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ABSTRACT

This study validates the ability of Hilbert spectra to investigate transients in an electrochemical noise
signal for an aqueous corrosion inhibition process. The proposed analysis procedure involves the identi-
fication and analysis of transients in the electrochemical current noise signal. Their decomposition into
instantaneous frequencies in a Hilbert spectrum allows detection of changes in corrosion characteristics,
i.e. the evolution of corrosion inhibition with time. The effectiveness of the proposed analysis procedure
is investigated for AA2024-T3 exposed to aqueous 10"' M NaCl solutions with or without the addition
of Ce ions at various concentrations. Examination of specific features in the electrochemical noise sig-
nals shows the presence of three characteristic regions, which represent surface activity regimes ranging
from active (localized) corrosion to the inhibited state. Hilbert spectra of the electrochemical current
noise signals allow identification of transients occurring in these successive regions.

The analysis procedure introduced in this work yields improved applicability of electrochemical noise

Corrosion inhibition

measurements for the identification of an inhibition effect in corrosion processes.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochemical noise (EN) consists of spontaneous fluctuations
in current and potential, generated by charge transfer reactions
that arise from electrochemical metal dissolution processes. It has
long been the conviction of many researchers that EN contains
valuable information about the underlying corrosion processes.
Hladky and Dawson [1,2] reported on their investigations on char-
acteristic fluctuations in the electrochemical potential noise (EPN),
generated by the occurrence of localized corrosion. These char-
acteristic fluctuations are defined as transients. Transients in the
electrochemical current noise (ECN) signal are often accompanied
by transients in the EPN signal [3,4]. Characterization of localized
corrosion processes can be regarded as the most interesting appli-
cation of electrochemical noise measurements (ENM), which is also
important for corrosion monitoring [5-10].
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For the purpose of characterization of localized corrosion pro-
cesses through EN signals, many data analysis procedures exist of
which the most common are fast Fourier transform and discrete
wavelet transform. However, fast Fourier transform is strictly spo-
ken not suitable for the analysis of EN, since corrosion processes
are typically nonstationary, a property that is required for data
analysis in the frequency domain. A separate procedure is nec-
essary to remove its direct current (DC) drift component and to
make an EN signal appear stationary. An approach to define a reli-
able DC drift component using empirical mode decomposition and
wavelet transform is presented by the authors in an earlier work
[11]. In addition, the interpretation of specific features (e.g. the
roll-off slope) in the resulting power spectral density plot and its
relation to the prevalent corrosion mechanism can be considered
controversial [3,12-17].

Discrete wavelet transform allows investigation of the distri-
bution of the energy present in a (nonstationary) EN signal over
several timescales in an energy distribution plot. However, the sep-
aration of the frequency domain into so-called scales instead of
real instantaneous frequencies does not result in the desired direct
frequency decomposition of the data at any given moment in time.

An interesting approach to distinguish local frequency charac-
teristics of an EN signal is the application of the Hilbert-Huang
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transform as was first proposed by Huang et al. [18]. This trans-
form is based on the assumption that any signal consists of multiple
characteristic scales, or intrinsic modes of oscillation, each super-
posed on another. These so-called intrinsic mode functions are
based on the local properties of the signal and can be identified
empirically by their characteristic time scales through empirical
mode decomposition. Intrinsic mode functions could be considered
as a more general case of simple harmonic functions, however in
close relation with the physical characteristics of the system under
investigation due to the specific nature of empirical mode decom-
position [19]. The basis of this technique is derived directly from the
data itself, making the empirical mode decomposition flexible and
adaptive [18,20-22]. A detailed description of the empirical mode
decomposition and Hilbert-Huang transform procedure is reported
by the authors in prior work [23], where the use of Hilbert spectra
for the analysis of EN signals under open-circuit conditions has been
proposed in corrosion studies. It was shown that Hilbert spectra
enabled to distinguish between different corrosion characteristics
[23]. Regarding the interpretation of EN signals, this ability makes
the Hilbert-Huang transform a valuable data analysis technique.

