and cathodic curves, can be
determined. The present set of experiments shows a correlation between the filiform
corrosion properties during accelerated exposure tests and the potentiodynamic
polarisation measurements for the Al-Cu alloys. When comparing the results for the Al-Cu
and Al-Zn binary alloys it can be concluded that the correlation factor differs significantly
with the solute atom and the filiform corrosion current proves to be a non-uniquely
discriminating parameter for the filiform corrosion susceptibility of the model alloys. The
difference in correlation factor for the Al-Cu and Al-Zn alloys is attributed to differences in
the electrochemical behaviour of these alloys with local variations in substrate
composition. For the Al-Cu and Al-Zn model alloys the filiform corrosion initiation
characteristics are related to the passive range and thus implicitly to the ease of pitting of
the alloy. A smaller passive range corresponds to a higher filiform site density for both the
Al-Cu and Al-Zn alloys. C© 2000 Kluwer Academic Publishers

1. Introduction
Filiform corrosion is a type of local corrosive attack
on a metal substrate covered by an organic coating and
is characterised by thread-like tracks. It occurs on alu-
minium alloys, but also on steel and magnesium based
substrates. The local attack is a complex phenomenon
involving influences of the environmental conditions,
the organic coating, the coating-substrate interface and

the substrate surface. Due to the many parameters in-
volved, the relevant factors for filiform corrosion have
not been established unambiguously [1].

Aim of the present investigation is the determi-
nation of the effect of microstructural variations in
aluminium based substrates on the filiform corrosion
properties. The composition and structure of the sur-
face layer/oxide is strongly influenced by the local
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composition of the underlying aluminium alloy. Espe-
cially precipitates and dispersoids with microscopical
dimensions can influence the composition and struc-
ture of this surface layer/oxide [2]. The composition
and morphology of the constituent particles are a func-
tion of the thermomechanical treatments during the pre-
ceding production steps such as casting, solidification,
homogenisation, extrusion and precipitation.

Traditionally, local corrosion processes have been at-
tributed to successive interactions between the alloy
matrix and clustered particles [3, 4]. Local breakdown
of the surface film permits subsequent local dissolution
of the metallic substrate [5–7]. Such an explanation is
implicitly supported by the absence of reports on fili-
form corrosion on superpure aluminium. Recent studies
[8–12] of particle-induced corrosion indicate that the
electrochemical characters of constituent particles can
vary and may be broadly divided into particles which
are cathodic or anodic with respect to the aluminium
matrix. Observations [8, 9] show that anodic particles
are likely to be dissolved preferentially, whereas ca-
thodic particles tend to promote dissolution of the sur-
rounding matrix. The characterisation of these particles
in this manner, however, is not precise. Because of re-
deposition of relatively cathodic metallic phases, such
as Cu, from anodic particles back onto the (anodic and
cathodic) constituent particles during corrosion, most
of the particles tend to behave cathodically and promote
matrix dissolution. However, very little systematic re-
search into the effects of variations of the composition
and microstructure of aluminium alloys on the filiform
corrosion properties has been performed. To study the
effect of single alloying additions of Si, Mg, Cu and
Zn, eleven binary model aluminium alloys have been
investigated during the present research. In addition,
one ternary Al-MgSi model alloy and the two typical
aircraft aluminium alloys AA2024-T351 and AA7075-
T651 have been investigated.

As filiform corrosion not only depends on the sub-
strate but also on the coating and on the surface pretreat-
ment [1], these factors were kept constant or were set
to three very different levels respectively. By choosing
an air-drying coating system, microstructural changes
taking place during curing at elevated temperatures can
be avoided and the effect of the microstructure in its
as delivered state can be determined. When examining
the effect of surface pretreatment both a minimal but
reproducible pretreatment (controlled degreasing) and
technically well proven pretreatments are of particular
interest. Chromate conversion coatings are commonly
used on aluminium based surfaces in order to improve
the corrosion resistance of the metal and establish an
adhesive base for organic coatings [13]. The chromate
ion is an excellent corrosion inhibitor and is widely
used for chromate conversion coatings and in paint
pigments. However, it has been recognised for some
time that chromates are both highly toxic and carcino-
genic [14]. As a result of this toxicity, the concentration
levels of chromate allowed in the workplace are now
regulated by government agencies and users of chro-
mate containing materials are being warned of the pos-
sible health dangers. An interesting modern alternative

chromium free chemical treatment, using solutions con-
taining cerium compounds [15–18], has been reported
to be successful in the prevention of localised corro-
sion of aluminium and its alloys. The positive effect
of cerium has been attributed to the inhibition of re-
duction reactions at cathodic sites, due to the forma-
tion of a protective cerium oxide layer on top of the
aluminium substrate [19–22]. While a detailed exam-
ination of the filiform corrosion rate as a function of
the substrate composition and the surface pretreatment
applied yields valuable results, it does not provide ex-
planations for observed dependencies. The underlying
mechanisms for filiform corrosion can only be found
by performing electrochemical measurements in me-
dia characteristic for the corrosion process studied. To
this aim potentiodynamic polarisation measurements in
synthetic anolyte and catholyte media are performed on
six of the most interesting alloy systems.

