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-ABSTRACT

In this study, an analysis has been made of electrochemi-

cal noise (EN) signals of potential and cwrrent obtained on
immersing samples of the Alloy AA5083 (UNS A95083] in
solutions of sodium chloride (NaCl). These signals have been
processed using the calculation of the Hurst exponent, a tool
derived from the theory of chaos that allows one to estimate
the influence that events occurring in the past have on the
appearance of new events at subsequent times. However, the
classic Hurst exponent was seen to have some limitations for
the study of complex signals. In addition, a new Hurst expo-
nent has been proposed for a better interpretation of EN data.
~ The results obtained have enabled the values of the Hurst
exponert to be correlated with the predominant mechanism of
corrosion.
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exponent, localized corrosion, rescaled range analysis, tran-
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INTRODUCTION

The measurement of electrochemical noise (EN) is

a technique that has been used successfully for the
study of the behavior of diverse metallic materi-

als subjected to different types of corrosion. As is
known, success in the application of this technique is
largely determined by the validity of the mathematical
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method used in the analysis of the data. Several dif-
ferent methods of analysis have been described in the
references, such as the use of statistical parameters,
analysis in the frequency domain, tools derived from
the transformation of wavelets, or methods based on
chaos theory. In accordance with different theories of
chaos, the calculation of the so-called Hurst exponent
(H) permits the quantification of the degree of auto-
correlation existing between the elements that form

a data series, and the determination of the influence
that events occurring in the past have on the emer-
gence of future events. This exponent was utilized for
the first time by Hurst for the study of hydrological
data, with the objective of designing a dam on the
river Nile.'® Later, thanks to the work of Mandelbrot
and Wallis,*® this mathematical tool has been suc-
cessﬁilly applied in many scientific fields.

As examples of the great versatility presented by
this methodology, one can cite its use for analyzing
solar activity,®” for monitoring the evolution of the
price of electricity,? for studying stock market fluctua-
tions,® as well as its use in the field of particle physics®
and in the studies of mechanical sliding in solids.'!

In the bibliography,'? one of the ways in which
the H exponent can be useful is to detect changes in
the persistence of a data series. From a theoretical
point of view, values of H = 0.5 would indicate that
the series analyzed is random; in other words, each
event included in the series is independent of the
other. On the other hand, if 0.5 < H < 1, the series
analyzed is said to be persistent; in other words, the
events that appear in the series are related. Thus, in
this type of series, the emergence of one event would
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Fromote the initiation of the following one. However, if

10 < H < 0.5, the series is antipersistent. It ic a charac-
teristic of this Jatler lype of series thal ihe emergence
of one event delays or inhibits the initiation of a new
event in the series.'?

As a consequence of its great versatility, the
Hurst exponent has also been used for the study of
corrosion processes. Thus, the utilization of H as a
parameter for evaluating the nmiorphology of the pits
generated in localized corrosion processes has been
proposed.'® Similarly it has been used in the analysis
of data obtained by means of EN measurement. Oth-
ers'*"® have proposed the use of H for evaluating the
protective properties of-organic coatings. More specifi-
cally, Moon and Skerry'* postulate the existence of a
linear relationship between the values of H, calculated
from EN records, and the resistance to corrosion of
the paints studied. In another study, Greisiger and
Schauer® utilized the Hurst exponent to obtain infor-
mation on the mechanism of corrosion processes.

However, as it occurs with other mathematical
tools utilized for the analysis of EN data, the relation-
ship between the values of H and the predominant
mechanism of corrosion appears to depend on the
system studied. Thus, for example, in the study of
coated steels by Greisiger and Schauer,'® EN signals
are obtained that give rise to values of H < 0.5. These
values are associated with the existence of protective
coatings. In contrast, values of H > 0.5 are associated
with situations in which a loss of the protective power
of the coatings is produced. In accordance with these
results,'® the caleulation of H is proposed to monitor
the evolution of coatings and to detect when they lose
their protective properties.