The frequency contribution of individual transients yields spe-
cific signatures, or ‘fingerprints’, in the Hilbert spectrum. In earlier
work, the principle of transient analysis through Hilbert spectra of
EN signals has been presented for metastable pitting corrosion pro-
cesses on stainless steel for which the characteristics do not change
over the duration of the measurements [24]. Interestingly, analysis
of the instantaneous frequencies contributing to the transients in
an EN signal also enables to detect changes in corrosion character-
istics. It was early recognized that the investigation of transients
present in the EN signal is essential to understand the corrosion
characteristics of aluminium [25]. In this work the principle of tran-
sient analysis applied to an aqueous corrosion inhibition process is
therefore illustrated by the Ce-based inhibition of AA2024-T3. In
order to differentiate between changing corrosion characteristics
of the inhibition process, visual investigation of transient informa-
tion presentin these complex EN signals is not straightforward. This
gives rise to the need of an adaptive analysis method that allows
detection of the changes in the inhibition process. It should be noted
that while the original time signatures from metastable pitting are
better reported and discussed, little understanding on the signa-
tures of other forms of localized corrosion processes such as pitting
growth, crevice corrosion or galvanic corrosion has been achieved
to date.

AA2024 consists of an Al matrix with second phase inter-
metallic particles, many of which contain Cu and are primarily
involved in the localized corrosion of AA2024-T3 [26-30]. This can
occur either at isolated particles or in clusters of multiple parti-
cles [29]. Two types of intermetallic particles can be distinguished,
namely those containing Al-Cu(-Mg) or Al-Cu-Fe-Mn(-Si) [31-33].
The most numerous are Al,CuMg (S-phase) particles, belonging to
the first type [28,34]. Except for the S-phase particles, intermetallic
particles contain elements that are more noble than the Al matrix,
therefore acting as cathodic sites [30,35].

Corrosion inhibition of AA2024-T3 by the commonly used
chromate-based inhibitors can be quite effective [36]. A suitable
alternative to the commonly used Cr(VI) inhibitor can be e.g. to use
lanthanide salts as an ecological substitute [37-43].

The process of inhibition is studied quite thoroughly by oth-
ers [37-43]. The main contribution of this work is the introduction
of transient analysis through Hilbert spectra of EN signals for the
investigation of an aqueous corrosion inhibition process. The pro-
posed analysis procedure involves the identification and analysis
of the instantaneous frequency composition of transients in the
ECN signal. The benefits of the proposed analysis method are sup-
ported by visual inspection of the EN signals in the time domain,
microscopic observations and literature.

2. Experimental
2.1. Materials and experimental set-up

The measurements were performed in a conventional three-
electrode configuration under open-circuit conditions, requiring
two nominally identical AA2024-T3 working electrodes. The mea-
surement setup and electrochemical cell configuration is identical
to the one described earlier [23].

The working electrodes were partly coated with an epoxy
primer to prevent crevice corrosion and were embedded in coupons
using an epoxy resin. Only a well-defined area of 0.05cm? of
each working electrode was exposed to the electrolyte. The work-
ing electrodes were wet ground using up to 4000-grit SiC paper.
After rinsing with demineralized water and microscopic inspec-
tion for irregularities they were stored under ambient conditions
at 20°C for 24 h. The reference electrode used was a Radiome-
ter analytical Red Rod type REF201 (Ag/AgCl/sat. KCl: 207 mV vs.
SHE). The electrolytes used were aqueous NaCl solutions made
from demineralised water and analytical grade reagent. These were
either used in that composition, or prepared with the addition of
1072 to 10" M CeCl3°*7H,0. The applied experimental procedure is
shown in Fig. 1.

All solutions were open to air. The duration of each exposure
to the electrolyte was 14500 s, equal to the duration of each
measurement. For each measurement containing 102 to 10> M
CeCl3*7H,0, after another 24 hours in ambient air an additional
measurement of again 14500 s was performed in an electrolyte
containing only 10"! M Nacl.

The electrochemical cells were placed in a Faradaic cage to avoid
electromagnetic disturbance from external sources. The ambient
temperature was controlled at 20°C. The samples were micro-
scopically inspected afterwards using a Reichert MEF4 M optical
microscope with maximum magnification of 1000x. All measure-
ments were performed at least in triplicate.