2. Theoretical background
Potentiodynamic polarisation measurements are per-
formed in bulk anolyte and catholyte solutions which
are characteristic for local anodic and cathodic sites
in filaments on aluminium substrates, resulting from
the differential aeration and subsequent anodic under-
mining [1, 23], as presented in Fig. 1. The differential
aeration results in spatial separation of the anodic site
in the active tip of the filament, where aluminium dis-
solves, and the cathodic site at the passive trailing area,
where oxygen is reduced to produce hydroxyl ions. The
anodic and cathodic sites are spatially separated by a
poorly defined membrane, similar to the membrane of
solid corrosion products reported by Van der Weijde
et al.[24] for cathodic delamination on iron based sub-
strates. Chloride ions are essential to provide electrolyte
conductivity and to stimulate the initiation of corrosion
and these ions migrate with the filament head and are
only partially incorporated in the hydrated corrosion
products in the filament tail. Initial investigations on

Figure 1 The propagation of filiform corrosion on aluminium according
to the anodic undermining mechanism [1].
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extruded AA1050 alloys with the use of a macro dif-
ferential aeration cell by Lobryet al. [25], mainly fo-
cussing on the effect of variations of electrolyte pH and
chloride concentrations, confirm the differential aera-
tion principle for filiform corrosion on aluminium. The
theoretical background of the combined study of ac-
celerated exposure tests and potentiodynamic polarisa-
tion measurements is briefly discussed here. A more
detailed and fundamental correlation is presented by
Huisertet al. [26].

The anodic dissolution reaction of aluminium in the
presence of chloride ions is [27]:

Al + 2H2O+ Cl− → Al(OH)2Cl+ 2H+ + 3e− (1)

Due to the acidity at the anodic site also hydrogen evo-
lution takes place as a secondary cathodic reaction:

2H+ + 2e− → H2(g) (2)

Also in this work the evolution of gas bubbles in the fil-
ament tip has been observed. In line with the literature
[28, 29] and Equation 2 these bubbles are taken to be
hydrogen bubbles. The main cathodic reaction at the ca-
thodic site will be the reduction of oxygen:

O2+ 2H2O+ 4e− → 4OH− (3)

The number of electrons produced by the anodic dis-
solution should be equal to the number of electrons
consumed by the cathodic reactions. The net produc-
tion of electrons at the anodic site, i.e. resulting from
the aluminium dissolution and hydrogen reduction re-
actions, is consumed at the spatially separated cathodic
site. This electronic current is equal to the net ionic cur-
rent through the electrolytes and in this paper defined as
the filiform corrosion current. Following the basic prin-
ciples of the mixed-potential theory [30], this filiform
corrosion current can be derived from the potentiody-
namic polarisation measurements by determination of
the intercept of the anodic part of the polarisation curve
in the anolyte and the cathodic part of the polarisation
curve in the catholyte, assuming a certain effective cath-
ode/anode area ratio. The electrolytical resistance be-
tween the anodic and cathodic sites in real filaments is
therefore not taken into account in the potentiodynamic
polarisation measurements. In the present investigation
this filiform corrosion current is related to the filiform
corrosion properties during the accelerated exposure
tests. A relatively high filiform corrosion current im-
plies a relatively high number of electrons produced
at the anodic site as a result of the anodic aluminium
dissolution reaction, according to (1). The local mor-
phology of corrosion attack within the filament may
vary with alloy composition and pretreatment. During
the present investigation the filiform corrosion current
is related to one-dimensional propagation properties of
the filaments. Filament width and in-depth attack are
considered to be similar and constant for comparable
systems. Consequently, according to this theory, a rel-
atively high filiform corrosion current should correlate
with a higher filiform growth rate. As the exact anolyte
and catholyte compositions are still unkown, the fol-
lowing considerations have been used as a basis for the

formulation of electrolytes for potentiodynamic polar-
isation measurements.

