W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202300374

www.chemelectrochem.org

Dynamic Electrochemical Impedance Spectroscopy for the
Evaluation of Localised Corrosion on Aluminium Alloys

Erlind Mysliu,*® Thomas Holm,” Mattijs ten Cate,” and Andreas Erbe®

Dynamic electrochemical impedance spectroscopy (dEIS), an
extension of conventional EIS, was used for rapid measure-
ments of initiation of localised corrosion on 3005 aluminium
alloys with different Mn (1.08-1.39 wt.%) and Cu (0.15-
0.22 wt.%) content by evaluating the onset and evolution of a
Faradaic process observed in 0.5 M Na,SO,+ 0.1 M NacCl. Differ-
ences between samples were detected with highest sensitivity
from the charge transfer resistance during chronoamperometry

Introduction

Filiform corrosion (FFC) is a localised corrosion process typical
for coated metals such as aluminium or magnesium.”’ The
spread of threadlike filaments starting from coating defects is at
the outset an aesthetic problem. However, FFC can in extreme
cases lead to complete coating detachment, or trigger more
severe types of corrosion such as pitting or intergranular
corrosion. FFC usually starts at coating defects with a pit-like
morphology (“successive pitting”)."? The pit-like environment
at the coating defect develops into a filament by propagating
horizontally at the interface between metal and coating, with
actively corroding metal in the filament head. The propagation
of the filament head, where the anodic metal dissolution takes
place, leads to increased chloride concentration, and low pH,
increasing the propensity for pitting. The aluminium alloys
investigated here, from the 30XX series, are manufactured in
sheets and are used, e.g. for household appliances and
beverage cans. These alloys have excellent corrosion resistance
but are quite sensitive to the presence of, e.g., Fe impurities.
Such impurities reduce both corrosion performance and
ductility of the alloy. The effect of Cu is controversial. In some
cases there is an indication that Cu increases the susceptibility
to FFC due to the formation of cathodic sites on the aluminium
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at ca. 120 mV above the corrosion potential. These differences
were caused by differences in pitting initiation, and correlated
well with filament density from a filiform corrosion (FFC) test of
samples coated with a 20 um epoxy topcoat. The observation
can be explained by the role of pitting in FFC initiation and the
similarity in FFC propagation with pit growth. The results
suggest that dEIS is an efficient method for screening alloys for
their FFC susceptibility.

surface enhancing the corrosion process.” In other cases an
increased amount of Cu does not result in an increased FFC
susceptibility.” As far as Mn is concerned, both experiments
and atomistic simulations show that Mn has a beneficial effect
on the localised corrosion resistance of aluminium, either
because of a reduced potential difference between matrix and
intermetallic particles (IMPs) or the formation of a more
compact surface oxide.>®

The electrochemical properties of the surface have a major
effect on FFC susceptibility. The correlation between FFC and
the susceptibility to localised corrosion forms, such as pitting,
has been already described multiple times.”” The suscepti-
bility to pitting corrosion of aluminium alloys has been
characterised by several electrochemical techniques such as
potentiodynamic polarisation,""'? chronoamperometry,"”® and
electrochemical impedance spectroscopy (EIS)."*'® The mecha-
nism of pitting initiation and repassivation has been established
based on the analysis of cyclic potentiodynamic polarisation
curves.'” As a result, the difference between pitting potential
E,x and repassivation potential E, . emerged as an important
parameter to assess the pitting susceptibility of different
aluminium alloys. Chronoamperometry is one of the most
appropriate techniques to evaluate and compare the pitting
susceptibility.’™ EIS characterisation can produce results of
accuracy that is not matched by other electrochemical or non-
electrochemical techniques."” Thus, EIS has been widely used
to investigate the surface properties of aluminium and to
analyse its susceptibility to localised corrosion.*®2% Local EIS,
a  specialised variant of scanning electrochemical
microscopy,”’*? has been used for studying coating
performance,”*? and corrosion mechanisms.”™ A combination
of different electrochemical techniques should thus yield
information about localised corrosion in the system under
investigation; it is anticipated that the sensitivity of a method
combination must be higher than that of the individual
methods.