Current and potential signals were recorded using a Compact-
stat from Ivium Technologies working as zero resistance ammeter
and potentiometer, controlled by a Windows-based PC running
dedicated software. The sampling frequency used for the mea-
surements described in this work was 20Hz. A low-pass filter of
10Hz (which is the Nyquist frequency at this sampling rate) was
applied during data recording. It was verified that instrumental
noise generated by the measuring equipment did not affect the
measurements. This is described in detail in an earlier paper by the
authors [23]. The maximum range of the zero resistance ammeter
was automatically determined during the measurements, depend-
ing on the dynamic range of the ECN signal locally, with a lower
limit of 10 nA and an upper limit of 1 pA. The maximum range of
the potentiometer was set at 1V.

The data were processed using Matlab from MathWorks. The
empirical mode decomposition and the Hilbert-Huang transform
were calculated using a publicly available Matlab procedure from
Rilling et al. [44,45].

2.2. Transient analysis

In order to differentiate between changing corrosion charac-
teristics of an inhibition process, visual investigation of transient
information present in the complex EN signals is not straightfor-
ward. Therefore, in order to obtain information about the localized
corrosion processes, the corresponding transients in the EN signals
areidentified and decomposed into their instantaneous frequencies
using Hilbert spectra. The process of transient analysis consists of
two steps. First the areas in a Hilbert spectrum corresponding to
the occurrence of individual transients are defined. Subsequently,
only the amplitudes of the instantaneous frequencies present in
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Fig. 1. Experimental procedure.

these areas are averaged, in order to obtain the frequency behaviour
of the corrosion processes contributing to the overall ECN signal.
In this way, good discrimination between different corrosion pro-
cesses can be obtained and, moreover, any instantaneous frequency
information present in between the areas of interest (where no
transients occur) is neglected.

An example of the procedure of transient analysis for a corrosion
inhibition process is provided in the next section.

3. Results and discussion
3.1. Visual observation

Fig. 2a-e show micrographs in different magnifications of a
measurement of AA2024-T3 exposed to 101 M NaCl with 102
M CeCl3*7H,0 for a duration of 14500 s, where inhibition was
observed within the duration of the measurement. Fig. 2f-h show
micrographs of the same sample area after the second mea-
surement, now exposed to 101 M NaCl without the addition
of CeCl3*7H,0 for a duration of 14500 s, in conformity with
the experimental procedure shown in Fig. 1. The reason for this
second exposure of the same sample is explained in the next
subsection.

The inhibition process of a Ce-based inhibitor is explained
through the increased pH near the cathodic sites [46,47]. It is likely
that a combination of 3-valent Ce (Ce(OH)3) and 4-valent Ce (less
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soluble Ce(OH)4 or CeO,) precipitates at cathodic particles [46-48].
This new layer forms an increased barrier for (and thus inhibits) the
cathodic processes [35,39,46,47,49,50]. In addition, further disso-
lution of Al and Mg from these intermetallics is reduced [35]. Due
to this inhibition the deposition of Ce also decreases, which implies
a self-regulating inhibition process [50].

After the first measurement, including 102 M CeCl3*7H,0,
indeed no significant corrosion attack on the surface of the working
electrode areas was observed. This is visible when comparing Fig. 2a
and 2b with 2c and 2d, and by the further enlargement shown in
Fig. 2e. After the second measurement however, involving only 10°!
M Na(l, at the locations of the same intermetallic particles notice-
able corrosion attack is visible. This is shown in Fig. 2f-h: some
intermetallic particles are partly dissolved. In most cases however,
the aluminium matrix around intermetallic particles was attacked.

Fig. 3 shows micrographs in different magnifications of a mea-
surement of AA2024-T3 exposed to 10"! M NaCl for a duration of
14500 s, i.e. without being exposed to a certain concentration of
CeCl3*7H, 0 beforehand.