Slabaugh [28] and Hoch [31] have reported the acid-
ity in the filament tip to be at a pH of 1 to 2. During the
present investigation these low pH values are confirmed
by opening a filament by scalpeling around a filament
through the organic coating, lifting the coating, imme-
diately followed by testing the electrolyte in the fila-
ment tip by narrow range pH indicator paper. Slabaugh
[28] also reported the presence of chlorides in the fila-
ment tip and also during the present investigation qual-
itative SEM/EDX analysis of filaments gave evidence
of high chloride concentrations at the very tips of fila-
ments. Due to the anodic dissolution of aluminium, also
aluminium ions should be present. Finally, according to
the differential aeration theory [1, 23], the oxygen con-
centration at the anodic site is expected to be very low,
as the oxygen diffuses mainly through the tail of the
filament and is reduced just behind the anodic site. The
catholyte is assumed to be alkaline as a result of the
reduction of oxygen at the cathodic site. Both the exact
value of the pH of the catholyte and the effective cath-
ode/anode area ratio are hard to determine in practice
because of the low liquidity just behind the tip.

3. Experimental
Eleven binary and one ternary cold-rolled aluminium
model alloys are examined. The composition and alloy
codes are listed in Table I. All alloys have been DC
cast as 20× 7.5 cm blocks on a 99.998% base, scalped,
homogenised 16 h at 465◦C, hot-rolled to 15–20 mm,
reheated 1 h at 465◦C, hot rolled to 6 mm, cold-rolled
to 4 mm, solution heat treated at 550/650◦C followed
by a cold water quench, cold rolled to 1.1–1.2 mm and
flattened in a hot press at 225◦C pressing plate temper-
ature for 12 mins. The dimensions of the specimens are
L × LT × T = 70 mm× 60 mm× 1.1–1.2 mm. In ad-
dition, two typical aircraft aluminium alloys AA2024-
T351 and AA7075-T651 are studied. The dimensions
of these specimens areL × LT × T = 76 mm× 128
mm× 1.6 mm.

For each of the alloys, the following pretreatments
were applied prior to coating with polyurethane. It
is important to note that none of the conditions of

TABLE I Composition and alloy code of binary and ternary model
alloys

Alloying concentration
Alloying element [wt-%] Alloy code

Si 0.11 Al-0.11Si
0.21 Al-0.21Si
4.07 Al-4.07Si

Mg 0.44 Al-0.44Mg
3.06 Al-3.06Mg

Mg and Si 2.46 Mg and 1.40 Si Al-2.46Mg1.40Si
Cu 0.20 Al-0.20Cu

1.00 Al-1.00Cu
Zn 0.19 Al-0.19Zn

0.48 Al-0.48Zn
0.97 Al-0.97Zn
2.09 Al-2.09Zn

All model alloys are based on 99.998% Al.
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application of these pretreatments had been optimised
for maximum corrosion protection and coating adhe-
sion before the study commenced. Prior to the surface
treatment, all alloys are carefully cleaned with ethanol.

3.1. Degreasing
Immersion for 10 minutes in Brulin Formula 815 GD
(alkaline cleaner) at 60◦C, followed by a cold water
rinse in running tap water for 5 minutes.

3.2. Chromate conversion coating
A second set of specimens are chromated according to
the following procedure:

— Degreasing in Brulin Formula 815GD, as above.
— Degreasing by immersion for 4 minutes in Parker

Amchem Ridoline 53 (silicated alkaline cleaner),
followed by a cold water rinse for 2 minutes.

— Deoxidisation by immersion for 10 minutes in
Parker Amchem Deoxidiser #4 at room tempera-
ture, followed by a cold water rinse for 2 minutes.

— Chromate conversion coating by immersion in a
‘Alodine 1200’ solution in accordance with prod-
uct data sheets, followed by a cold water rinse for 5
minutes. For all systems the chromating time was set
to 2 minutes except for the technical alloys and the
Al-Cu alloys which were chromated for 1 minute.

3.3. Cerate conversion coating
The third set of samples are cerated [19] according to
the following procedure:

— Degreasing and deoxidisation as above for chromate
conversion coating.

— Cerating at pH 2.00± 0.05 at 45◦C by immersion,
followed by cold water rinse for 5 minutes. For all
alloys the cerating time was set to 5 minutes ex-
cept for the commercial alloys and the Al-Cu alloys
which were cerated for 1 minute.

Following the pretreatment, an air-drying clear flexi-
ble polyurethane coating was spray deposited in two
stages with a mean dry coating thickness of 42µm in
total (standard deviation 4µm). The coating defect was
applied by scribing perpendicular to the rolling direc-
tion with a scalpel, just before the initiation procedure.

The filiform corrosion test was carried out according
to specification DIN65472 [32], with the modification
of an initiation time above hydrochloric acid vapour
of only 15 minutes instead of 1 hour. The total expo-
sure time was 1000 hours. The degree of filiform cor-
rosion was then determined using optical microscopy
for quantifying the density and average length of the
filaments. A manual procedure was used to determine
the characteristics data but good care was taken in stan-
dardizing the evaluation. Per model alloy investigated, a
total scratch length of 50 mm for the degreased samples
and 100 mm for the chromated and cerated samples was
examined. For the AA2024-T351 and AA7075-T651

the total examined scratch length was 100 mm for the
degreased samples and 200 mm for the chromated and
cerated samples. Both sides of the scratch were treated
seperately. The filiform corrosion initiation character-
istics are defined as the site density which is the number
of filaments per scratch length. The propagation prop-
erties are defined by the average filament length per
specimen, with a resolution of 0.5 mm. The total attack
is defined as the corrosion number and is equal to the
site density multiplied by the average filament length.