During EIS the system under investigation needs to be
linear and stable. A certain degree of non-linearity can be

[23,24
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accepted if the higher harmonics generated are negligible with
respect to the fundamental frequencies. For this reason a small
signal amplitude is used during the excitation. The requirement
of system stability limits the application of EIS to slowly
changing systems.”™ However, neither the linearity nor the
stability criteria are always strictly fulfilled in corroding systems
especially when dealing with pitting initiation or repassivation.
One method to study such processes is electrochemical noise
analysis which, despite of recent progress in the time/frequency
resolution,”” has the limit that it relies on rather uncontrolled
signal generation. Another relatively simple method may be the
interleaved, fast measurement of a quantity such as the
polarisation resistance,”® which can however be difficult to
interpret.

Dynamic Electrochemical Impedance Spectroscopy (dEIS) is
a technique that enables the study of rapidly changing systems
with EIS, and a combination of EIS with conventional electro-
chemical techniques such as chronoamperometry and potentio-
dynamic polarisation. Since its development in the 1990s,%**”
the technique has evolved continuously. dEIS has been used,
e.g., for the study of corrosion,®"*? methanol oxidation,*>"
fuel cells,***” and electrocatalysis.®® The technique is based on
the application of a multisinusoidal perturbation instead of a
sequential single sine. The advantage is that the total measure-
ment duration t depends only on the duration of the experi-
ment at the lowest frequency f included in the excitation signal,
t=+% where n is the number of periods of the signal to be
included in the measurement. Mostly prime numbered harmon-
ics are chosen for excitation to avoid signal distortion from
polyharmonics.2%4%

The assumption that pitting and FFC are correlated stems
from the similar environment and potential distribution that
characterises an active pit and the head of a filament during
the propagation step of FFC. However, the ratio between
cathodic and anodic areas inside the head of the filament -
although estimated to be of ~100 - is very difficult to
determine precisely. Electrochemical measurements in simu-
lated environments have shown in certain cases a correlation
between the corrosion current calculated from polarisation
curves and the corrosion current calculated from FFC tests.®*"
Although such correlation is not always straightforward,” it is
qualitatively correct. Because of the difficulty of determining
the correct area ratio between anodic and cathodic region and
the Ohmic drop due to the electrolyte resistance any correlation
between the electrochemical properties and corrosion proper-
ties shall be expected to be of qualitative nature. In other
mechanisms of underpaint corrosion, correlation between
corrosion current density and disbonding rate is also not always
given."?

For this study, we use anodised 3005 aluminium alloys with
Cu content in the range 0.15-0.22 wt.% and Mn content in the
range 1.08-1.39 wt-%, i.e., with only relatively minor variations
in composition. FFC tests were performed in order to assess the
effect of Cu and Mn on the FFC performance of the different
anodised samples. Starting with the hypothesis presented
above that pitting susceptibility and FFC susceptibility in
aluminium alloys are correlated, dEIS was used to investigate
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differences of electrochemical properties between the different
alloy variants. Different methods of polarisation during dEIS
were compared. Also, the repassivation behaviour was analysed
by dEIS. The obtained ranking of the alloys was compared with
results from FFC tests. Main goal of this work is to discriminate
between very similar samples with slightly different FFC
susceptibility by using dEIS under specific experimental con-
ditions. Furthermore we evaluate the potential of dEIS in
obtaining data concerning surface oxide breakdown and
repassivation; such data are hardly obtainable by other, conven-
tional electrochemical techniques.

Experimental methods

The investigated samples were EN AW-3005 T27 aluminium alloys
(0.67 mm thickness) with a composition as shown in Table 1. Three
samples have been electrochemically pretreated in sulphuric acid
(with the label “An” in the table) to obtain a ca. 220 nm thick oxide
layer.

