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Abstract

Two kinds of time records are found when measuring electrochemical noise: those presenting characteristic
transients or spikes, and others in which neither transients nor spikes can be distinguished. Although the former are
likely to be more informative than the latter, most of the methods developed for analyzing electrochemical noise are
focused on studying the latter. This paper suggests a methodology for automatically studying the appearance of the
transient, which could represent a significant advance in the field of corrosion monitoring and laboratory investiga-
tion. The proposed methodology is based on a mathematical tool called the wavelet transform, whose principal
characteristic is that it enables a simultaneous analysis of signals in both time and scale. Thus a subsequent interscalar
analysis of the signals can reveal the existence of transients and even provide a comparative characterization of their
size and scale. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The interpretation of data from electrochemical noise
measurements (ENM) frequently requires using detailed
analysis. The most appropriate method depends on the
features of the particular electrochemical noise (EN)
signal. We can distinguish two main kinds of EN time
records: those in which it is possible to recognize dis-
tinctive-shaped spikes and those formed by irregular
fluctuations. EN time records containing transients are
generally considered to contain more information than
the other kind. In fact, recently, various experimental
arrangements have been proposed to encourage the
appearance of transients [1-3]. Generally, the analysis
of spikes is achieved by visual inspection, which compli-
cates the monitoring of the signal. Nowadays, there are
commercial software applications that are able to detect
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transients. However, they are usually not very efficient
since the spike detection is based simply on establishing
a threshold value over the raw data.

The most commonly-used EN analysis methods
(statistical and spectral) were devised for stationary
signals that do not show distinctive transients [4]. The
main disadvantage of those methods is that they ana-
lyze signals by averaging the features across the whole
time record. To avoid this limitation, the discrete
wavelet transform (DWT) has been proposed [5,6] for
the study of both stationary and non-stationary EN
time records. In the cited papers, the use of a new kind
of representation, energy distribution plots (EDPs), is
proposed to discriminate different types of EN records
when power spectral density plots fail. In addition, the
development of two corrosion processes that evolve
simultaneously in the same system has been monitored
separately by using wavelet transform [7].

The discrete wavelet transform consists in expressing
a discrete signal, x, n=1,2, ..., N, as a function of a
series of basis function ¢;,, and y;, [8]:
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where s,,, d;,. d;_,,, d,, are vectors termed ‘crystals’
which contain wavelet coefficients. The term ‘crystal’ is
used because the wavelet coefficients in a crystal corre-
spond to a set of translated wavelet functions arranged
in a regular lattice [8]. The wavelet coefficients in s,
are also called smooth coefficients, while the remaining
wavelet coefficients in Eq. (1) are called detail coeffi-
cients. Each crystal describes the original signal on a
different scale. The scale of the crystals is given by the
subscript j while J is the maximum scale analyzed. The
basis functions ¢;, and y;, are generated by scaling
and translating the so-called father wavelets ¢ and
mother wavelets i, which constitute a pair of oscillat-
ing functions with a limited span of time.

The aim of this study is to devise an automatic
method based on wavelet analysis for the study of study
time records containing transients. Specifically, we pro-
pose an algorithm which can enable the position of the
transients to be located and the transients to be
classified in terms of their time constant and size. A
discussion in greater depth of the use of wavelets to
analyze electrochemical noise can been found in Ref.
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Fig. 1. Diagram of the steps in the proposed algorithm.

2. Transient-detecting algorithm

As mentioned above, the use of the wavelet trans-
form to detect and classify transients in EN time
records is proposed in this paper. The position of the
transient will be provided by indicating the beginning
of the transient, while the classification will consist of
two parameters: the scale of the transient and its size.
Furthermore, it will be assumed that transients can
overlap one another, therefore a ‘transient’ with several
peaks will be considered as several transients. To
achieve this, an algorithm based on DWT is proposed
here. This algorithm can be divided into five steps, Fig.
1, each of which is explained in detail below.

