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Hilbert spectra allow identification of instantaneous frequencies that are attributed to specific corrosion
mechanisms in electrochemical noise data. The present work proposes to identify and analyze areas of
interest in Hilbert spectra, which enables to obtain valuable frequency information from electrochemical
noise signals. Experiments were performed on AISI304 exposed to aqueous HCI solutions at different

pH values resulting in either distinct general or localized attack. Results indicate that application of the
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proposed transient analysis to Hilbert spectra provides a significantly improved determination of the
frequency characteristics of the electrochemical noise signals compared to time-frequency data analysis
without transient analysis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion processes are associated with electrochemical metal
dissolution processes, causing charge transfer reactions that gen-
erate spontaneous fluctuations in current and potential. These
fluctuations are detected by electrochemical noise measurements
(ENM) and defined as electrochemical noise (EN). Throughout
several decades, it has been the conviction of many researchers
that these spontaneously occurring current and potential signa-
tures contain valuable information about the underlying corrosion
processes. In fact, the first analysis of electrochemical poten-
tial signatures and their relation with corrosion characteristics
of the corroding metals was performed in the 1960s by Hag-
yard and Williams [1] and Iverson [2]. Hladky and Dawson [3,4]
reported on their investigations on characteristic fluctuations in
the electrochemical potential noise (EPN), generated by the occur-
rence of localized corrosion. These characteristic fluctuations are
defined as transients. Transient characteristics generally indicate
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different corrosion mechanisms. If transients in the current are
observed, these are often accompanied by transients in the poten-
tial [5,6]. Nowadays, the investigation of transients occurring in
electrochemical signals due to localized corrosion processes is also
reported for ENM under anodic and cathodic polarization [7-9].

The frequency contribution of each individual transient leaves a
specific signature, or ‘fingerprint’ that can provide information on
the nature of the related corrosion process. The most interesting
application of ENM is the ability to identify these localized corrosion
processes based on characteristic transient features, possibly the
most challenging task in corrosion monitoring [10-15].

Like many natural processes, corrosion processes are typically
nonstationary and nonlinear. A nonstationary process can induce a
direct current (DC) drift component in an EN signal, which is, e.g.
often visible by a changing mean value over time. An investigation
of this DC drift component and effective trend removal techniques
is presented elsewhere [16]. Commonly applied data analysis tech-
niques like calculation of standard deviation (and noise resistance)
or power spectral density of an EN signal presuppose a station-
ary process and require removal of this DC drift and/or windowing
prior to data analysis to be effective [17-21]. Therefore, these pro-
cedures are not altogether suitable for the analysis of EN signals.
Ideally, the identification of localized corrosion processes demands
a data analysis procedure without the precondition of stationarity
or linearity and with a high distinguishing capacity in both time
and frequency domain simultaneously. Until now, the (discrete)
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Fig. 1. Mechanistic information about corrosion processes that can be obtained from an energy distribution plot.

wavelet transform is the only suitable analysis technique in this
respect.

Discrete wavelet transform describes the EN signal at several
timescales or resolutions in so-called crystals [6,15,19,22-27]. The
relative energy contributed by each crystal can be visualized in an
energy distribution plot [6,19,22-28]. Such a plot provides mech-
anistic information about physical processes: the position of the
maximum relative energy in the energy distribution plot indi-
cates the dominant process in certain corrosion events and its
change can reflect the behaviour of the dominant corrosion pro-
cess [22,24,25,27,29,30]. In Fig. 1, a schematic representation of
the most essential information from an energy distribution plot is
provided.

Medium time scale crystals D4-D6 represent processes under
mixed control (regarding localized corrosion, both diffusion and
activation control can be of influence). Short timescale crystals,
typically D2 and D3, are associated with activation controlled
processes (these can be dominant if the localized corrosion is
metastable) and large timescale crystals D7 and D8 provide infor-
mation on diffusion controlled processes (dominant e.g. in the case
of general corrosion, but also in the case of other large timescale
processes [6,22,23,27]). In many cases the contribution of the
smooth S8 crystal to the total energy is considerably large, a phe-
nomenon that is mainly attributed to the DC drift in the original
signal [6,22-24,27,28].