All the electrochemical measurements were performed in a 0.5 M
Na,SO,+0.1 M NaCl solution prepared using deionised water
(18.2 MQcm?, Millipore). The mildness of the electrolyte enables the
extraction of small differences between the surface properties of
the different samples."” The working electrode was the sample
under investigation, a Pt foil was used as a counter electrode and
the reference electrode was a Ag|AgCl (sat. KCl) electrode from
Hach Lange Sensors. In this work, all electrode potentials are
referred to Ag|AgCl (sat. KCI). In the first part of the experiment,
the samples were left at open circuit potential (OCP) for 10 minutes.
OCP was ca. —550 mV vs Ag|AgCl. Subsequently, samples were
polarised in the anodic direction at three different potentials
(=150 mV, —350 mV, —430 mV vs Ag|AgCl) always using a fresh
specimen. The evolution of the dEIS spectra was recorded over
time during polarisation. Each sample was kept at a certain
potential until R, had fallen below 1 kQcm? indicating passivity
breakdown. In the second part, after R, dropped below 1 kQcm?,
the potential was swept negatively at a sweep rate of 1 mV/s to
observe the surface repassivation.

Dynamic impedance measurements were performed using a home
developed set-up described in detail in Ref. [43] and schematically
shown in Figure 1. A multisine signal generated by a Keithley KUSB-
3116 was combined with a DC signal generated from a Model 175
Universal Programmer using an SRS SIM900 Mainframe with
SIM910, SIM980, and SIM983 modules. The combined signal was
sent to a Gamry reference 600 potentiostat and applied to the cell.
The SIM900 Mainframe was also used to subtract the input DC
signal from the measured potential. The measured current signal,
the DC potential signal and the measured AC potential were

Table 1. Composition, in wt.%, of the four analysed EN AW-3005 samples.
Samples with the designation “An” are anodised samples.

Elements CuyMnjAn CuyMn,An CuMn,An CuyMny,
Si 0.50 0.49 0.48 0.50
Fe 0.59 0.58 0.55 0.59
Cu 0.22 0.22 0.15 0.22
Mn 1.39 1.08 1.39 1.39
Mg 0.34 0.35 0.35 0.34
Zn 0.22 0.14 0.08 0.22
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Figure 1. Schematic representation of the set-up used for dEIS measure-
ments.

continuously sampled using the Keithley ADC/DAC module. Fast
Fourier transform of the measured current and potential signal
allowed the collection of the EIS spectra. The frequencies for the
multisine signal generation are chosen following the method
described by Popkirov and Schindler.*” A phase randomisation of
the excitation frequencies is used, and the amplitude of the
individual sinewaves is halved for every decade of frequency
increase. The total amplitude was scaled to a total maximum of
30 mV, and the frequency range was 13 kHz-1 Hz. The experimental

data were fitted using the equivalent circuits shown in Figure 2.
The collected dEIS data from this study is available online.*

The spectra representing the pit initiation and propagation were
fitted using an equivalent circuit with one time constant, 17
(Figure 2a). The spectra representing the repassivation were fitted
using the equivalent circuit 27 in Figure 2b. The data were if
possible automatically fitted using the python impedance.py
package®® A few more complex spectra were fitted using the
ZSimpWin software using nonlinear least square fitting and the
simplex algorithm. Two fitting approaches have been used because
(i) impedance.py is fast and enables batch processing of large
amounts of data, however, (ii) some spectra are more difficult to fit
than others, such as in the case of a repassivating surface. For the
latter, ZSimpWin becomes the most appropriate choice.