In these micrographs a clear corrosion attack is visible at or near
the locations of intermetallic particles. In many cases characteristic
rings were observed around intermetallic particles. The two rings
visible in Fig. 3b are further enlarged in Fig. 3c-e. These rings of
corrosion product were also observed by Glenn et al. [51]. They
indicate a stable pitting process involving clusters of intermetallic
particles located near their centre [29,50,51]. Fig. 4 shows a ring
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Fig. 2. a-e Micrographs of an example measurement of AA2024-T3 exposed to 10"! M NaCl with 102 M CeCl3*7H, 0 for a duration of 14500 s. Figure 2f-h Micrographs of the
second measurement on the same sample, exposed to 10" M NaCl without the addition of CeCl3*7H,0 for a duration of 14500 s.
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Fig. 3. Micrographs of an example measurement of AA2024-T3 exposed to 10"" M NaCl for a duration of 14500 s.

Fig.4. SEM Micrograph of an example measurement of AA2024-T3 exposed to 10!
M Nacl for a duration of 14500 s.

of corrosion product on one of the working electrode surfaces in a
SEM micrograph.

3.2. EN signal analysis

In this subsection, the instantaneous frequency information in
the Hilbert spectra, combined with visual observations of the ECN
and EPN signals and literature, will be applied to analyze the Ce
inhibition process of AA2024-T3.

For two concentrations, 10-2 and 103 M CeCl3*7H,0, a decrease
in the number of transients, the change in instantaneous frequency
behaviour (both visible in the Hilbert spectra discussed later) and
the absence of corrosion attack at the working electrode surfaces
after exposure indicated that inhibition occurred within the time-
frame of the measurements. This was however not the case for all
measurements at these concentrations, since in some cases inhi-
bition took more time to become effective. In addition, for the

measurements that did show inhibition within this timeframe, the
time until inhibition became effective varied between 2500 s and
12000 s. Differences in inhibition behaviour between otherwise
identical measurements can be expected. Firstly, differences in sur-
face preparation, that are inevitably present, however small, could
affect the stability of the oxide film [47]. The location of active and
passive sites at the AA2024-T3 surface is also assumed to change
continuously over time [52]. Furthermore, intermetallic particles
other than S-phase particles can vary in composition, which serves
as a basis for their classification [28,30]. 10-3 M CeCl3*7H,0 is con-
sidered as the minimum concentration for effective inhibition for
the measurements presented in this work. However, it should be
noted that the addition of 104 M CeCl3*7H,0 to a 101 M [47] or
a5 x 102 M [50] NaCl background solution has also been proven
to provide effective inhibition. In the latter case, inhibition only
occurred after longer exposure times. Therefore, in the case of 104
M CeCl3*7H;0, inhibition could still have occurred at a later stage.
The concentration of 10> M CeCl3*7H,0 is considered to be too low
to act as an effective corrosion inhibitor under these conditions.

The EN signals for inhibition can be divided into three differ-
ent characteristic regions. These regions represent active corrosion
with the onset of inhibition (region 1), inhibition becoming effec-
tive (region 2) and the inhibited state (region 3). Their specific
features depend on the concentration of CeCl3*7H,0 in the elec-
trolyte and in addition on whether or not inhibition occurred within
the timeframe of the measurement. Fig. 5a shows an ECN and EPN
signal for the same measurement (in 101 M NaCl with 102 M
CeCl3*7H,0) as used for the micrographs of Fig. 2. Fig. 5b shows
an ECN and EPN signal for a measurement in 10! M NaCl with 103
M CeCl3*7H,0. The three regions are also indicated in these figures.

As a comparison, Fig. 6 shows an ECN and EPN signal for the
same measurement in 10" M NaCl as used for the micrographs
of Fig. 3, i.e. without being exposed to a certain concentration of
CeCl3*7H,0 beforehand.

The EN signals for the two concentrations of CeCl3*7H,0 are
quite similar. Region 1 is characterized by large fluctuations in
the EPN signal, in many cases with amplitudes exceeding 200 mV.
These large fluctuations in the EPN signal were observed for all
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Fig. 6. ECN and EPN signal for AA2024-T3 exposed to 10! M NaCl for a duration of
14500 s.

measurements for concentrations containing up to 10% M
CeCl3*7H,0. For the measurementsin 10-> M CeCl;*7H,0 and those
in 10" M NaCl only, these large fluctuations were absent. For the
cases where inhibition was observed within the timespan of the
measurement, these fluctuations were visible in region 1 only, oth-
erwise these existed throughout the entire EPN signal.