Recently, Horvath and Schiller'? have applied the
method of Hurst to the analysis of potential signals
obtained from samples of 99.99% pure aluminum in
different corrosive media. In particular, they studied
the influence of the presence of chlorides on the be-
havior of the metal in slightly acidic media. Thus, in
the absence of chlorides, values of H ranging between
0.7 and 0.8 are obtained. However, in the presence of
chlorides, the H values depend on the temporal inter-
val in which this exponent is calculated. So, the for-
mation of pits is associated with values of H ranging
from 0.1 to 0.3, provided H is measured at intervals of
time longer than the lifetime of a pit. Nevertheless, H
was observed to be higher than 0.5 when this param-
eter is estimated in intervals lower than the lifetime of
pits. Horvath and Schiller'? proposed that the period
of time when the change from persistence to antiper-
sistence (crossover time) is a good estimator of the
lifetime of the pits in some systems. Horvath’s study
demonstrates the potential usefulness of H for detect-
ing changes in the corrosive behavior of a system.

@ UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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However, current signals are not analyzgd nor are the
corresicn mechaniesms that give rise o persistent sig
nals studied in depth in that article.”

One of the methodologies most frequently used
for the calculation of the Hurst exponcnt is the
method of rescaled range analysis, also known as the
R/S method. A detailed description of this method is
given elsewhere.'> However, in the present study, we
have included a part describing in summary form the
basic steps to apply this method of calculation. This
method considers a linear relationship between log
R/S values and log t, whose slope is H (the calcula-
tion and interpretation of R/S and t values is detailed
in the “R/S Method” section). After this section, some
simulated signals were analyzed using this method.
Additionally,-the experimental devices used to obtain
the EN signals are described. Later, the results are
presented and discussed corresponding to the calcu-
lation of the Hurst exponent for analyzing EN signals,
of current and potential, obtained from the immersion
of AA5083 (UNS A95083)" samples in solutions of
sodium chlotide {NaCl). The results obtained showed
that most simulated and experimental signals did not
give R/S values proportional to ", that is, the slope of
log R/S vs. log T was seen to depend on the t values
taken for the estimation of H. In the present paper,

a new method is proposed to solve this limitation,
consisting of calculating the Hurst exponent for each
t value. Finally, the results obtained from analyzing
AA5083 in NaCl enabled values of the Hurst exponent
to be correlated with the mechanism of corrosion pre-
dominant at each moment during the assay.

R/S Method

We shall consider the time series x, of 1 points,
where i = 0,1,...,N. The (N+1) points of the series are
separated by a time interval, At, such that the total
duration of the series is T = (N+1)xAt. In the R/S
method, a division of the records in time intervals of
j points, termed intervals of analysis or time lags, is
initially performed. So, the length of these time lags
are T = jxAt (j<N).

The mean value of x, in the intervals of analysis is
calculated using the expression:

XX (1)

In addition, the accumulative deviation of the
data with respect to the mean, in the time lag, can be
defined as:

X
Yk =;(x| -X,) 2)

where k takes all the integer values that meet the
condition: 1< k <j. As can be deduced from this ex-
pression, y;, is a vector whose values accumulate the
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- FIGURE 1. Mean and standard deviations of the values of H of
random series of 2,048 points, in function with the scale of analysis

0)-

differences between x, and the mean in the interval -
. of analysis (%), from x, up to x,, as indicated by the
name given to this parameter (accumulative devia-
tion). Subsequently, the range (R) is calculated. This
is the difference between the maximum and minimum
values of the accumulative deviation (y;,) of the j
points of the time lag:

R, = maxy, - miny; 3

The standard deviation of X, in the period of time,
v, will be given by:

S, = Hi(xi—i,? @
=1

Having calculated the range {R) and the standard
deviation (S) in the period of time 7, it is possible to
define the rescaled range of x, in this time period of
j points: R;/S,. As commented previously, the record
_comprises N points, which can be divided into N/j
consecutive intervals of length j, without overlapping.
So, the intervals are constructed maintaining j con-
stant, being m the number of the interval, where m =
1,2,3,....,N/j. Once these N/j intervals of time period
T have been defined, the rescaled range of each inter-
val can be calculated using the procedure described.
Taking the mean of the N/j values of R,,/S,,; of all
the intervals of j points, we obtain the mean adjusted
range of the time period <:

R/S=—— YR, /S.) 5)

Subsequently, we can calculate different values of
R/S of the series x, varying the number of points (j} of
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the intervals of analysis in such a way that different
values of R/S may be obtained in function of <, since
T = JXAL. '

It has been observed experimentally that for
very many natural phenomena, a relationship exists
between R/S and t:

(R/8)=1" 6)

where H is the Hurst exponent. This exponent usually
takes a value between O and 1. .

The estimation of the Hurst exponent is normally
performed by means of the graphic representation of
log (R/S) against log (j), the slope of which directly
provides H. It should be pointed out that the extreme
values of T are not usually taken into account for the
calculation of H. On the one hand, if the values of
for calculating H are very low (for example, v = 2At or
4At), a large number of values of R/S are averaged
(N/2 or N/4, respectively), but these values present a
very wide dispersion. This high degree of dispersion
occurs because only a few values of the signal {24t
or 4At in the example) are utilized in the calculation
of each value of R/S. On the other hand, if v is very
large (for instance, T = NAt or NAt/2), very few values
of R/S are averaged (1 or 2, respectively), since the
intervals of analysis are very large; therefore, these
values cannot be considered representative of the se-
ries. Consequently, the values of j that are chosen for
the calculation of H should be neither very high nor
excessively low.?

With the objective of verifying the validity of the
algorithm used for calculating H, several different nu-
merical series have been simulated with a computer.
Thus, a set of simulated series with different degrees
of persistence/antipersistence has been studied by
means of the R/S method in the following section.

SIMULATED SIGNALS

In this study, a different series with 2,048 points
(N = 2"%) have been simulated, with the objective of
verifying the validity of the algerithm used to calcu-
late H. Initially, a random series has been simulated,
where the optimum range of j for the calculation of
H has been studied. Later, a random series of higher
N was processed to see the influence of N in the esti-
mation of H. Subsequently, different persistent and
antipersistent series have been simulated, where the
influence of the degree of persistence or antipersis-
tence on the H of the series has been studied. Other
types of signals that have been studied include those
formed by transients, as well as linear combinations
of transients, with sinusoidal signals.

In a first study, a random series of 2,048 points
was simulated, to determine the optimum values that
j should take for estimating H (using the R/S method).
The random numbers of this series were generated in
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FIGURE 2. Influence of N in the estimation of H in random signals.

the (0,1) range. In Figure 1 the influence of the values
of j on the values of H obtained can be observed.

It can be observed that the values of H depend
strongly on the range of j values that we analyze.
Thus, if very small or very large values of j are taken
(=2, 4, 1,024, or 2,048), the values of H obtained -
for random signals are very high. This tendency has
also been observed by Horvath and Schiller.’? On the
other hand, if the range of j is excessively small (j €
[64,128]), the values of H show a wide spread, since
few values are used in the calculation of H. The au-
thors of this study consider that j € (16,512) is the
range that provides the values of H closest to 0.5 for
signals of 2,048 points, without having too great a
dispersion (H = 0.545+0.033). In general, the values
obtained for H are larger than the theoretical value
of 0.5. The reason for this behavior may be that the
signals studied here are finite, while the theoretical

.value of H = 0.5 would be obtained in infinite random
signals. This assumption has been tested by means of
processing a random series higher than 2,048 points.
In Figure 2, H values in the range j € (16,N/4) have
been estimated. The figure shows that the higher N is
in random signals, the closer their H values are to the
theoretical value of 0.5.