The anodised samples were industrially coil coated with an epoxy
primer (5 um dry film thickness) and an epoxy topcoat (20 um dry
film thickness). FFC tests were performed in an experienced
industrial research lab according to DIN EN ISO 4623-2:2016, except
for the initiation method. FFC was induced by dripping 37 wt.%
HCl into the scribe such that the whole artificial defect was in
contact with the solution. After 1 minute the solution was dabbed
gently with laboratory paper. For evaluation of the tested samples,
the average filament length L, the filament density H, and the
filiform number, FN=HxL, were determined. The filament length
was determined by measuring the distance between the artificial
scratch and the head of the filament. The average filament length
was calculated by taking the average of the filament length of all
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Figure 2. (a,b) Equivalent circuits used for fitting the data; R, - solution resistance, R, - charge transfer resistance, Cy — double layer capacitance, CPE - a
constant phase element modelling the oxide film capacitance, R, — pore resistance in the oxide layer. (c,d) Examples of dEIS data from sample Cu Mn,An,
immersed in 0.1 M NaCl+0.5 M Na,SO, solution, fitted using the equivalent circuits showed in (a) and (b). In (c), the initiation and propagation of localised
corrosion is shown as a combination of experimental data (circles) and fitting (dashed lines). The spectra where collected at different times when the sample
was polarised at —430 mV. Panel (d) shows the surface impedance during repassivation at —655 mV, indicating the presence of 2 semicircles. The equivalent

circuits shown in (a) and (b) will be referred to as 17 and 27, respectively.
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the filaments extending from the artificial scratch. The filament
density was calculated by measuring the number of filaments
extending from the artificial scratch and normalising it with respect
to the length of the artificial scratch.

All the electrochemical measurements were performed on un-
coated samples. Epoxy primer and epoxy topcoat were only applied
for FFC testing.

Results

FFC test results are summarised in Table 2. Within the limited
statistics of a typical corrosion study, there is no correlation
between the amount of Cu present in the alloy and the FFC
performance. On the other hand, an increase of Mn content in
the alloy has a beneficial effect on FFC resistance. Anodised
samples with an increased amount of Mn show a reduced
filament density and filiform number.

Figure 2 shows an example of the EIS response obtained in
this work, in this case the CuyMn,An sample. Panel c shows in a
Nyquist plot the initiation of localised corrosion: The impedance
spectrum evolved from an almost straight line (experimental
points in green) to a semicircle (experimental points in blue).
The straight line represents a “pure capacitance”, sign of the
presence of an intact aluminium oxide layer. When pitting
corrosion is initiated, the formation of a semicircle in the
Nyquist plot is reflecting the fact that a Faradaic current starts

Table 2. FFC test results for the anodised samples; average filament length
L, filament density H and the filiform number, FN =HXL.

Sample H [1/cm] L [mm] FN [mm/cm]
CuyMny,An 0.4 1.1 0.04
CuyMn,An 15 12 0.18
CuMn,An 0.8 13 0.12

CuyMny -150mV

CupMny -350mV

to contribute to the system’s electrochemistry. In our case, the
17 circuit shown in Figure 2a is used for this part of the analysis
and an R, on the order of 100 kQ is obtained. In paneld, a
spectrum obtained during the repassivation (negative potential
sweep) of one same sample is shown. Here, the presence of
two semicircles is observed. The high frequency time constant
is present probably because of the detection of the pore
impedance. The detection of pore impedance could indicate
the presence of damaged areas in the oxide caused by pitting
corrosion.”” The low frequency time constant is representative
of the R in parallel with the double layer capacitance Cj,.

R can be estimated from the intersection of the fit curve
with the Z, axis. During the repassivation, the pore impedance
Rpore can be extrapolated from the diameter of the semicircle at
high frequency shown in the inset in Figure 2c."*¥

Figure 3 shows the evolution of the impedance spectra of
the anodised samples with the best (CuyMnyAn) and the worst
(CuyMn_An) FFC resistance (c.f. FFC test results in Table 2) over
time at three different potentials. The samples are polarised
positively with respect to the open circuit potential and, due to
the presence of chloride ions in solution, the breakdown of the
oxide layer is expected. In the first part of the analysis, the
spectrum is characteristic of a system that can be represented
by a resistance (solution resistance) and a pure capacitance. As
mentioned above, circuit 17 is used for analysis of such spectra.