2.1. Non-decimated wavelet transform

The first step in the algorithm is to decompose the
voltage and current signals using a non-decimated
wavelet transform, also known as the stationary
wavelet transform or translation invariant wavelet
transform [8]. This transformation is a variation of the
orthogonal discrete wavelet transform used in [5]. Un-
like the classical DWT, which has fewer coefficients at
coarser scales, each crystal for the non-decimated DWT
has N coefficients where N is the number of points in
the signal data set [8]. Thus, there is a wavelet coeffi-
cient in each crystal associated with every data point.
This characteristic makes it possible to perform an
interscalar analysis, which is the basis of step 3 in this
algorithm.

An important parameter to be selected when it comes
to performing a wavelet transform is the pair of
wavelets, ¢ and ¥, used to compute the coefficients. In
order to perform the transient detection proposed in
this paper, the mother wavelet should be as close as
possible in appearance to the transients, while the fa-
ther wavelet is determined by the choice of mother
wavelet. However, mother wavelets are functions that
oscillate around zero for a number of times, while
transients in EN are usually represented by a deviation
from and subsequent return to the mean (but which
does not repeatedly cross the stable mean value). There-
fore, it is difficult to find a mother wavelet that fits the
transient shape. Nevertheless, we have found that the
so-called Haar wavelets yield a fairly good result, since
their shape provides an emphasis of the sudden change
that a transient causes in the signal. Furthermore, the
simplicity of this kind of wavelet makes it easier to
implement the algorithm in a monitoring system.

As pointed out in Ref. [5], one of the advantages of
classical DWT against FFT is that it is possible to
apply a variety of boundary conditions that avoid
undesired effects. In the case of non-decimated DWT,
these boundary conditions are limited to extending the
signal as if it were periodic, as in the case of FFT.
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Therefore, every coefficient calculated through a
wavelet basis that exceeds the time record limits is
influenced by the boundary effect. Nonetheless, due to
the localized nature of the wavelet basis functions (the
oscillations damp down to zero quickly), only a few
coefficients at the boundaries of the crystals are influ-
enced by this effect. Thus, the problem is solved in this
algorithm by ruling out the points associated with those
coefficients. Since the width of the wavelets used to
deduce each crystal increases with the crystal number j,
the number of coefficients to be discounted in each
crystal depends on j. So, the first 2/~ ! — 1 and the last
2/~ 1 wavelet coefficients must be removed from every
crystal. Thus, if J is the highest crystal used in the
wavelet transform, the data points to be utilized in the
analysis are those that occupy the 2’ ~! to the N-27 !
positions. To sum up, from a signal x, n=1,2, ..., N,
this step provides J+ 1 crystals:

sJ,m dJ,ns dJ*l,ns dl,n

each of which describes x, n=2'"1 .., N—2/"1 at
different scales by means of N — 27+ 1 wavelet coeffi-
cients. Therefore, when this procedure is applied to the
current and voltage noise signal, the following crystals
are yielded:

v v v v
Sywdypdy_y s di, and
I I 1 I

SJ,m dJ,n’ del,m sy dl,n

where the superscripts I and V refer to the origin of the
crystals — either current noise or voltage noise. How-
ever, the smooth wavelet coefficients, s,, will not be
used any more in this algorithm as they provide a
description of the signal at a very large scale, which is
of no interest for the study of transients.

2.2. Voltage sign condition

Transients usually appear in EN time records when
the electrodes are undergoing a localized corrosion
process. In such cases, positive and negative current
transients arise randomly in the same time record,
depending on the electrode in which the anodic process
occurred at the time. However, the corresponding
voltage transients have the same sign. So, for example,
a micropit initiation often involves a sudden voltage
decrease followed by voltage recovery as consequence
of the subsequent cathodic reaction [9].

Owing to the shape of the Haar wavelet, a signal
decrease on a given scale gives rise to a positive wavelet
coefficient and vice versa. We take advantage of this
characteristic to construct the first rejection criteria for
discarding those data points not corresponding to the
beginning of a transient. Thus, this step consists of
creating a new series of vectors, d'} ,,d'}/_, ,.....d"} .
from the J voltage detail crystals obtained in the previ-
ous step, so that all negative coefficients are reduced to

zero, when negative voltage excursions are expected.
Otherwise, the coefficients that are reduced to zero are
the positive ones. The time positions of all the zero
coefficients are ruled out by this procedure.