As discussed in the theoretical background of the
present combined study and the investigations of
Huisertet al.[26], the exact anolyte and catholyte com-
positions have not been reported in the literature yet.
However, in the literature pH values of 1–2 [28, 31]
and high chloride concentrations [28] in the very fila-
ment tips are reported, which are confirmed during the
present investigation. Furthermore, due to the anodic
dissolution of aluminium, aluminium ions should be
present at the anodic site and following the differen-
tial aeration theory [1, 23], the oxygen concentration at
the anodic site is expected to be very low. Following
these considerations the potentiodynamic polarisation
measurements typical for the anodic site are performed
in the following anolyte: 0.86 M NaCl+ 0.1 M AlCl3,
acidified to pH 2 with concentrated HCl (33%) and
actively deaerated with high purity nitrogen gas. The
catholyte is assumed to be alkaline as a result of the
reduction of oxygen and water at the cathodic site, as
presented in Equation 3. Assuming total electroneu-
trality for a filament in dynamic equilibrium and an
effective cathode/anode area ratio of 100, the polarisa-
tion measurements in the catholyte are conducted in a
solution of distilled water adjusted to pH 10 by addi-
tion of NaOH and actively aerated with air, to ensure
a constant and fixed oxygen concentration during the
potentiodynamic polarisation measurements.

The electrochemical cell consisted of an Avesta cell
[33], the aluminium based alloy as a working electrode
(working area 0.8 cm2), a commercial saturated calomel
electrode (SCE) and a platinum cylindrical small-mesh
wire netting counter electrode. Prior to the electrochem-
ical measurements the specimens are degreased with
ethanol and Brulin 815 GD. The open circuit potential
(OCP) of the system was allowed to come to equilib-
rium over a 5 hour period before the commencement
of the polarisation scans. Even though some corrosion
did occur during this period, the time at the OCP prior
to testing did ensure that the system was stable, en-
abling proper potentiodynamic polarisation measure-
ments at a stable OCP on a surface representative of an
active anodic or cathodic site in a filament. The scan rate
for the potentiodynamic polarisation experiments was
0.2 mV/sec and were started at cathodic potentials. The
scans in the anolyte were started at−100 mV vs. OCP
to+200 mV vs. OCP; in the catholyte the scans were
started at−200 mV vs. OCP to+100 mV vs. OCP. The
potentiodynamic polarisation scans were carried out at
room temperature using a PAR273A potentiostat.

The combined filiform corrosion and electrochemi-
cal study is validated by analysing both highly and less
filiform corrosion susceptible substrates. For these rea-
sons both the Al-Cu and Al-Zn model alloys are studied
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Figure 2 Site density after 1000 hours of accelerated filiform corrosion test exposure for three pretreatments. The alloy codes are listed in Table I.

both on their filiform corrosion properties and their po-
tentiodynamic polarisation response. Only degreased
samples are analysed during the present combined
study to ensure that the compositional variations in the
substrates are the only variables to dedicate the varia-
tions in the potentiodynamic polarisation response.

4. Results and discussion
For all binary, ternary and commercial aluminium al-
loys the values of the site density, average filament
lengths and corrosion numbers after 1000 hours of ac-
celerated exposure are presented in Figs 2, 3 and 4. In all
experiments filiform corrosion behaviour was observed
except in the case of the experiments on degreased
AA2024-T351 and AA7075-T651, where a form of
front corrosion was observed and the calculated filiform
corrosion characteristics are rough indications only.

4.1. Site density
Fig. 2 indicates large differences in filament site
density between the various alloy systems and surface
pretreatments. A maximum site density of∼2 filaments
per mm was obtained for the degreased Al-1.00Cu
alloy, whereas a minimum site density down to∼0.01
per mm was obtained for chromated and cerated Al-Zn
alloys. When evaluating the site density data of the
binary alloy system it is clear that the average site
density decreases in the order Al-Cu, Al-Si, Al-Zn,
Al-Mg. The trend is more or less independent of the
surface pretreatment applied, however the chromated
and cerated Al-Zn alloys show an exceptionally good
resistance to filiform initiation, with the exception of
the cerated Al-2.09Zn alloy. The reason for this not
known yet and is subject of further study. A further
observation is that for each binary alloy system the site
density increases with increasing solute content. This
trend is particularly clear for the degreased samples.
For the chromated and cerated samples the site density