Contrary to the empirical mode decomposition, the alternative
time-frequency method that will be used in this work, the number
of iteration steps (and therefore the number of detail crystals) is
user defined. It is experimentally determined that an eight-level
decomposition is sufficient to capture the valuable mechanistic
information in detail crystals D1-D8 [6,22-30].

For a more detailed discussion on discrete wavelet transform
as performed in this work, please refer to an earlier paper by the
authors [16].

An interesting alternative approach is the application of the
Hilbert-Huang transform as was first proposed by Huang et al. [31].
This transform is based on the assumption that any nonlinear and
nonstationary signal consists of multiple characteristic scales, or
intrinsic modes of oscillation, each superpositioned 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.
Unlike the wavelet transform, where wavelet crystals describe a
signal on the basis of a pre-defined wavelet and using function
orthogonality, here the basis is derived directly from the data itself,
making the empirical mode decomposition flexible and adaptive
[31-34]. A detailed description of the empirical mode decompo-
sition and Hilbert-Huang transform procedure as performed in
this work is reported by the authors in a prior work [35], where
Hilbert spectra have been proposed for the analysis of EN signals
under open-circuit conditions in corrosion studies. It was shown
that Hilbert spectra enable a detailed determination of the instan-
taneous frequency composition of individual corrosion phenomena
observed in the electrochemical current noise (ECN) and EPN sig-
nals at any given moment in time. This accurate fingerprinting

capability enabled to identify and distinguish between different
corrosion mechanisms [35]. Regarding the interpretation of EN sig-
nals, this ability makes the Hilbert-Huang transform a valuable data
analysis technique.

Hilbert spectra can exhibit a significant low-frequency contri-
bution outside the areas that are representative for transients. Such
artefacts can be considered as side effects of the sifting process. The
sifting process as performed in this work is described in detail else-
where [35]. Ideally, the sifting process must satisfy two seemingly
incompatible requirements to extract the intrinsic mode functions
as shown in the example of Fig. 5b. First, an exact determination of
instantaneous frequencies through the subsequent Hilbert-Huang
transform requires the elimination of riding waves and a symmet-
rical wave profile of the intrinsic mode functions. For this purpose
a large number of sifting iterations is preferential [36]. On the con-
trary, too many sifting iterations will reduce the local variations
of the fluctuations under study, thereby decreasing their physi-
cal meaning. The stopping criterion for the sifting iterations thus
reflects a compromise between these two opposite requirements
[36].As anexample, in Fig. 5b from d8 downwards, increased ampli-
tudes of the intrinsic mode functions outside the occurrence of
a transient are observed. These generate increased amplitudes of
instantaneous frequencies shown in the Hilbert spectrum of Fig. 6a,
outside the areas that are reflected by the duration of the transi-
ents, and therefore outside the areas that are considered to have a
physical origin.

The present work aims to illustrate that Hilbert spectra allow the
identification of only the instantaneous frequency contributions
that are directly related to the occurring corrosion mechanisms.
The artefacts discussed before will be shown to be largely neglected
by this method. The main contribution of this work is the pro-
posal of an advanced data analysis method examining only those
areas of a Hilbert spectrum where these instantaneous frequencies
are present. This yields increased discrimination ability between
different corrosion mechanisms as compared to discrete wavelet
transform. The advantages will be demonstrated using EN data
from exposure experiments of AISI304 to aqueous HClI solutions at
different pH values. These experiments will generate distinctly dif-
ferent corrosion morphologies, ranging from general to local attack.

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 stainless steel AISI304 working electrodes.
The measurement setup and electrochemical cell configuration is
identical to the one described earlier [35].

The working electrodes were partly coated with an epoxy
primer to prevent crevice corrosion and embedded in coupons
using an epoxy resin. Only a well-defined area of 0.05 cm? of each
working electrode was exposed to the electrolyte. The working
electrodes were wet ground using up to 4000-grit SiC paper. After
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rinsing with demineralized water and microscopic inspection for
irregularities they were stored under ambient conditions at 20°C
for 24 h. The reference electrode used was a Radiometer analytical
Red Rod type REF201 (Ag/AgCl/sat. KCl: 0.207 V vs. SHE). The elec-
trolytes used were aqueous HCl solutions made from demineralised
water and reagent, at three different concentrations: 0.1, 0.01 and
0.001 M, corresponding with pH 1.0, 1.9 and 3.0, respectively. All
solutions were open to air. The duration of each exposure to the
electrolyte was 1000 s, equal to the duration of each measurement.
The electrochemical cells were placed in a Faradic cage to avoid
electromagnetic disturbance from external sources. The ambient
temperature was controlled at 20°C. The samples were micro-
scopically inspected afterwards using an optical microscope with
maximum magnification of 1000x. At each electrolyte concentra-
tion 9 EN measurements were performed.