In order to verify the nature of these large fluctuations, for each
measurement containing 102 to 10> M CeCl3*7H,0, after another
24 hours in ambient air an additional measurement of again 14500
s was performed in an electrolyte containing only 10" M NaCl. In
those cases Ce (hydr)oxide was already deposited on the surface
and no Ce ions were initially present in the solution. As an example,
Fig. 7 shows the ECN and EPN signal for AA2024-T3 exposed to 10!
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Fig. 7. ECN and EPN signal for AA2024-T3 exposed to 10" M NaCl for a duration
of 14500 s after an initial exposure to 10"" M NaCl with 102 M CeCl3*7H,0 for a
duration of 14500 s.

M Nacl for a duration of 14500 s, after an initial exposure to 107!
M NaCl with 102 M CeCl3*7H,0 for a duration of 14500 s, of which
the EN signals were shown in Fig. 5a.

Fig. 7, without CeCl3*7H,0 present in the electrolyte, shows
large fluctuations together with one transient exceeding 200 mV in
the EPN signal within the first 1000 s of exposure to NaCl. All sec-
ond measurements that were performed in electrolytes containing
only 101 M Nacl, after measurements in 102 to 104 M CeCl3*7H,0
beforehand, showed large EPN fluctuations within the first 1000 s,
all with one or more fluctuations exceeding 200 mV. Subsequently,
analogous to the EPN signal shown in Fig. 7, they returned to a simi-
lar state as observed for the measurements without Ce (hydr)oxide
deposited at the working electrodes or the presence of Ce ions in
the electrolyte (as shown in Fig. 6). The observations suggest that
these large transients should be attributed to the presence of a not
fully intact Ce (hydr)oxide film, leading to local breakdown [33].

During inhibition, the ECN and EPN signals become smoother
and the EPN signal shows a negative drift. This is reflected by
region 2 in Fig. 5a and 5b. The negative drift of the EPN signal
can be explained through the cathodic inhibition process of Ce
[37,43,47,50]. The final OCP value of around -700 mV vs. Ag/AgCl is
in correspondence with that observed in the work of others [43,50],
however at an earlier stage in this case. The reason for this can be
the higher concentrations of CeCl3*7H,0 (102 and 103 M) than
compared to the concentration used by Garcia et al. (104 M), which
showed inhibition after longer exposure time.

The OCP values observed for the measurements in 10" M NaCl
(around -520 mV vs. Ag/AgCl) were also in accordance with those
observed for AA2024-T3 exposed to 5 x 102 M NaCl in the work of
Garcia et al. [50] during the first 4 h.

The smoothing of the ECN signal is analogous to a decrease in
current density, which is reported by Garcia et al. [47] to occur
during inhibition of AA2024-T3. Transients in the ECN and EPN sig-
nals, generated by localized corrosion processes, are expected to
decrease in amplitude significantly. Note that the fluctuations do
not disappear completely, which is visible in Fig. 5a in the mag-
nifications of the third region, between 12000 and 13000 s. The
dynamic ranges of these fluctuations are however small, in the
order of 1 nA for the ECN signal and 2 mV for the EPN signal. Finally,
the drift in the EPN signal disappeared and the ECN signal was
close to zero, i.e. both signals indicated that the system reached
an inhibited state from the perspective of localized corrosion pro-
cesses.

Prior to discussion of the Hilbert spectra, an example of the
procedure of transient analysis as proposed in this work will be
provided. Fig. 8a shows the Hilbert spectrum for the ECN signal
shown in Fig. 5a, between 2000 s and 4000 s. Fig. 8b shows the
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of AA2024-T3 exposed to 10! M NaCl with 103 M CeCl3*7H,0, between 2000 s and 4000 s.

Hilbert spectrum for the ECN signal shown in Fig. 5b, in the same
time interval. Fig. 9 shows the Hilbert spectrum for the ECN signal
shown in Fig. 6, again in the same time interval. The original ECN
signals are depicted at the back of the figures with their relative
amplitudes. The areas corresponding to the occurrence of transi-
ents are highlighted in yellow. Only these areas are analysed in the
Hilbert spectrum.