In continuation, we present the results obtained
in the analysis of a persistent series generated, in
other words, comprising data influenced by the pre-
ceding values (x). The introduction of dependence in
the data of these new series is achieved by the appli-
cation of the algorithm:

xP = 2(xP" - 0.5);xF" = wxP, +(1- wx, ()

where x; is the series composed of random numbers
falling in the range (0,1), x*" is the persistent serics
generated by numbers falling in the range (0,1), x{ €
{-1,1), and w is the degree of persistence of x{. w €
[0,1] and fixes the correlation between the data of the
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FIGURE 3. Values of log R/S vs. log j of simulated signals with
different degrees of persistence (w).
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FIGURE 4. Values of H obtained in a simulated series with different
degrees of persistence.

numerical series generated; w defines the persistence
of the signal. Figure 3 includes the values of log R/S
against log © (j € [16,512]) of signals obtained from the
same x,, where the value of w has been modified. In
this Figure 3, it can be observed that the series gener-
ated with a larger w are those that have a greater
slope, and therefore are those that have a larger Hurst
exponent. In Figure 4, the mean values and values of
the standard deviation of H obtained for the persistent
series of w =0, 0.1, 0.2, ...,0.9, and 0.99 are repre-
sented. For gach w, the mean and the standard devia-
tion of 50 simulated series have been estimated. In
this Figure 4, it can be observed that H increases
gradually as w increases. However, if w> 0.8, H
increases more rapidly with w, until w = 0.99 is
reached, giving a value of H close to 1. On analyzing
the standard deviation of the values of H, it can be
deduced that the dispersion of the data is similar in
the entire range of w, except for w = 0.99, where the
standard deviation is lower. This Figure 4 shows that
the R/S method distinguishes signals with different
degrees of persistence.

In Reference 12, antipersistent signals were de-
signed. In this type of signal, it is observed that there
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FIGURE 5. Values of log R/S vs. log j of a series composed of the
numbers of transients equally spaced and with the same amplitude.

is a change of slope in the representation of log R/S
vs. log . This change of slope takes place at a specific
1, known as the crossover time or <. Thus, if t is less

than ., H > 0.5, while if T > ., H < 0.5. 7, is related to -.

a change from persistence to antipersistence in the
signal. .
Presented next are the results obtained by ana-
lyzing, using the R/S method, simulated signals com-
posed of different numbers of transients (x7). These
transients consisted of a rapid increase in the values .
of the signal, followed by an exponential type of de-
cline in the values of the series. Five different kinds
of signals based on transients were simulated and
studied with the R/S method: signals with transients
equally spaced {x/), signals with transients equally
spaced but with different amplitudes (x]?), signals
with different spaces between transients (x) and a
linear combination of a random signal, and a tran-
sient-based signal (x]). These latter signals have been
recently studied through different methods designed
to obtain their Hurst exponent, with the R/S method
being the one that gave better results.'® The last kind
of signals {x**) were composed by transients and a
sinusoidal signal.

Represented in Figure 5 are the values of Log R/S
vs. Log j of the series composed of different numbers
of transients (x7). The number of transients (N;) has
been indicated in the figure. In Figure 5, it canbe
observed that there is a change in the slope in these
series. In these signals, v, coincides with the separa-’
tion between transients; 1, = N/N;. This indicates that
these series are persistent if the range of j measured
is lower than ., while they are antipersistent if the
range of j is greater than <. Note in Figure 5 that
the slope of the curves after 1, is zero (H = 0), since
the amplitudes of the transients in these signals are
equal, and therefore, R/S values for j > 1, are also
equal. However, the experimental data do not usu-
ally present these exact constant time intervals be-
tween transients with the same amplitude. Figures 6
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tiirougit v sirow more realistic signals to be compared
with wnat ontained trom the EN data of AA5083 in
chloride solutions.

Figure 6 shows the R/S values of the second
kind of transient-based signals (x?). The amplitudes
of each transient are the sum of an imposed number
plus a random number. The coefficient “A,” marks the
weight of the amplitudes imposed to the random am-
plitudes of transients. In this case, A, = 0 would mean
that amplitudes are purely random between O and 1;
while if A, = 10, the amplitudes would oscillate be-
tween 10 and 11. It can be seen in this figure that an-
tipersistence can only be achieved when A, > 1, since
values lower than 1 lead to H values higher than 0.5.