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 measure-
ments described in this work was 5Hz. A low-pass filter of 10Hz
was applied during data recording. Instrumental noise generated
by the measuring equipment is considered the only significant
unwanted noise source between the Nyquist frequency (2.5Hz
here) and the cutoff frequency of the low-pass filter (10Hz) that
could cause aliasing and was therefore closely verified. This is
described in more detail in a recent paper by the authors [35].
All other noise sources are expected to be well above the cutoff
frequency of the low-pass filter. The maximum range of the zero
resistance ammeter was set at 10 A for the measurements in HCl at
pH 1.0 and 100 nA for the other measurements, and the maximum
range of the potentiometer was set at 100 mV. In order to enhance
the resolution of the measured EPN signal, the initial potential is
measured and subsequently electronically adjusted to zero. From
then, the cell potential is measured relative to this new reference
potential. This allows a narrower potential range setting of 100 mV.
The increased resolution is useful in the case of transient analysis
as performed in this work, where instantaneous frequencies in the
mid to high frequency range can be important for the characteriza-
tion of transients [35].

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. [37,38].

2.2. Transient analysis based on Hilbert spectra

The principle of transient analysis as proposed in this work con-
sists of two steps: identification and selection of the areas of interest
in the Hilbert spectra and the subsequent analysis of the instanta-
neous frequencies present in these areas.

2.2.1. Identification and selection of areas of interest

The first step is to identify each transient in the ECN signal in
order to determine its corresponding area with instantaneous fre-
quencies in the Hilbert spectrum. To locate transient boundaries, an
understanding of the different processes reflected by the transients
is important. The precise definition of the boundaries may depend
on the specific features of the process and associated transient. The
procedure will be demonstrated here for a typical corrosion pro-
cess as investigated in this work. Fig. 2 shows an actual ECN and
EPN transient in grey, extracted from the EN signals of AISI304
exposed to an aqueous HCl solution at pH 3.0, together with the
adopted procedure for transient identification and selection, that
will be explained in more detail at the end of this subsection.
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Fig. 2. View of ECN (top) and EPN (bottom) transients of the EN signals of AISI304
exposed to an aqueous HCl solution at pH 3.0, with their characteristic phases and
a schematic representation of the procedure of identification and selection of a
transient.

For the measurements carried out in this electrolyte, only
metastable pitting processes were observed. Four phases can be
distinguished in the transients depicted:

1. Pit initiation;

2. Metastable growth;

3. Pit repassivation;

4. Regeneration of the passive film and discharge of the interfacial
capacity of the repassivated surface.

Note that the difference between the start and end point of the
potential transient (indicated with the up-down arrow) is due to a
gradual drift of the EPN signal during the measurement. This effect
can e.g. be observed in the raw EPN signal displayed in the top
graphs of Fig. 5a and b. Each couple of ECN and EPN transients rep-
resents all processes related to the lifetime of a specific metastable
pit in stainless steel, from pit initiation to the final regeneration
of the passive film and discharge of the interfacial capacity of the
repassivated surface.

Pit initiation is indicated as the first phase of an ECN or EPN
transient as the onset of metastable growth [39]. After initiation,
metastable pits grow through a mechanism of undercutting the
passive film [40]. Metastable growth is predominantly under dif-
fusion control and is mainly determined by the Ohmic resistance
of the perforated pit cover; i.e. its ability to withstand diffusion
[40-42]. This phase is associated with the increasing magnitude of
the ECN and EPN transient [39,40,43].