2.3. Interscalar analysis

An interscalar analysis consists of studying the corre-
lations among wavelet coefficients of different crystals
for each instant. This type of analysis has previously
been used in the phase identification in seismograms
[10]. The main idea behind this step is that the most
pronounced features of the EN signals should appear in
the wavelet coefficients across several crystals. Thus,
the principal criterion for deciding whether or not a
transient begins at a given time is that there must be a
high correlation across several scales.

A time function that measures the correlation among
some crystals, a correlation function, can be con-
structed by multiplying the corresponding crystals so as
to obtain another vector with the same number of
elements as the crystals. Thus, when every crystal has a
high coefficient at a given position, the correlation
function will show an unusually high value at such a
position. So, the third step in this algorithm consists of
constructing the correlation functions needed to find
the transients. This is the key step of the algorithm
because these correlation functions will define what we
consider to be a transient. The general expression sug-
gested here for the correlation function is based on
three principles:

1. the time constant of the transient can vary. Conse-
quently, it is necessary to define several correlation
functions, each of which would detect transients
with different time constants. These correlation
functions will be grouped as rows in a matrix.

2. a transient entails a change in both the current and
voltage signals. Therefore, the correlation function
must include crystals from both voltage and current
signals.

3. the shape of the transient is that of a sudden begin-
ning followed by a slower decay. Transients with a
high time scale (or time constant) will contain com-
ponents from lower scales also. This means that
each correlation function must include crystals from
a given scale and the remaining crystals correspond-
ing to lower scales.

In accordance with these principles, the following
matrix of correlation has been defined:

i=S+1
C:(‘)S,n)=<T H d,{n—1+211'd/_/{/n—1+211‘>
1
S=1,2,...J—-1;n=1,2,... N=2/+1 ()

whose rows are correlation functions for the different
scales, S. Notice that the absolute value has been taken
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in Eq. (2) because the sign of the wavelet coefficient
only indicates in which working electrode the anodic
process occurred. However, this operation could be
omitted when analyzing the asymmetry of the pair of
working electrodes.

2.4. Peak detection

The rows of C (cg, for a given S) are vectors that
show a series of outstanding peaks, indicating the pres-
ence of transients at the scale determined by S. The aim
of this step is to locate those peaks. For this purpose, a
new matrix, M = (mg,), is constructed from C by re-
ducing to zero the elements of C that are not maxima,
i.e. those points of C whose value is not higher than the
value of the preceding and following points in its row:

mS.n = CS,n lf CS,n —1 < CS,n and CS,n > cS.n +1
mg,, =0 otherwise
where S=1,2,....J—1;n=1,2, ... N—=2/+1

mgy=cg; if cg1>cs5p

i (3)
mg,; =0 otherwise
Mg 0si1=Csn_nrpr I Con 5 <Cn sy
MeN_2r41= otherwise

The distribution function of each row of M is consid-
ered to define which maxima stand out. These distribu-
tion functions reveal the outstanding peaks by isolating
them from other maxima all with very similar values. In
other words, a gap is established between the majority
of the peaks and a few of them. Thus, a vector, Ag,
containing the upper limit of the gap for each row is
established. All the elements in each row of M with
values higher than the corresponding element in Ag are
considered to correspond to transients.

To locate the gap, the rows of M are ranked with
their elements in ascending order. We then consider
that the gap appears when the subtraction of two
consecutive elements of those rows in order gives a
value higher than a threshold, . This threshold can be
defined as a function of the studied signal by determin-
ing it as the subtraction of the maximum from the
minimum (with exception of the zero value) of each
row of M divided by X, where X must be provided by
the user’s experience. However, the value of X is not
decisive because the gap is usually very broad and a
large range of X values is suitable.