was too low to determine such a relation with any
statistical significance but the data would not contradict
such a conclusion. Chromating proves to be a very
effective way to reduce the filiform corrosion initiation
characteristics significantly for all tested substrates.
There is still some attack on the chromated AA2024-
T351, AA7075-T651 and the Al-Cu binary alloys, but
it has to be realized that these samples have only been
chromated for 1 minute, compared to the others which
have been chromated for 2 minutes. The effectiveness
of cerating is expressed in a lower site density for all
tested substrates with the exception of the Al-2.09Zn
and the ternary Al-2.46Mg1.40Si alloys. The pre-
treated AA2024-T351 and AA7075-T651 alloys show
equivalent filiform initiation susceptibility with site
densities of∼1.05 and∼0.85 filaments per mm for
the chromated and cerated samples respectively.

4.2. Average filament length
When analysing the average filament lengths for the
model alloys, it can be concluded that the highest aver-
age filament lengths are obtained for the Al-Cu binary
alloys. The other model alloys are far less susceptible
to filiform corrosion propagation with average filament
lengths all smaller than 1.32 mm, compared to 2.84 and
7.78 mm for the degreased Al-0.20Cu and Al-1.00Cu
alloys respectively. The trend of an increasing average
filament length with the alloying concentration is es-
pecially clear for the highly susceptible Al-Cu binary
alloys and also for the degreased Al-Si alloys. This in
contrast with the degreased Al-Zn and Al-Mg alloys
which show no or little significant increase in average
filament length with solute content. Generally, chro-
mating also proves to be very effective in reducing the
filiform corrosion propagation properties of the tested
substrates. Besides the highly susceptible Al-Cu alloys,
the Al-3.06Mg and the technical alloys, all other model
alloys had no or only filaments smaller than 0.5 mm
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after chromating. For the chromated binary alloys the
average filament length was too low to determine a rela-
tion between the alloying concentration and the filiform
corrosion propagation. All model and technical alloys
still show significant filiform corrosion propagation, i.e.
average filament lengths≥0.5 mm, after cerating with
the exception of the Al-0.44Mg alloy. No clear relation
between the alloying concentration and filiform cor-
rosion propagation can be determined for the cerated
binary alloys, except for the highly susceptible Al-Cu
binary alloys. Although the average filament lengths for
the degreased AA2024-T351 and AA7075-T651 alloys
presented in Fig. 3 are only qualitative indications, a
higher front corrosion length can be observed for the

Figure 3 Average filament length after 1000 hours of accelerated filiform corrosion test exposure for three pretreatments. The alloy codes are listed
in Table I.

Figure 4 Corrosion number after 1000 hours of accelerated filiform corrosion test exposure for three pretreatments. The alloy codes are listed in
Table I.

degreased AA2024-T351 compared to the degreased
AA7075-T651. A decrease in average filament length,
i.e. front corrosion length for the degreased samples,
can be observed after chromating or cerating of the
AA2024-T351 alloy.

4.3. Corrosion number
Fig. 4 indicates large differences in the corrosion num-
ber between the various alloy systems and surface
pretreatments. A maximum corrosion number of∼16
was obtained for the Al-1.00Cu alloy, whereas for the
cerated Al-0.44Mg alloy no filiform corrosion attack
was found after the 1000 hours accelerated filiform
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corrosion test. When evaluating the corrosion number
data of the binary alloy system it is evident that the
average corrosion number decreases in the order Al-Cu,
Al-Si, Al-Zn, Al-Mg. A further observation is that per
binary alloy system the corrosion number increases
with the alloying concentration which is in line with ob-
servations presented in the literature [34, 35]. This trend
is particularly clear for the degreased samples. On the
chromated and cerated samples the filiform corrosion
attack was too small to confirm such a relation with any
statistical significance, but the data would not contradict
such a conclusion. The detrimental effect of Cu as an
alloying element in aluminium is very obvious for this
set of experiments. The degreased AA2024-T351 show
significantly more filiform corrosion attack compared
to the AA7075-T651 alloy, with indicative corrosion
numbers of 7.62 and 1.42 respectively. The chromate
conversion coating results in a slightly lower corro-
sion number for the AA2024-T351, compared to the
AA7075-T651, whereas the cerate conversion coating
results in a slightly lower corrosion number for the
AA7075-T651, compared to the AA2024-T351. Gen-
erally, the corrosion number for the chromated and cer-
ated technical alloys only vary from 2.16 for the cerated
AA7075-T651 to 2.78 for the cerated AA2024-T351.

Figure 5 Typical potentiodynamic polarisation measurements for the Al-Cu (a) and the Al-Zn (b) binary alloys in the anolyte and catholyte solutions.
The vertical dashed arrows indicate the filiform corrosion current value for each alloy.