Repassivation takes place if the pit cover is penetrated and the
pit stops growing [40]. This relatively fast process corresponds to
the point where the magnitude of the ECN transient becomes zero
again [39,43]. Subsequently, a discharge of the interfacial capacity
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Fig. 3. (a) Micrograph of an AISI304 working electrode surface exposed to an aqueous HCI solution at pH 1.0 for 1000s. (b) Micrograph of an AISI304 working electrode
surface exposed to an aqueous HCl solution at pH 1.9 for 1000s. (c) Micrograph of an AISI304 working electrode surface exposed to an aqueous HCl solution at pH 3.0 for

1000s.

of the repassivated surface takes place and the potential recovers,
reflected by the gradual decrease of the amplitude of the EPN tran-
sient towards zero [39,44].

The area of the Hilbert spectrum associated to the duration of the
ECN and EPN transient couple can be regarded as representative for
the processes associated with the respective metastable pit. In the
case of the measurements described in this work, the first step here
is to define approximate transient locations as the ranges where
the absolute magnitudes of the ECN as well as the EPN signal are
larger than the amplitudes of these signals after application of a
moving average smoothing filter with a span of 100 data points.
The left side of Fig. 2 represents this procedure. The ECN and EPN
transients after the moving average smoothing filter are shown in
black. This results in a set of ranges of the EN signals, equal to the
number of transients present. Second, for each of these ranges the
initiation and end of the associated metastable pit event is located
separately. Initiation of each metastable pit event is detected as
the intersection of the absolute magnitude of the ECN signal with
the amplitude of the signal after application of the moving average
smoothing filter. This point is defined as the starting point of the
area of interest in the Hilbert spectrum. The final part of each area
of interest is detected as the first location where the first derivative
of 5 consecutive data points of the EPN transient crosses zero, or is
equal to zero. This is schematically shown at the right hand side of
Fig. 2. As such, N metastable pit events generate N areas of interest
in a Hilbert spectrum.

In the absence of transients, e.g. in the case of a smooth ECN sig-
nal resulting from a general corrosion process, no areas of interest
are defined and the entire Hilbert spectrum is analyzed in the next
step.

2.2.2. Analysis of areas of interest

After discriminating the areas of interest in the Hilbert spec-
tra, their decomposition in instantaneous frequencies must be
analyzed in detail. To achieve this, first the amplitudes of the

instantaneous frequencies present in these areas are normalized.
The reason for this is that in some cases, artefacts (as explained
in the introduction) are associated with (low) instantaneous fre-
quencies with considerable high amplitudes, as compared to the
amplitudes of instantaneous frequencies present within the areas
of interest. The ability to discard artefacts present outside the areas
of interest together with normalization of instantaneous frequen-
cies inside these areas thus yields a good identification of only the
frequency information of interest, while maintaining their ampli-
tude proportions.

After discarding artefacts and normalization of the amplitudes
in the Hilbert spectrum, the maxima present in all areas for each
instantaneous frequency are averaged. The reason for averaging is
that the amplitudes of instantaneous frequencies of some (large)
transients dominate over those of others. The combination of nor-
malization and averaging provides the required insensitivity for
one or two dominant transients.

It is useful to note that the procedure of transient analysis as
proposed in this work (without the final averaging) also allows
investigation of the instantaneous frequency characteristics of one
specific transient of interest. This ability can proof valuable in the
case of in situ corrosion monitoring purposes, where the concern
is mainly on the potential presence of a single pit with a large pen-
etration. Application of the proposed transient analysis procedure
to compare the instantaneous frequency characteristics of this sin-
gle event with those of other localized processes present in the EN
signals could yield an improved understanding of the mechanistic
differences between individual localized corrosion events.

3. Results and discussion

In this section, first the characteristics of the corrosion processes
will be discussed, after which an example of the application of tran-
sient analysis is provided. The experimental series involve AISI304
exhibiting general corrosion (pH 1.0) and localized corrosion (pH
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Fig. 4. (a) Example of an ECN and EPN signal of AISI304 exposed to an aqueous
HCI solution at pH 1.0 for 1000s. (b) Example of an ECN and EPN signal of AISI304
exposed to an aqueous HCl solution at pH 1.9 for 1000s. (c) Example of an ECN and
EPN signal of AISI304 exposed to an aqueous HCI solution at pH 3.0 for 1000s.

1.9 and 3.0) with different corrosion behaviour in each series.
Finally, the performance of the data analysis procedures is inves-
tigated based on their ability to identify and discriminate between
different corrosion mechanisms.