Comparing the two anodised samples with the best (Fig-
ure 3, upper spectra) and the worst (Figure 3, lower spectra)
FFC resistance, the Nyquist plots show that the onset of the
Faradaic process for the former is retarded with respect to the
latter. Figure 4 shows the evolution of the R, for the three
potentials. The differences from dEIS between the samples is
largest when the potential is kept at —430 mV, i.e. closest to
the OCP. The detected difference can be interpreted as showing
the difference in pitting susceptibility between the samples.
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Figure 3. Evolution of Nyquist plot with time at constant potential. The potential at which the samples were held is written on the top of each plot. The
colorbar indicates the time in minutes. For better visualisation of the trend, only the fit is shown.
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indicates pit propagation. After a certain time, R, does not
change anymore with time, probably because a limiting current
has been reached. At this point the system must have reached
a steady state of pit growth which also suppresses the initiation

of new pits.*”
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Zrea/ KQ cm?

(b)

Figure 5. Evolution of Nyquist plot during the surface repassivation of
CuyMnyAn (a), and single impedance spectra taken during the repassivation
of CuyMngAn (blue) and Cu,Mny, (orange) at —625 mV to show the presence
of two semicircles (b).
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Furthermore, the spectra evolve into two semicircles, one at
high and the other at low frequencies. The high frequency
semicircle represents the impedance of pores in the oxide layer,
presumably characterising the remains of the pits. The low
frequency semicircle represents R, of Faradaic processes. The
semicircle at low frequencies grows very rapidly when the
potential becomes more negative, implying an increasing
inhibition of electron transfer processes. The diameter of the
semicircle at high frequency remains almost constant during
the potential sweep, suggesting that the formation of new
pores is not taking place during this step.

Discussion

There is the expected anti-correlation between filament density
H and Ry, i.e. H~R,icl (Figure 6). It must be stressed that the
amount of samples measured here is low. Notwithstanding this
comparatively poor statistics, the differences on both the R
scale and the H scale are very similar when normalised to the
total difference. In other words, the difference in R, between
CugMnyAn and CuMnyAn is smaller than the difference
between the latter and CuyMn An, while the same is valid for
the filament density. Consequently, results presented in
Figures 3 and 4 demonstrate that dEIS can be used to assess
the localised corrosion resistance of aluminium alloys. The
corrosion resistance is quantified through the measurement of
R., where a high value is desirable.

Most of the samples studied here are anodised samples,
and clearly, if a non-anodised sample of the same composition
is used (Figure4c), R, decay starts almost immediately,
indicating faster onset of localised corrosion. Therefore, the
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Figure 6. Correlation between R, from the measurement at —430 mV after
1 hour of exposure, and filament density H for the three anodised samples.
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method proposed is most suitable for the study of anodised
samples designed to have low localised corrosion rates. The
method can, however, be adapted via the polarisation potential,
the polarisation time, and if needed the electrolyte.

For discrimination of localised corrosion properties between
different samples, as in this case anodised aluminium, a method
is desired which (i) can clearly distinguish samples, (ii) is as fast
as possible, and (iii) easy to use. When comparing the different
potentials in Figure 4, it is evident that the lower potentials,
—350mV and —430mV, are better suited to distinguish
between the samples. Ranking for pitting susceptibility ob-
tained from these holding potentials is also internally consis-
tent, as both suggest the order CuMn,An>CuyMn An>
CuyMn An. The largest separation between samples is observed
for the holding potential of —430 mV. A polarisation time in the
range 35-75 min is most suitable, as there is a clear difference
between the samples. Thus, the proposed method to rank
materials in terms of pitting and FFC susceptibility by dEIS in
0.5 M Na,S0O,+0.1 M NaCl is:

1. Hold the samples at the open-circuit potential for 10 mi-
nutes

2. Polarise the sample to —430 mV vs Ag|AgCl and measure
dEIS at a 1 s resolution

3. Fit the EIS spectra obtained after 40 minutes using the R(CR)
circuit (17), or a more appropriate circuit

4. Extract and normalise the R, parameter with respect to
sample area. A value below 20kQcm? indicates that
localised corrosion has been initiated and that the sample is
susceptible to localised corrosion, including FFC.