4.4. Potentiodynamic polarisation
measurements

For the degreased Al-Cu and Al-Zn binary alloys the
characteristic potentiodynamic polarisation scans in
both the anolyte and the catholyte are shown in Fig. 5a
and b respectively. The characteristic potentials and the
filiform corrosion currents derived from the potentiody-
namic polarisation measurements arelisted in Table II.

TABLE I I Summary of the characteristic potential and filiform corro-
sion current values for the Al-Cu and Al-Zn model alloys under anolyte
and catholyte conditions

Open circuit
potential vs.

SCE [V]

Pitting Passive Filiform
potential vs. range corrosion

Alloy SCE [V] [V] current
Code Anolyte Catholyte Anolyte Anolyte [A]

Al-0.20Cu −0.80 −0.77 −0.74 0.06 2.6× 10−6

Al-1.00Cu −0.75 −0.64 −0.73 0.02 2.0× 10−5

Al-0.19Zn −0.93 −0.87 −0.80 0.13 4.7× 10−6

Al-0.48Zn −0.92 −0.77 −0.85 0.07 1.7× 10−5

Al-0.97Zn −0.96 −0.78 −0.90 0.06 2.9× 10−5

Al-2.09Zn −0.97 −0.84 −0.97 0.00 3.9× 10−5
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A higher OCP for the Al-1.00Cu alloy both in
the anolyte and in the catholyte compared with the
Al-0.20Cu alloy is clear. The OCPs for the Al-0.20Cu
and Al-1.00Cu alloys in the catholyte are respectively
−0.77 V vs. SCE and−0.64 V vs. SCE. The pitting po-
tential and the OCP for the Al-1.00Cu binary alloy in the
anolyte appear to be very close at−0.73 and−0.75 V vs
SCE respectively. For the Al-0.20Cu binary alloy in the
anolyte the pitting potential and the OCP appear to be
more distinct and to be at values of respectively−0.74 V
vs SCE and−0.80 V vs SCE. The difference between
the OCPs of the Al-1.00Cu in the anolyte and catholyte
is higher than the OCP of the Al-0.20Cu in both elec-
trolytes: respectively about 0.11 V and 0.03 V. Another
important observation is that the Al-Cu alloys show an
increase of the cathodic current in both the anolyte and
the catholyte with increasing Cu concentration. For the
degreased Al-Zn binary alloys the characteristic scans
in both the anolyte and the catholyte are shown in Fig.
5b. The OCP values in the catholyte for the Al-Zn al-
loys show an increase from Al-0.19Zn to Al-0.48Zn,
which is followed by a small drop in OCP from Al-
0.48Zn to Al-0.97Zn and Al-2.09Zn. The OCP values
in the anolyte show an overall small decrease of OCP
with increasing Zn concentration. In contrast, the pit-
ting potentials of these Al-Zn alloys in the anolyte show
large variations and decrease with increasing Zn con-
centration. For the Al-0.19Zn the difference between
the pitting potential and the OCP is the largest and
this difference decreases with increasing Zn concen-
tration: for the Al-2.09Zn alloy the pitting potential
co-incides with the OCP. Another important observa-
tion is the decrease of cathodic current in the anolyte,
resulting from the hydrogen reduction reaction, with
increasing alloying concentration, unlike the observa-
tions on the Al-Cu alloys. The cathodic current in the
catholyte only shows an initial increase in cathodic cur-
rent from the Al-0.19Zn to the Al-0.48Zn sample but a
further increase in Zn concentration yields little addi-
tional changes in the cathodic current in the catholyte.
Furthermore, Fig. 5a and b show that if the cathode
surface area is taken equal to the anode area (i.e. the
catholyte curve shifts two orders of magnitude to the
left because of the current surface area ratio of 100),
the electrical current in the catholyte is always much
lower than that in the anolyte at the same potential.
This mainly originates from the availability of hydro-
gen ions in the anolyte.

4.5. Combination of potentiodynamic
polarisation and filiform corrosion
study

With the analysis of the filiform corrosion current as
presented in Figs 5 and 6 one has to keep in mind that
the filiform corrosion current in real filaments could dif-
fer significantly from the presented values, depending
on the actual anodic and cathodic areas and the effec-
tive cathode/anode area ratio in real filaments. How-
ever, assuming a similar effective cathode/anode area
ratio for the alloys investigated, the correlation between
the filiform corrosion current and the filiform corrosion
properties would still apply. Furthermore, the present

Figure 6 The correlation between the filiform corrosion current and the
average filament length (a) and corrosion number (b) for the degreased
Al-Cu binary alloys and the Al-Zn binary alloys.

analysis does not take into account the electrolytical
resistance between the anodic and cathodic sites in real
filaments. Lobryet al.[25] have shown for their system
that the potential difference between anode and cathode
of a macro differential aeration cell with an electrolyt-
ical connection is very small (∼10–20 mV) and very
close to the OCP of the anode before the connection.
This supports our present observations and incorpora-
tion of an electrolytical resistance into the model would
not affect the correlation between the filiform corrosion
current and the filiform corrosion properties.