3.1. Corrosion morphology

In the case of AISI304 exposed to HCI solution at three dif-
ferent concentrations, for each concentration different corrosion
behaviour is observed. The measurements showed good repro-
ducibility, no significant mechanistic changes were observed after
repeating the measurements multiple times.

Fig. 3 shows examples of micrographs of the AISI304 working
electrodes after exposure to HCI at pH 1.0 (a), 1.9 (b) and 3.0 (c)
for 1000s. In Fig. 4, example ECN and EPN signals are provided for
these experiments.

The example micrograph shown in Fig. 3a is typical for a gen-
eral corrosion process. It visually confirms a relatively uniformly
attacked surface and some darker spots with a diameter of up
to 3 wm that are more severely attacked. These spots are shal-
low pits, with a maximum depth of approximately 1 wm or less
(determined with an optical microscope). For AISI304 in the active
state, transients are not expected to be significant [45]. The current
record shown in Fig. 4a is characterized by its smoothness, which
is generated by the steady diffusion-controlled process [23]. In the
absence of high-frequency transients, this smoothness indicates

a significantly large low-frequency contribution (i.e. presence of
large timescale processes) or DC drift [23,25,44,46].

Increasing the pH from 1.0 to 1.9 had a large effect on the
corrosion characteristics of the AISI304 working electrodes, as
is indicated in Fig. 3b, which shows an example of this. The
micrograph indicates the existence of a large number of pits at
the working electrode surface after the experiment, without the
irregular features of general attack as was the case in the previ-
ous series. The pit depths (determined with an optical microscope)
are approximately 3-4 wm. Without forming stable pits within the
duration of each experiment, the large number of metastable pits
generated transients in the ECN and EPN signals shown in Fig. 4b,
many of them existing within the timeframe of others and as a
result appearing partly superpositioned on each other in the ECN
and EPN signals.

The example micrograph provided in Fig. 3c indicates a smooth
working electrode surface with a smaller number of pits after 1000 s
exposure to HCl solution at pH 3.0 than in the case of Fig. 3b (pH
1.9). Relating the exact amount of observed pits to the amount of
transients present in the ECN or EPN signal during a single mea-
surement at pH 3.0 is hindered, because pits sometimes become
difficult to observe due to the presence of their pit cap, which forms
after repassivation. The pit depths were in the order of 1-2 pum
(determined with an optical microscope). In the measured ECN and
EPN signals, the transients can be clearly distinguished as shown
in the example signals provided in Fig. 4c. A metastable behaviour
of pitinitiation, limited growth and repassivation is visible and the
metastable pitting phenomena are well distinguishable from each
other.

3.2. Application of transient analysis

The procedure of identification, selection and analysis of areas of
interestisillustrated by using an example ECN signal after exposure
of AISI304 to an aqueous HCl solution at pH 3.0 for a duration of
1000s.

First the wavelet and empirical mode decomposition of the ECN
and EPN signals is shown in Fig. 5a and b. Fig. 5a shows an eight-
level wavelet decomposition of the signals based on a Daubechies
4 wavelet and Fig. 5b shows their empirical mode decomposition.
The original ECN and EPN signals are displayed at the top. Note that
to enhance the resolution of the measured EPN signal, the initial
potential was measured and subsequently electronically adjusted
to zero. From then, the cell potential is measured relative to this
new reference potential. This allows a narrower potential range
setting of 100 mV.

Fig. 6 shows the Hilbert spectrum of the ECN (a) and EPN (b)
signal obtained from this experiment. The original ECN and EPN
signals are now displayed at the backside of the Hilbert spectra
with their relative amplitudes.

In the Hilbert spectra shown in Fig. 6 multiple transients
are visible, together with their decomposition in instantaneous
frequencies, all with a clear localization in time. In Fig. 6a, a
large low-frequency contribution at approximately t=300s can be
observed. It is clear that this low-frequency information is located
outside the area that is representative for the large transient start-
ing just before t=350s. This is considered to be an example of
possible artefacts arising in Hilbert spectra as explained in the
introduction.