The Hilbert spectra shown in Figures 8a, 8b and 9 will be
shown to allow detection of the ECN transients based on their

instantaneous frequencies. The process of identification and selec-
tion of the areas of interest in the Hilbert spectra and the
subsequent analysis of the instantaneous frequencies present in
these areas is reported by the authors in prior work [24]. How-
ever, in the present work, the first stage of selection of areas of
interest is different than proposed earlier [24]. Transients present
in the ECN signals typically contain instantaneous frequencies in
the range between 10°! Hz and 1Hz. This is illustrated in the
top graphs of Figures 8a, 8b and 9, that show the sum of all
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instantaneous frequency amplitudes in the Hilbert spectra within
this frequency range, after removal of the standard deviation and
application of a moving average smoothing filter with a specified
span of 9x the sampling frequency. Each peak thus corresponds
to the instantaneous frequency contributions of a single tran-
sient. Transient selection is based on the timespan covered by
each individual peak (i.e. its maximum duration at the time axis).
This provides an accurate determination of the areas of inter-
est in the Hilbert spectra for the ECN signals as investigated
here; for each transient, within its timespan, all instantaneous
frequencies are analysed. In Figs. 8a, 8b and 9, the correspond-
ing areas of interest in each Hilbert spectrum are shown in
yellow.

To facilitate interpretation of the instantaneous frequency char-
acteristics, their two-dimensional representations are used here.
This is the two-dimensional view in the X-Z plane. Any change in
instantaneous frequency behaviour (e.g. due to a gradual inhibition
process) can be quantified by changes in these two-dimensional
representations. Combined with the time-resolved information in
the original Hilbert spectra, this is the true added value of the
Hilbert spectrum analysis compared to the ECN/EPN signal analysis
discussed before.

Now the procedure has been illustrated, the spectra of the dif-
ferent experiments will be discussed.

Fig. 10a and 10b show the two-dimensional representations of
the Hilbert spectra of the ECN signal visible in Fig. 5a and 5b, respec-
tively. Hilbert spectra were calculated for 5 successive segments of
each 2000 s duration, from t=0-2000 s (1) to t=8000-10000 s (5).
For each data set a trend line is shown, calculated by a moving
average smoothing filter with a specified span of 9 data points.

As a comparison, Fig. 11 shows the two-dimensional represen-
tations of the Hilbert spectra of the ECN signal visible in Fig. 6, i.e.
a measurement without exposure to CeCl3*7H,0 or presence of
deposited Ce (hydr)oxide.

Initially, from O s to 4000 s (i.e. Hilbert spectrum 1 and 2) the
Hilbert spectra are characterized by a large number of transients
(visible in the first part of the Hilbert spectra shownin Fig. 8a and 8b,
and also visible in the Hilbert spectrum shown in Fig. 9), for which

the decomposition in instantaneous frequencies of the two ECN
signalsis comparable. In this period, a gradual increase in amplitude
is visible with decreasing instantaneous frequencies. Below 5x 102
Hz, the contribution of instantaneous frequencies is considerably
larger.

Pitting corrosion of AA2024-T3 initiates immediately after
immersion in an aqueous NaCl electrolyte [34,35]. This process
consists of several different stages, including selective dissolution,
i.e. dealloying, of the active elements Al and Mg from the con-
stituent particles, amongst others resulting in more noble Cu-rich
remnants with a porous structure, and the formation of galvanic
couples between the particles and the Al matrix [28,30,34,35,53].
The local cathodic reactions generate significant amounts of OH™
[53]. In a stagnant electrolyte this will lead to a local alkaliza-
tion near the interface between the Al matrix and an S-phase
particle [53]. The Al matrix around the Cu-rich particles starts to
dissolve, referred to as trenching [35,54]. This is visible in the
micrographs shown in Figures 2f-h and 3. This may develop fur-
ther and especially in the presence of clusters of S-phase particles
and other intermetallic particles at the alloy surface into severe
(stable) pitting [29]. The surface of the clusters of particles acts
as a net cathode, moving the anode into the surface along the
grain boundaries [29]. Corrosion product will deposit around the
cluster areas in a ring-shaped morphology [29,50]. These fea-
tures are also present at the working electrode surfaces shown in
Figures. 3 and 4.