Figure 7 shows the R/S values of the signals with
variable {ntervals between transients, xI>. StDv is the
standard deviation of the space between transients;
StDv marks the variability of the interval sizes. The
figure clearly shows that the higher the StDv, the
higher H is, reaching values of random signals (H =
0.57), when StDv = 10.

In Figure 8, the R/S values of 51gnals composed
of a combination of transients and a random signal
(x™) have been plotted. In this case, A, marks the
weight of the transient signal over the random signal,
which oscillates between 0 and 1. In this figure, it can
be appreciated that H is fixed by the more weighted
component of the signal. So, when 4, is high, x/* is
mainly a transients signal, and H is low. On the con-
trary, when A is low, x{* is dominated by the random
signal, and H is close to 0.55.

Lastly, in this study, linear combinations of sig-
nals formed by transients and sinusoidal signals have
been generated. The analysis of this type of signal
will help us later in the analysis of signals coming
from chemical systems, since some of these signals
show two ., behavior seen in some experimental sig-
nals. These signals were generated by the following
algorithm:

X8 =x{ + A, sinf211i /L) 8

where x{ is the signal formed by transients that was
described previously, A, is the amplitude of the sine
function, and L is the wavelength of the sine function.
In Figure 9, the values of Log R/S vs. Log v of
series x; > with different values of A, are represented.
The values taken in this figure were N/N; = 256,
L = 16, and the values of A; are indicated in the fig-
ure. As can be deduced from Equation (8), the greater

- the value of A, the greater the weight of the sinusoi-

dal series against the series formed by transients. In
Figure 6 it can be observed that if the sinusoidal com-
ponent has a weight much greater than that formed
by transients (A; =100), in the representation of the
Log R/S, only a change in the slope in t = 16At is
observed. This indicates that in this signal, t. = 16At,
reflecting the period of the wavelength of the sine sig-
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FIGURE 6. Values of log R/S vs. log j of a series composed of
transients equally spaced and with different amplitudes. A, marks
the weight of the imposed amplitudes vs. the random amplitudes of
transients.

nal (L). In contrast, if the weight of the sine function
is very low or zero (A; = 0.1 or A; = 0), the change of
slope takes place at Tt = N/N;, as previously described
in the analysis of signals formed by transients. In this
same Figure 6, it can be observed that in the cases
where the sine function and that formed by transients
have comparable amplitudes (A; between 0.1 and 10),
two changes of slope exist, 1., = 16At and T, = 256At.
As can be deduced, in this case, T, is due to the
sinusoidal signal (t,, = L), whereas ., is related to the
signal formed by transients (x., = N/N,). Therefore,
each 1, revealed the constant time of each signal: In
the sine function, t, is related to the wavelength, while
1. in the transients is related to the space between
them. Similarly to the simulated signals, the real sig-
nals can have two t,, revealing the existence of two
mechanisms (with different time constants). This is
the case of some current noise signals, which will be
studied later.

In the analysis of the antipersistent signals that
have been generated (x*, x7, and x*°), it has been
possible to check that there is at least one change
in the slope of Log R/S vs. Log t. This characteristic
indicates that, in these signals, the Hurst exponent
cannot be calculated with precision by means of the
slope of log R/S vs. log T in the range of j € (16,512). It
should be remembered that this range of j is the opti-
mum for the calculation of H in random series. In this
paper, we propose the use of a new parameter for the
analysis of complex signals, such as those previously
described (x*%). This new parameter (H,,), analogous
to the classic Hurst exponent, calculates the slope of
the straight line tangent to the curve at each point m:

- (log R / S)zm - (IOgR / S)m/2
(log Vo, — (108 T2

)

m

where m = 2P, being p = 2,3,...,log , (N/2).
The analyzed series have N = 211 points, so there
are nine possible values of m: 4, 8, 16, 32, 64, 128,
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FIGURE 9. Values of log R/S vs. log j of linear combinations of
signals forme/d by transients and sinusoidal signals.