The Hilbert spectra of the EPN signals all show similar frequency
characteristics, involving a relatively large low-frequency (below
10-2 Hz) part and a rapid decrease towards the higher parts of the
Hilbert spectra. According to Fig. 2, the shape of an EPN transient
obtained from a metastable pitting process of AISI304 is determined
largely by the discharge of the interfacial capacity of the repas-
sivated surface. This is typically a large timescale phenomenon
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Fig. 5. (a) Decomposition of an original ECN and EPN signal of AISI304 exposed to an aqueous HCl solution at pH 3.0 for a duration of 1000 s into their respective detail and
smooth crystals. (b) Decomposition of an original ECN and EPN signal of AISI304 exposed to an aqueous HCl solution at pH 3.0 for a duration of 1000's into their respective

detail and residual components.

resulting in a gradually decreasing magnitude of the EPN tran-
sient after each moment of repassivation. Whereas repassivation
is well distinguishable in the Hilbert spectrum of an ECN signal
through clearly detectable higher frequency components (between

10-2 and 10-'Hz), the subsequent discharge of the interfacial
capacity of the repassivated surface has a substantial influence on
the Hilbert spectra of the EPN signal. The example Hilbert spec-
trum provided in Fig. 6b visualizes this: the intrinsic frequencies
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Fig. 6. (a) Hilbert spectrum of the ECN signal of AISI304 exposed to an aqueous HCI solution at pH 3.0 for a duration of 1000s. (b) Hilbert spectrum of the EPN signal of

AISI304 exposed to an aqueous HCl solution at pH 3.0 for a duration of 1000s.

above approximately 10~2Hz are small compared to the low-
frequency content. Moreover, the effect of a dominating frequency
contribution of one or two transients with respect to others can be
observed.

The slow process of discharge of the repassivated surface takes
place within the timeframe of each transient, resulting in consider-
able contribution of low instantaneous frequencies in each area of
interest of the Hilbert spectra, for all investigated corrosion mecha-
nisms. It is recognized that this will prevail over any low-frequency
artefacts present outside the timeframes of transients. Because of
this and because Hilbert spectra of the ECN signals are not affected
by the capacitive discharge processes, in this work only ECN signals
are investigated. These are shown to provide a good discrimination
between the different corrosion processes investigated here and to
reflect the rapid metastable pitting processes properly.

In order to compare the frequency information from Hilbert
spectra directly to that of energy distribution plots as a reference, in
this work a two-dimensional representation of the relative contrib-
utions of instantaneous frequencies in the spectrum is used. This
may be best imagined as compacting the 3D spectrum into a 2D plot
by removing the time axis, which allows presentation of frequency
information from multiple Hilbert spectra in one plot in the next
subsection.

For the example Hilbert spectrum of the ECN signal provided in
Fig. 6a the two-dimensional representations of the instantaneous
frequencies, with and without transient analysis, as well as the
energy distribution plot, are provided in Fig. 7. In Fig. 73, for series 1
each data point represents the average of the maxima present in all
areas of interest for the respective instantaneous frequency. Series
2 shows the maxima of the instantaneous frequencies presentin the
entire Hilbert spectrum, including the spectrum areas between the
areas of interest. Fig. 7b shows the energy distribution plot of the
entire signal. The contribution of the smooth S8 crystal is subtracted
from the total signal energy.

For a measurement of AISI304 exposed to HCl solution at pH 3.0,
no large low-frequency contribution to the ECN signal is expected
(aswill be explained in Section 3.3). However, series 2 in Fig. 7a indi-
cates the presence of a substantial low-frequency (around 10-2 Hz
and lower) contribution to the overall signal. The reason for this
can be found in the presence of low-frequency artefacts in this case.
This indicates the advantage of the ability to ignore artefacts in the
spectrum in the case of series 1 in Fig. 7a.

In addition, series 2 in Fig. 7a is mainly dominated by the contri-
bution of instantaneous frequencies of the large transient starting
just before t=350s, visible in Fig. 6a. The energy distribution plot
displayed in Fig. 7b also shows this effect: the relative energy
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contribution of detail crystals D7 and D8 is higher than expected
for this measurement. In the case of a significant difference in
magnitude between individual transients, the relative energy con-
tribution of detail crystals in the energy distribution plot is indeed
likely to be dominated by the largest transient(s); discrete wavelet
transform only takes into account the entire signal and does not
differentiate in its spectra between individual transients (i.e. there
is no time resolution). Using wavelet transform, this problem of one
or two transients dominating the spectrum is therefore difficult to
solve. Using Hilbert spectra, this issue is avoided by making use of
their ability to distinguish the instantaneous frequency contribu-
tion of individual transients.