The method suggested here still needs validation and
further testing. Nevertheless, the dEIS method shows potential
for providing a quantification of localised corrosion properties
in less than 1 h of testing with minimal sample preparation
compared to accelerated corrosion tests such as FFC testing.
Based on the general electrochemical properties of aluminium,
we expect, however, that both the potential window and the
time window indicated here is applicable to a series of alloys.
This expectation builds on the similarities of the corrosion
potential of many alloys in chloride containing medium, and
consequently similarities for difference between corrosion
potential and polarisation potential.

In case of dEIS, the charge transfer resistance which can be
extracted by fitting the spectra, is a differential resistance at a
certain potential and is given by:

dE
(@)~

The difficulty in determining the composition of the
solution and the area ratio between anodic and cathodic sites
inside a filament during FFC and the differential nature of the
R makes it difficult to have a quantitative correlation between
results obtained from electrochemical measurements and FFC
tests. Furthermore, obtaining significant quantitative results is
challenging when both the amount of samples used for FFC
testing and the number of samples with different composition
are limited.
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The main difference between the samples used in this work
is the ratio of Cu and Mn in the samples. The susceptibility to
localised corrosion is related to the presence of IMPs,®” the
different distribution of elements such as Mn between solid
solution and IMPs,**" and inhomogeneities of the oxide layer
or the oxide layer thickness.®? The structure and composition of
the metallic surface or surface oxide layer determines its
electrochemical features and reactivity towards electron and
ion transfer. Previous studies have shown that the presence of
alloying elements included in the surface oxides leads to the
modification of the oxide electronic structure.”**® For alumi-
nium, a linear correlation between pitting and flat band
potential has been reported.”™ However, this aspect won't be
further discussed here. The sensitivity of dEIS towards the
global interface electrochemical features allows for the discrim-
ination between surfaces with different susceptibility towards
localised corrosion, despite the relatively similar composition of
the alloy. A full description of the metallurgical reasons for the
differences required detailed microstructural analysis and is
beyond the scope of this work.

Some spectra recorded show an inductive behaviour at low
frequency and at certain potentials. The inductive behaviour
has been associated with metal dissolution without oxide
formation related to the negative differential effect®” but also
with the adsorption of reaction intermediates in the case of
Mg,®® or Al corrosion.®™ A candidate intermediate for this
system here could be a hydride species.”?**® The evolution of
the inductive loop with time or potential could be used for the
study of the reaction mechanism that can in turn be related to
different surface pretreatments or electrolyte conditions. Fig-
ure 5 demonstrates the possibility of following the evolution of
parameters such as Ry, Cy, Rpoe and the CPE as a function of
time and thus potential for the different samples. The relation
between these different elements and the current density can
give an insight into the movement of ions through, for
example, the oxide layer, and therefore help explain the
mechanism of repassivation.”?%" In general, dEIS has a depth of
information that is higher than conventional electrochemical
techniques such as potentiodynamic polarisation, and it can be
used in addition or as a supplement to specialised techniques
developed for local corrosion studies such as local electro-
chemical impedance spectroscopy.?'*?

Conclusions

In this work dEIS was used to study localised corrosion on

different EN AW-3005 surfaces.

1. dEIS is suitable for studying passivity breakdown and
repassivation. Passivity breakdown is an important prereg-
uisite of localised corrosion on aluminium alloys. The time
resolution of dEIS enables the extraction of a wealth of
information on breakdown and reformation of oxide layers.

2. Passivity breakdown as sensed via dEIS correlated well with
FFC resistance for anodised EN AW-3005 after an appropri-
ately selected polarisation protocol. Thus, dEIS can be used
to compare the FFC resistance of aluminium alloys in a

ChemElectroChem 2023, 10, 202300374 (7 of 8)

much shorter experiment than conventional corrosion tests.
This correlation can be explained by the fact that pitting
which is caused by passivity breakdown initiates FFC.
Nevertheless, with the current protocol, a qualitative screen-
ing of aluminium samples can be done.

3. For the alloys investigated here, Mn has a beneficial effect
on the FFC performance while there is no observed
correlation between the Cu concentration and the FFC
resistance.
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