The correlation between the filiform corrosion char-
acteristics and filiform corrosion current is presented in
Fig. 6 for the degreased Al-Cu and Al-Zn binary alloys.
The filiform corrosion currents and relevant potentials
are also summarised in Table II. It has to be noted that
in the present analysis the filiform corrosion current is
related to one-dimensional propagation rates of the fila-
ments when filament width and in-depth attack are con-
sidered to be constant for comparable systems. Fig. 6a
clearly shows that for the Al-Cu binary alloys a higher
filiform corrosion current corresponds with a signifi-
cantly higher average filament length after 1000 hours
of accelerated exposure. This higher filiform corrosion
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Figure 7 Schematic representation of the potentiodynamic polarisation curves in the anolyte and catholyte solutions. ‘A’ indicates the position of the
filiform corrosion current defined as the intercept of the cathodic curve in the catholyte and the anodic curve in the anolyte. Vector ‘B’ indicates an
increasing hydrogen reduction reaction rate in the anolyte and implicitly a higher sensitivity to local substrate composition variations. ‘C’ indicates
the passive range under anolyte conditions and herewith the filiform corrosion initiation characteristics of the alloy.

current also corresponds with an increasing Cu con-
centration in the alloy. These observations are in line
with the investigation of Huisertet al. [26], who have
reported an increasing filiform corrosion current with
increasing average filament length for AA3000 series
alloys. Although the samples and corresponding mea-
surements can not be related directly, the corrosion cur-
rents found by Huisertet al. [26] are of the same order
of magnitude as our filiform corrosion currents and in
the range of 10−6–10−5 A, assuming an effective cath-
ode/anode area ratio of 100. Also the corresponding av-
erage filament lengths after 1000 hours of accelerated
exposure test are similar and in the order of 1–10 mm.
Such a relation of a higher filiform corrosion current
corresponding with a higher average filament length
is less clear for the less filiform corrosion susceptible
Al-Zn binary alloys. The increasing filiform corrosion
current is hardly reflected in an increasing average fila-
ment length for these alloys. The average lengths after
1000 hours of accelerated exposure test only vary from
1.14 to 1.25 mm, whereas the filiform corrosion cur-
rents vary from 4.7× 10−6 to 3.9× 10−5 A. Fig. 6b
shows a very clear increase of the corrosion number
with increasing filiform corrosion current and corre-
sponding alloying concentration for the Al-Cu alloys.
Although for the Al-Zn alloys a small absolute increase
in corrosion number, 0.32 for the Al-0.19Zn to 0.60 for
the Al-2.09Zn, with increasing filiform corrosion cur-
rent is observed, the relative increase is deemed sig-
nificant. As the average filament length is more or less
constant for the Al-Zn alloys, the increase in corro-
sion number mainly reflects an increase in the filament
site density. The clear increase in the filiform corrosion
current mainly results from the changes in the anodic
curves in the anolyte, i.e. while the cathodic curves in
the catholyte do not show large differences (besides the
initial increase from Al-0.19Zn to Al-0.48Zn), the pit-
ting potential and the passive range decrease with Zn
concentration as shown in Fig. 5b and Table II.

Further analysis of Fig. 6 shows that the higher av-
erage filament length and corrosion number for the
Al-Cu alloys compared to those for the Al-Zn alloys
with similar alloying concentrations are not reflected

in a higher filiform corrosion current. When compar-
ing the results for the Al-Cu and Al-Zn binary alloys
it can be concluded that the correlation differs signifi-
cantly with the solute atom and the filiform corrosion
current turns out to be a non-uniquely discriminating
parameter for the filiform corrosion susceptibility of
the set of model alloys investigated. However, the ob-
served relative filiform corrosion behaviour on Al-Cu
and Al-Zn alloys can be rationalised by a more detailed
analysis of the information in the potentiodynamic di-
agram shown schematically in Fig. 7 for a set of alloys.
‘A’ indicates the position of the filiform corrosion cur-
rent defined as the intercept of the cathodic curve in the
catholyte and the anodic curve in the anolyte, as dis-
cussed in detail in the theoretical background section.
Vector ‘B’ indicates an increasing hydrogen reduction
reaction rate in the anolyte and implicitly a higher sensi-
tivity to local variations of substrate composition: these
local variations can significantly influence the local po-
tential values and herewith the local corrosion reaction
rates. The length of vector ‘C’ indicates the passive
range under anolyte conditions which we relate to the
filiform corrosion initiation characteristics: a smaller
passive range corresponds to more rapid pitting and
hence to a higher number of filiform corrosion initia-
tions per scratch length, in this paper defined as the site
density parameter.