Summarized, the possibility provided by a Hilbert spectrum
to locate the contribution of instantaneous frequencies in time
enables to differentiate between areas of the spectrum that are rep-
resentative for the localized corrosion processes and areas that are
not. The advantage of this ability is indicated here by the difference
in low frequency contribution between series 1 in Fig. 7a on the
one hand and series 2 in Fig. 7a and the energy distribution plot in
Fig. 7b on the other. For empirical mode decomposition, in Fig. 5b
part of the low frequency information can be regarded as artefacts
from the perspective of transient analysis. Furthermore, both series
2in Fig. 7a as well as the energy distribution plot in Fig. 7b are influ-
enced largely by the transients with the highest amplitudes. Series 1
in Fig. 7aindicates that if only instantaneous frequency information
is taken into account that is located within areas of the Hilbert spec-
trum enclosed by the timeframes of the transients (and therefore

can be regarded as representative for the corrosion process), this
results in an improved accuracy of frequency information.

3.3. Frequency information

A discussion about the specific ability of Hilbert spectra to
provide information on the corrosion characteristics of AISI304
exposed to an aqueous HCl solution at pH 1.0, 1.9 and 3.0 was
reported earlier [35]. This subsection discusses the comparison
between instantaneous frequency information provided by Hilbert
spectra after transient analysis and without transient analysis,
based on these three different measurement series. In addition,
these findings will be compared to results from mechanistic infor-
mation obtained from energy distribution plots.

Fig. 8a shows a two-dimensional representation of the instan-
taneous frequency information in Hilbert spectra after transient
analysis, each time for the ECN signals of three measurements at pH
1.0, 1.9 and 3.0, respectively. Each data point represents the aver-
age of the maxima present in all areas of interest for the respective
instantaneous frequency. Fig. 8b shows two-dimensional repre-
sentations of the instantaneous frequency information in Hilbert
spectra of the same measurements without transient analysis.
Here the data points indicate the maxima of the instantaneous
frequencies present in the entire Hilbert spectra. So in that case
the transients have not been discriminated. Fig. 8c represents the
energy distribution plots for these signals, also each time for the
entire signal. The contribution of the smooth S8 crystal is each time
discounted from the total signal energy.

For the measurements at pH 1.0, the two-dimensional represen-
tations of the Hilbert spectra show the presence of instantaneous
frequencies only at the lowest frequency end of the spectrum,
mainly below 10-2Hz, and negligible instantaneous amplitudes
in the higher frequency region. This behaviour is typical for a
diffusion-controlled process, to a large extent dominated by large
timescale processes [23]. Low frequency components in the ECN
signal would therefore form the largest part of the Hilbert spectra
along the entire time axis and, as a result, also dominate their two-
dimensional representations. The Hilbert spectra shown in Fig. 8a
and b are identical for these three measurements, since no trans-
ients were observed in the smooth original ECN signals. For this
condition (pH 1.0), there is good correspondence between the infor-
mation obtained from the Hilbert spectra shown in Fig. 8a and b and
that obtained from the energy distribution plots shown in Fig. 8c.
For the latter, the energy from the ECN signals is mainly located in
detail crystal D8 and decreases rapidly towards shorter timescales.

By increasing the pH from 1.0 to 1.9, the Hilbert spectra of
the ECN signals show an increase of activity at higher frequen-
cies, above 1072 Hz, which indicates the presence of a more stable
passive oxide film [46]. Therefore initiation, metastable growth
and repassivation of pits become visible. The relative contribution
of instantaneous frequencies below 10~2 Hz (corresponding with
large timescale processes) to the entire ECN signal of AISI304 has
decreased in comparison to the exposure to HCl at pH 1.0, since the
corrosion process is now less diffusion-controlled [23].