256, 512, and 1,024, defined by means of the nine
values of p: 2, 3....,10. So, in these series of 2,048
points, nine values of H, {p) can be obtained.

In Figure 10, H,, (p) values of the same signals
analyzed in Figure 9 have been plotted. In these kinds
of representations, the zones where the signals show
persistence or antipersistence in the function of T can
be observed. In addition, this representation also al-
lows one to know t,, because this parameter can be
estimated by taking the first value of p whose H,, is
lower than 0.5. In the case of analyzing signals with
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FIGURE 10. Values of H,, vs. p of the same signals analyzed in
Figure 9. .

more than one . (like x/** with A; = 1 plotted in Figure
9), it is also possible to calculate these 1., since the

1. values are all the t values where the two follow-

ing conditions could be satisfied: H,, (p} < 0.5 and H,,
{p-1) > 0.5. For instance, in the signal of Figure 10
whose Az =1, 1., = 32, and ., = 512.

EXPERIMENTAL SIGNALS

In the present study, the R/S method has been
used to analyze the EN reeords obtained in studying
the behavior of AAS083 in solutions of 0.6 M NaCl
in the function of exposure time. The EN measure-
ments were taken using a cell configuration with two
identical electrodes formed by two cylindrical samples
of 1 cm?® area, protected on their lateral surface with
a coating to minimize crevice corrosion.'” Before the
assay, the electrodes were polished to 1,200 grit and
cleaned with distilled water. A silver/silver chloride
{Ag/AgCl) electrode was used as the reference elec-
trode. The cell used is described in detail elsewhere."®

The H of the E and I records was obtained by
analyzing the differences in the signals, since it is the
fluctuations in the signal and not their absolute val-
ues that provides the information. This way of analyz-
ing the experimental signals has already been used by
Horvath and Schiller.' This methodology is found to
detect easily fast fluctuations of the signals, like tran-
sients, since it removes the drift from the data. Thus,
the signals analyzed were:

xi = AEw - AE; and x, = Aly; - AL, i=12,....N (10}

In each record of EN, a total of 2,048 points were
taken at a sampling velocity of 2.15 points per second;
therefore, the time of each record was approximately
15 min. In this study, 10 consecutive records were
measured in each interval of 10 h, with the objec-
tive of averaging the values of the Hurst exponent
in these consecutive measurements. The signals of
potential and current were measured simultaneously

' Trade name.
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using a Solartron 1287' potentiostat gontrolled by the
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RESULTS

The potential and current records obtained on
immersing samples of the AA5083 in solutions of
3.5% NaCl, for variable periods of time, are presented
and discussed. In accordance with an earlier study
by Ahalle, et al.,'® this alloy undergoes two simultane-
ous corrosive processes, the relative importance of
each depending on the length of time immersed. The
first of these processes is related to the emergence of
localized alkaline corrosion (LAC) phenomena at par-
ticularpoints on the surface of the samples. These
processes-have been related to the local increase of
pH that is produced around the cathodic precipitates;
this pH-increase translates into the alkaline corro-
sion of the zones of the matrix that surround these
precipitates.'®? This type of corrosion causes the
loss of contact between the matrix and the cathodic
precipitates, resulting in the physical detachment of
the precipitates. The longer the period of immersion,
the fewer precipitates remain exposed; consequently,
the intensity of this corrosion process diminishes
with time.'®?'?? In parallel, the rest of the surface ex-
posed is subjected to the growth of an anodic layer,
the thickness of which increases with time of expo-
Sure.lQ.Ql