Once this step has been performed, the positions of
the transients for each S value are reflected by creating
a new matrix termed B = (bg,,) so that:

b, =0 it mg, <ig

_ :
bsy=dg 1y 1o I mg,>Ag

4)

where S=1,2,...,J—1; n=1,2,..., N—2+1. No-
tice that although the criteria for detecting the existence
of a transient takes into account both voltage and
current signals, the matrix B is composed of either 0 or
current wavelet coefficients. Therefore, the subsequent
characterization of these transients (the next step) will
be performed for current transients.
For any given time (a column of B), there can be
three possible results:
1. none of the transients begin in this position (bg, =0
in the entire column of B)
2. there is a transient only for one value of S (bs, #0
for only one element of the B column)
3. a transient is detected for various S values (bg, # 0
for more than one element of the B column).
Thus, a transient is considered to occur for every
position that follows cases (2) or (3). However, the
cases (2) or (3) are quite often detected in two adjacent
positions, n and n + 1. Nonetheless, we have found that
both columns of B refer to the same transients, which is
not sudden enough to be reflected in one single posi-
tion. Therefore, on such occasions, the non-zero ele-
ments of B in the column n + 1 are considered to be in
the column 7.

2.5. Transient characterization

The purpose of this final step is to characterize the
transients according to their size and scale. The tran-
sients can be classified in respect of size by using the
vector L, defined as follows:

J—1
Ln: Z bs,n (5)
S=1

So, for a given n, L, =0 if none of the transients start
at this moment. Under different conditions, L, yields a
transient size evaluation, so that a higher L, means a
higher transient.

In addition, the transients can be characterized ac-
cording to their scale by taking into account the S
values in which a transient is detected. The following
vector can be created to characterize the scale of the
transients:

T,=1— (6)

Again, if 7,,=0 for a given n, it means that none of the
transients begin in such a position. Otherwise, 7, pro-
vides a comparative estimate of the transient scale, so
that the higher T,, the higher the scale. Notice that the
definition of 7, is a weighted average of the S values
where the transient is detected.
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Fig. 2. Measurement cell.

3. Experimental

In order to show the ability of the proposed al-
gorithm to deal with transients, time records containing
transients with different characteristics (numbers of
transients, arrival distributions, transient shapes, etc)
have been considered. All the systems studied have in
common that the working electrodes (WEs) are made
of type AA5083 aluminium alloy and the medium is a
0.6 M NacCl solution. Nevertheless, modifications to the
medium and to the cell configuration, together with
changes in the exposure time or sample finish, are made
in order to produce differences in the characteristics of
the time records under study. However, the origin of
the time records is not important because they are used
only as realistic examples for the purposes of this
paper, not for studying the corrosion implications.

In general, cylindrical samples were cut from a plate
of AAS5083 Al-Mg alloy, which were coated and
mounted in epoxy resin so that only one flat face with
an area of 1 cm? was exposed to the solution and there
was a layer on the edge of the electrode to prevent
crevice corrosion from occurring. Prior to the corrosion
tests, the metal samples were wet-abraded down to 1200
grade SiC finish, then rinsed with distilled water. In
addition, an electrical connection was provided on the
back of each electrode to enable electrochemical mea-
surements. Since ENM needs two working electrodes,
two samples were mounted very closely in the same
epoxy block. Thus, a cell will be constituted by such a
block in a solution tank together with a saturated
Ag/AgCl reference electrode placed above the speci-
men, Fig. 2.

ENM records, containing 2048 data points, were
collected at 2.15 points per second. Both potential and
current noise signals were measured simultaneously, at
open circuit potential, using a 1287SI electrochemical
interface controlled by CORRWARE software. A specific
data analysis routine was developed, using the S+
Wavelets toolkit of the s-PLUS software, to develop the
algorithm presented here. The calculations performed
in a current PC take only few minutes; therefore the
algorithm can be used for monitoring applications.