The two-dimensional representations of the instantaneous fre-
quency information from the Hilbert spectra after transient analysis
shown in Fig. 8a provide well-defined frequency decomposi-
tions of the ECN signals. These decompositions correspond with
the expected frequency characteristics of the corrosion processes
investigated here. The large number of transients present in each
EN signal yields superpositioning of transients, which makes the
estimation of the instantaneous frequency contribution of indi-
vidual superpositioned transients less accurate. However, this
inaccuracy is compensated by the large total number of transients,
since the superpositioning (or overlap) occurs each time at different
locations. InFig. 8b, alarge peak can be observed around 2 x 10~ Hz
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in the two-dimensional representation of a Hilbert spectrum indi-
cated with the round markers (the third series). This peak is not
present after transient analysis, as shown in Fig. 8a, where the three
two-dimensional representations of the Hilbert spectra all show
similar frequency characteristics. In the energy distribution plot
shown in Fig. 8c, this (third) measurement shows a larger relative
energy contribution of detail crystal D6, as compared to the other
two measurements presented. The reason for this difference can be
explained by the averaging effect of transient analysis regarding the
instantaneous frequency contribution of a transient with different
frequency characteristics. Exceptional transients therefore have a
limited effect on the final result. The two-dimensional represen-
tations of the Hilbert spectra without transient analysis and the
energy distribution plots do not average these differences, but are
rather influenced predominantly by the largest transients. These
have a significant influence on the decomposition of the signals
into their characteristic timescales for empirical mode decompo-
sition and on the relative energy contribution of detail crystals of
the signals for discrete wavelet transform. This becomes visible in
Fig. 8b and c as less consistency in frequency behaviour of nomi-
nally identical measurements. In addition, this frequency behaviour
is not entirely in correspondence with the expected frequency char-
acteristics for the observed corrosion mechanisms.

The two-dimensional representations of the Hilbert spectra for
the measurements at pH 3.0, provided in Fig. 8a and b, indicate
a further decrease in the relative contribution of instantaneous
frequencies below 102 Hz as compared to the Hilbert spectra of
the ECN of the previous series. This is also visible in the large
timescale crystals of the energy distribution plots shown in Fig. 8c
as a decrease in the relative energy contribution of detail crystal
D8. Hindered by an increased stability of the passive oxide film, the
influence of diffusion has decreased further [23]. In addition, a clear
increase of the relative contribution of instantaneous frequencies

between 10~2 and 10~ Hz can be observed, also indicating a more
stable passive film [46]. The increased relative energy contribution
of medium timescale crystals D5, D6 and, to a less extent, D3 and
D4, in the energy distribution plots shown in Fig. 8c corresponds
with this observation.

Although the Hilbert spectra and energy distribution plots show
similar frequency characteristics of the corrosion phenomena, the
ability of the Hilbert spectra to differentiate between individual
transients proves to be an important advantage. The expected
frequency characteristics of the measurements investigated here
are best reflected by the two-dimensional representations of the
instantaneous frequency information from the Hilbert spectra
after transient analysis shown in Fig. 8a. By considering only
the instantaneous frequency contribution that can be regarded as
representative for the localized corrosion processes (i.e. applying
transient identification, selection and analysis) instead of inves-
tigating the entire signal, the measurements investigated in this
work could be decomposed in distinct and well-recognizable
instantaneous frequencies. This yields an improved discrimina-
tion between different corrosion characteristics as compared to the
energy distribution plot.

4. Conclusions

The advantage of Hilbert spectra to locate the instantaneous fre-
quency contribution of individual localized corrosion phenomena
in time has been demonstrated in earlier work of the authors [35].
The present work has shown that investigation of two-dimensional
representations of the specific areas of interest in these Hilbert
spectra in most cases provided an accurate and robust descrip-
tion of the characteristic frequency properties of localized corrosion
processes occurring during the experiments investigated here.
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The method as proposed here for transient identification and
selection of AISI304, used to select specific areas of the Hilbert
spectra that can be regarded as representative for localized corro-
sion processes, enables to discriminate between valuable frequency
information and probable artefacts. Application of the method was
shown to yield an improved definition of frequency characteristics
of different corrosion mechanisms. Experiments were performed
involving three well-known corrosion processes, exposing AISI304
in aqueous HCI solutions at different pH values. The frequency
characteristics visible in two-dimensional representations of the
Hilbert spectra of the ECN signals after transient analysis proved
to be more consistent with the theoretically expected frequency
contribution of corrosion mechanisms than information obtained
from a similar analysis without transient analysis. Comparison with
the information obtained from energy distribution plots based on
wavelet transform confirmed the increased accuracy of the pro-
posed transient analysis.
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