Although the ECN signal of AA2024-T3 exposed to 101 M
NaCl shows a small decrease in overall amplitudes over the entire
measurement (visible in Fig. 6), the relative contribution of instan-
taneous frequencies remains more or less constant throughout the
entire measurement, which is visible in Fig. 11. The Hilbert spectra
shown in Fig. 10a and 10b, however, show an increase in relative
contribution of high instantaneous frequencies between 4000 s and
6000 s (spectrum 3). Combined with a considerable decrease in the
number of transients, this marks the transition between the active
and the inhibited state. In order to visualize this, Fig. 12a shows the
Hilbert spectrum of the ECN signal shown in Fig. 5a between 4000
s and 6000 s. Fig. 12b shows the Hilbert spectrum of the ECN signal
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Fig. 10. a Two-dimensional representations of the Hilbert spectra of the ECN signal for AA2024-T3 exposed to 10"" M NaCl with 102 M CeCl3*7H,O0. Hilbert spectra were
calculated for 5 successive segments of each 2000 s duration, from t=0-2000 s (1) to t=8000-10000 s (5) b Two-dimensional representations of the Hilbert spectra of the
ECN signal for AA2024-T3 exposed to 101 M NaCl with 10-3 M CeCl3*7H, 0. Hilbert spectra were calculated for 5 successive segments of each 2000 s duration, from t=0-2000

s (1) to t=8000-10000 s (5).

shownin Fig. 5b, in the same time interval. Fig. 13 shows the Hilbert
spectrum of the ECN signal shown in Fig. 6, again in the same time
interval. The original ECN signals are depicted at the back of the
figures with their relative amplitudes.

For the Hilbert spectra shown in Fig. 12a and 12b, compared to
their predecessors shown in Fig. 8a and 8b, in this stage fewer trans-
ients occur. In the Hilbert spectrum shown in Fig. 13, this decrease
in the number of transients is not observed. Compared with the
observation from its two-dimensional representation shown in
Fig. 11, i.e. that the decomposition in instantaneous frequencies is
comparable for all Hilbert spectra throughout the measurement,
no significant changes in corrosion characteristics are expected
for the corrosion process reflected by the EN signals shown in
Fig. 6.

The Hilbert spectrum visible in Fig. 12b shows a relatively large
transient at approximately t =4400 s. By averaging the contribution
ininstantaneous frequencies of all transients, the domination of the
amplitudes of instantaneous frequencies of some (large) transients
over those of others can be prevented, which provides the required
insensitivity for one or two dominant transients [24].

The high frequency range can be ascribed to spontaneous
nucleation and passivation events, whereas fluctuations in the
order of several seconds arise from (meta)stable pitting events [26].
Analogous to this, long fluctuations are generated by the slow dif-
fusion processes of oxygen around these active corrosion sites [55].

0.7

Relative amplitude

1
fHz

Fig.11. Two-dimensional representations of the Hilbert spectra of the ECN signal for
AA2024-T3 exposed to 10" M NaCl. Hilbert spectra were calculated for 5 successive
segments of each 2000 s duration, from t=0-2000 s (1) to t=8000-10000 s (5).

The Hilbert spectrum shown in Fig. 8a indicates a decreasing inten-
sity across the entire instantaneous frequency range towards 4000
s. In the Hilbert spectra of the ECN signal shown in Fig. 5b, this
occurs at a later stage. This can be observed when comparing the
Hilbert spectrum shown in Fig. 8b with the one shown in Fig. 12b,
where the decrease is visible. The Hilbert spectra in Fig. 12a and
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Fig. 13. Hilbert spectrum of the ECN signal of AA2024-T3 exposed to 101 M NaCl, between 4000 s and 6000 s.