4. Results and discussion

In this section different experimental signals will be
analyzed using the algorithm described above. How-
ever, it is necessary first to fix those parameters not
determined in the algorithm. Thus in order to establish
the threshold defined in section 2.4, a value of 100 will
be used for X, since we have found that this represents
an efficient threshold for a variety of cases. A better
result would have been obtained if we had adjusted the
user’s parameter for each time record. But this has not
been done because we have preferred to show that the
same algorithm can work quite well for different types
of time records. However, it could be interesting to find
a more suitable user’s parameter for some applications.

The number of crystals used, J, together with the
sampling interval A¢, determines the scale range studied
(2At, 2’At). In addition, it should be noticed that the
number of data points N and the wavelets used limit
the maximum value for J that can be chosen. Using the
Haar wavelet with N = 2048, it is possible to compute
up to J=10. However, due to the fact that all the
transients contained in the time records to be analyzed
in this section last less than a minute, we have deter-
mined that J =7 gives a reasonable scale range to study
the transients. In addition, a higher J would imply a
shorter window of data to analyze because of the
boundary effects.
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Fig. 3. Transients registered when measuring the noise from samples of AAS083 aluminum alloy after 130 h of immersion in a 0.6

M NacCl solution.

Several signals with different characteristics will be
analyzed next to demonstrate the features of the
algorithm.

4.1. Isolated transients with characteristic shape

The simplest case to study is the one in which the
transients are so well separated from each other that a
distinctive shape, characterized by a sudden increase
followed by a approximately exponential decrease, can
be easily distinguished. This is the case of the transients
that appear in the current and potential signals plotted
in Fig. 3. These time records were registered when
measuring the noise from samples of AAS5083 alu-
minum alloy after 130 h of immersion in a 0.6 M NaCl
solution. These transients seem to correspond to the
initiation of a deep pit, which was observed in one of
the WEs at the end of this experiment.

The proposed algorithm has been applied to the time
record in Fig. 3 and its result is reflected in this figure
as dots. Thus, the x-position of the dots corresponds to
the beginning of the detected transients, while the scale
characterization 7, can be read on an additional y-axis
and the relative size of the transients is reflected in the
dot size. Examining Fig. 3, it can be seen that the
algorithm succeeds in locating the transients although
some of them are much smaller than others. In addi-
tion, the transients are characterized according to their
size and scale. Thus, there are two central transients
which stand out because of their greater height, while
their 7, values reflect their duration.

4.2. Overlapped transients with characteristic shape

Fig. 4 shows the noise records corresponding to the
same system as in Fig. 3, but 10 h later. At this time,

6
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1 B -1
0 T T T -0.78
200 500 800
t/s

Fig. 4. Time record registered when measuring the noise from samples of AA5083 aluminum alloy after 140 h of immersion in a

0.6 M NacCl solution.
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Fig. 5. Fragment of the time record in Fig. 4.

since the density of transients was much greater in this
case than in the previous one, the large pit observed
seems to be developing faster as a consequence of a
series of micropits. Although the transients are very
close, their detection is still efficient even when some
transients overlap, as can be seen clearly in Fig. 5 where
a portion of the time records of Fig. 4 is depicted. At
first sight, it can be observed that three transients
appear in the figure. However, a closer examination
reveals that two of them seem to be composed of
several transients that overlap. Since the algorithm was
written to detect transients with a characteristic shape,
those transients with anomalous shapes are considered
as a superposition of transients. This feature of the
algorithm is an advantage if we consider that transients
with a characteristic shape have more physical meaning
because their origin is the development of micropits
(initiation and termination), or other localized phenom-
ena in other cases.