We can now re-examine the electrochemical infor-
mation in Fig. 5 and Table II. For the Al-Cu alloys the
cathodic current in both the anolyte and the catholyte
increases with the Cu concentration. This higher ca-
thodic current, with an accompanying higher anodic
dissolution rate, leads to a higher propagation rate, in
line with the average filament length data. However,
for the Al-Zn alloys an overall decrease of the cathodic
current in the anolyte with increasing Zn concentration
was observed in combination with a rather constant ca-
thodic current in the catholyte. For this reason the fili-
form corrosion propagation rate is not likely to increase
with increasing Zn concentration, which is again in line
with the average filament length data from the present
investigation, showing no significant differences in av-
erage filament lengths for the Al-Zn model alloys.
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Figure 8 The site density for the degreased Al-Cu and Al-Zn model
alloys as a function of the passive range in the anolyte.

For the Al-1.00Cu alloy the pitting potential was very
close to the OCP, whereas the Al-0.20Cu showed a more
distinct difference between the pitting potential and the
OCP. If the ease of filiform corrosion initiation is re-
lated to the ease of pitting for a specific alloy, this would
explain the higher site density for Al-1.00Cu compared
to that for the Al-0.20Cu. The site density as a function
of the passive range for both the Al-Cu and Al-Zn al-
loys is presented in Fig. 8. The increased ease of pitting
will also enhance the propagation rate. The supposed
correlation between ease of pitting and the ease of fil-
iform corrosion initiation is also clear for the Al-Zn
alloys. The reduction in passive range with increasing
Zn concentration, corresponds to an increase of the site
density, as presented in Fig. 8. This potentially easier
pitting behaviour with increasing Zn concentration is
not reflected in a higher propagation rate because of
the opposing trends in cathodic current changes both in
the catholyte and anolyte as a function of Zn concen-
tration discussed above.

5. Conclusions
The accelerated filiform corrosion exposure tests show
both a compositional and a pretreatment effect on the
filiform corrosion behaviour of the tested substrates.
For all tested degreased binary alloys, the site density
increases with increasing concentration of the alloying
element. The trend of an increasing average filament
length with the alloying concentration is especially
clear for the highly susceptible Al-Cu binary alloys
and also for the degreased Al-Si alloys. This is in con-
trast with the degreased Al-Zn and Al-Mg alloys which
show no or little significant increase in average filament
length with solute content. Evaluation of the total fili-
form corrosion attack, defined as the product of the site
density and the average filament length, shows that the
average corrosion number decreases in the order Al-Cu,
Al-Si, Al-Zn, Al-Mg. A further observation of the cor-
rosion number data of the binary alloy system is that
the corrosion number increases for all binary alloys with
the alloying concentration. These observations support

the applicability of the fundamental cause of local cor-
rosion processes to filiform corrosion on aluminium al-
loys. Successive interactions between the alloy matrix
and constituent particles are likely to be affected by the
alloying elements and their concentrations. The trend of
an increasing corrosion number with alloying concen-
tration is particularly clear for the degreased samples.
On the chromated and cerated samples the filiform cor-
rosion attack was too small to confirm such a relation
with any statistical significance, but the data would not
contradict such a conclusion.

The results of the present set of experiments are
in line with preceding investigations and a correlation
between the polarisation measurements and both fili-
form corrosion propagation and total attack after the
accelerated exposure test for the Al-Cu binary alloys
is observed. Such a correlation is not observed for the
Al-Zn alloys as an increasing filiform corrosion current
is barely reflected in a higher average filament length.
When comparing the results for the Al-Cu and Al-Zn
binary alloys it can be concluded that the correlation
differs significantly with the solute atom and the fil-
iform corrosion current as defined turns out to be a
non-uniquely discriminating parameter for the filiform
corrosion susceptibility of the set of model alloys in-
vestigated in the present research. The different correla-
tions for the Al-Cu and Al-Zn alloys are explained from
the electrochemical response to local variations of the
substrate composition. These local compositional vari-
ations will result in a higher overall cathodic and anodic
reaction rate with increasing Cu concentration for the
Al-Cu alloys. For the Al-Zn alloys a more constant over-
all cathodic and anodic reaction rate as a function of the
Zn concentration is observed. This explains the increas-
ing average filament length with Cu concentration and
more constant average filament length with increasing
Zn concentration after 1000 hours of accelerated ex-
posure testing. For the Al-Cu and Al-Zn model alloys
the filiform corrosion initiation characteristics are re-
lated to the passive range and thus implicitly to the ease
of pitting of the alloy. A smaller passive range results
in higher filiform site density for both the Al-Cu and
Al-Zn alloys.
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