12b show that the few fast transients present in this segment, with however the absolute intensity of their related diffusion controlled
instantaneous frequencies above 5 x 10" Hz, now have a higher processes has decreased. The reason for this can be the competi-
relative contribution as compared to the reduced contribution of tion between precipitation of Ce (hydr)oxide on the one hand and
instantaneous frequencies below 5 x 102 Hz. Still, instantaneous its breakdown by chloride attack on the other. This gives rise to fast
frequencies below 5 x 1072 Hz have the largest relative amplitudes, metastable pitting events.
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During the next stage towards inhibition (spectrum 4), a
decrease of the contribution of instantaneous frequencies across
the entire frequency range is visible in Fig. 10a and 10b. Combined
with the negative drift in the EPN signal, this indicates the pres-
ence of a more robust Ce (hydr)oxide film: both fast metastable
pitting events as well as slow oxygen diffusion processes become
more inhibited. Subsequently, the final segment shows that when
an inhibited (steady) state is reached, almost no metastable pitting
events exist anymore. In addition, the final two-dimensional rep-
resentations of the Hilbert spectra of the ECN signals confirm that a
Ce-based inhibitor only inhibits corrosion processes related to the
cathodic intermetallic particles: after inhibition, still low frequency
information is present in the signal, which indicates that still a gen-
eral (diffusion controlled) corrosion process is active here. Note that
the absolute amplitudes of these large timescale processes have
diminished, which is visible in Fig. 5a and 5b by a smooth final part
of the ECN signal with fluctuations in the order of 1 nA. Instanta-
neous frequencies above 5 x 102 Hz (indicative for the competition
between chloride attack and formation of the inhibiting layer) are
absent here. Therefore, the Hilbert spectra show that for this final
segment all instantaneous frequency contribution, however small
in the original ECN signal, is in the range below 5 x 10-2 Hz.

The combination of the range of experiments at different con-
ditions, the associated EN measurements and the knowledge on
the processes available in literature strongly support our claim
that the proposed method is valuable in distinguishing different
stages in a corrosion inhibition process. However, hard evi-
dence can only be obtained when direct in-situ identification
of the corrosion process is performed. This type of experi-
ments will therefore have to be performed to further mature the
method.

4. Conclusions

This study demonstrates the ability of Hilbert spectra to investi-
gate transients in an EN signal for an aqueous corrosion inhibition
process. Transient analysis through Hilbert spectra enables the
identification of the inhibition process of AA2024-T3 by a Ce-
containing solution. Initial examination of specific features in the
ECN and EPN signals shows the presence of three characteristic
regions, which represent surface activity regimes ranging from
active (localized) corrosion to the inhibited state. Hilbert spectra
of the ECN signals allow identification of dominant instantaneous
frequencies occurring in these successive regions. Combined with
microscopic investigation, this can provide time-resolved informa-
tion about the evolution of the corrosion inhibition from EN signals.
Initially, the Hilbert spectra indicate a comparable decomposition
in instantaneous frequencies for the AA2024-T3 exposed to a Ce-
containing solution as compared to AA2024-T3 exposed to a 10!
M NaCl solution. Then the fast competition between precipitation
of Ce (hydr)oxide on the one hand and its breakdown by chloride
attack on the other becomes visible as a decrease in the number of
transients and an increase in relative contribution of instantaneous
frequencies above 5x 10°1 Hz in this stage. Finally, an inhibited state
is reached in which the Hilbert spectrum of the ECN signal indi-
cates that both high and low instantaneous frequencies decrease
in amplitude. Both fast metastable pitting events as well as slow
oxygen diffusion processes become inhibited, probably due to the
presence of a more stable Ce (hydr)oxide film at the surface.

The analysis procedure introduced in this work yields improved
applicability of ENM for the identification of an inhibition effect
in corrosion processes. By combining transient analysis through
Hilbert spectra with visual inspection of the EN signals in the time
domain and microscopic observations, on the one hand the effec-
tiveness of the inhibition process could be verified and on the other

hand, supported by literature, the nature of the corrosion attack
could be explained.

Combined with proper understanding of the physico-chemical
process and together with the non-intrusive nature of this mea-
surement technique, this is expected to be valuable for future fully
automated detection of corrosion phenomena.
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