4.3. Transients with odd shapes

The reliability of the algorithm decreases as the shape
of the transients departs from the characteristic shape
defined in Section 2.3. As an example of this, the time
records plotted in Fig. 6 have been studied. These
signals correspond to the noise generated by samples of
type AAS5083 aluminum alloy after 70 h in a 0.6 M
NaCl solution doped with CeCl; at a concentration of
1.3 x 10~3 M. This register shows a transient with a
characteristic shape (on the left) together with other
three transients with an almost square shape. This
square shape might be the consequence of a unique
localized event whose intensity can be described in
agreement with the shape of the transient, or else it
could be considered to come from the superposition of
many transients, each of which has the shape of the
transient on the left of the figure. In any case, the
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4 <.5e-007 >
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Fig. 6. Transients registered when measuring the noise from samples of AAS083 aluminum alloy after 70 h of immersion in a 0.6

M NaCl+ 1.3 x 10 =3 M CeCl; solution.
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algorithm considers them as the superposition of a
discrete number of transients. Unfortunately, the scale
and size assigned to the transient do not match what is
expected. However, the distribution of the waiting time
(time elapsed between two consecutive transients) can
provide valuable information about the mechanism of
the process.

4.4. Changes in the voltage sign condition

Fig. 7 shows a fragment of the noise signals recorded
from two AAS083 WEs which were immersed face
down for 22 h in a 0.6 M NacCl solution. This time, the
WEs were of square shape and had been wet-abraded
down to 80 grade SiC finish. In addition, the WEs were
embedded in a polyester resin without any prior coat-
ing. Such changes in the habitual experimental proce-
dure are likely to cause the appearance of crevice
corrosion, as we will see next.

In Fig. 7, several transients that are repeated almost
periodically stand out. It should be noticed that the
shape of the voltage transients is opposite to that
shown in the time records previously depicted in this
study. Thus, this time, the voltage transients show a
sudden increase followed by slower decrease. The shape
of this kind of transient is probably determined by a
bubble evolution process, which mainly controls the
cathodic reactions [11]. Apart from these sizeable tran-
sients, other smaller transients appear superposed on
them. The number and shape of these smaller transients
indicate that they might be the result of an anodic
process occurring at the same electrode as the bubble
evolution. In fact, crevice corrosion was found in one
of the WEs when the samples were examined after the
experiment.

If the proposed algorithm is applied using the habit-
ual configuration, only the smaller type of transient are
detected, i.e. the ones that are the consequence of an
anodic process. However, the main source of noise is
the group of transients caused by the bubble evolution.
Hence, the opposite voltage sign condition must be
imposed in the step of the algorithm explained in
Section 2.2. The result of the application of the al-
gorithm with this modification is plotted as dots in Fig.
7. This time, it has been necessary to adjust the value of
X to 10 in order to get a better discrimination between
the two kinds of transient. Notice that the algorithm
succeeds in identifying the position of the transient. In
addition, the characterization of these transients indi-
cates that most of them are very similar in size and
scale. This kind of information would enable one to
detect the existence of an almost periodic process in the
system, which could warn of a bubble evolution caused
by a corrosion process.

5. Conclusions

An algorithm is proposed to detect and classify tran-
sients in EN records. This algorithm basically consists
of two steps: a non-decimate discrete wavelet transform
followed by an interscalar analysis, which should isolate
transients while neglecting other components. The main
advantages of the method are:

1. it is possible to establish objective criteria for defin-
ing transients;

2. this method permits the automatic and on-line de-
tection of transients;

3. the proposed method provides information comple-
mentary to that obtained when using the customary
mathematical treatments of EN.
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Fig. 7. Transients registered when two AAS5083 WEs were undergoing crevice corrosion after 22 h placed face down in a 0.6 M NacCl

solution.
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The main problem of transient detection resides in
defining what a transient is, since transients appear in
many different shapes and sizes. However, the proposed
method can be adapted to several kinds of signals. This
may be achieved by choosing different wavelet bases or
by changing the particular crystals to be correlated. In
addition, it is necessary to set a threshold value to
determine whether a correlation is sufficiently high.
However, since a large gap is often found between
correlated and non-correlated wavelet coefficients, the
selected threshold is not decisive; this is a convenience
in comparison with other methods. Hence, the best
wavelet bases are those that increase such gaps. Haar
wavelets have been used throughout this study because
they yield the best results in the detection of transients
whose initiation is very sudden.

Although further investigations are necessary to im-
prove the proposed algorithm, it seems that an al-
gorithm based on similar principles could become a
very useful tool in the study of EN transients.
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