Figures 11 and 12, respectively, present records
of potential (E} and current (I} corresponding to sam-
ples of AA5083 immersed in solutions of 3.5% NacCl
for the periods of time indicated. It can be observed in
these figures that, after the first hour of exposure, the
E and I records are characterized by a large number
of high-amplitude fluctuations; these can be associ-
ated with the first stages of the process of localized
alkaline corrosion. As the time of exposure increases,
a decrease in the number of these fluctuations is ob-
served; this would coincide with the decreasing num-
ber of intermetallic particles exposed and, therefore,
with a decrease in the intensity of the LAC process.
For longer exposure times, the formation and dissolu-
tion of the layer of alumina becomes a process more
active in the studied system. This latter process does
not produce high-amplitude oscillations in the E and
I signals (Figures 11 and 12). Therefore, the signal of
the system studied can be considered to be composed
of two components. The first of these is produced as a
consequence of the LAC processes, while the second
signal is due to the phenomena of the restructuring
of the anodic layer. These two components that com-
prise each signal take different relative weights along
the exposure time. Thus, in short periods of exposure,
the predominant signal is that caused by the LAC
phenomena, while for longer exposure times, both the
formation and dissolution of the anodic layer and LAC
processes contribute to the signals.
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FIGURE 11. Examples of potential records of the AA5083 immersed
in solutions of 3.5% NaCl for the periods of time indicated.
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FIGURE 12. Examples of current records of the AA5083 immersed
in solutions of 3.5% NaCl for the periods of time indicated.
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In Figure 13, the records of E and I obtained after
90 h of immersion are presented. It can be seen in
these figures that, for prolonged exposure times, high-
amplitude oscillations continue to appear but are
much more widely spaced compared to short expo-
sure times (Figures 11 and 12). The spacing of these
oscillations is associated with the decrease in the in-
tensity of the LAC process. In Figure 14, the records
presented in Figure 13 have been magnified, and the
presence of the oscillations of low amplitude can be
observed; these are associated with the phenomena
of growth and subsequent dissolution of the anodic
layer. It should be noted that these phenomena of
growth and dissolution of the anodic layer are not re-
flected equally in the records of potential and current.
So, although these signals are measured in different
units and their appearance in the plots depends on
the scale used, it seems that the current signals show
fast fluctuations, while potential does not. It will be
shown later that this feature reflects in the H values,
and are a result of the formation and dissolution of
the anodic layer.

Figure 15 gives the values of H, calculated for val-
ues of j between 16 and 512, from the R/S analysis of
signals of E and I of AA5083 in NaCl solutions. These
H values should be taken as a first approximation of
analysis, especially when antipersistent signals are
being studied, since these signals show a change in
the slope. So, particular care should be taken when
estimating the slope of R/S values of the antipersis-
tent signals, since H will strongly change in the func-
tion of the interval of j taken for calculating the slope
(Figures 5 through 9). As a consequence, calculating
the slope between these values of j (16 and 512) is
strictly suitable for random and persistent signals. In
this Figure 15, it can be observed that, for times of
exposures less than 20 h, H values are less than 0.5.
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FIGURE 14. Magnification of the E and I records of AA5083/NaCl included in Figure 13.
0.65 since at this period of the immersion, no anodic layer
is formed yet. So, for low immersion times, the signals
055 /‘\(E‘ are antipersistent, and H < 0.5. The developed pits
’ provoke the delay of new pits, since a pit does not
' appear until the potential is recovered. However, there
I 045 ! are many pits, because the potential recovery is rapid.
For longer exposure times, values of H > 0.5 were
observed in Figure 15, but this H has been estimated
0.35 in the range of j between 16 and 512. This interval
: is able to detect the antipersistence of the signal,
095 because the change in the slope takes place at high j
o 20 40 60 80 100 (t, > 256). As was discussed, Figure 15 should be
T (h) taken as a first approximation, especially in the study

FIGURE 15. H values (taken in the range j € [16,512] of the E and |
signals of AA5083 samples immersed in 3.5% NaCl, in the function
of exposure time.

These H values suggest that the system is antiper-
sistent in this interval of time. According to Horvath
and Schiller,'” this characteristic tells us that the oc-
currence of an event in the series analyzed delays the
initiation of a new event. This explanation can be con-
firmed by observing the record of potential included
in Figure 11. In effect, the emergence of a transient,
assoclated with an event of localized corrosion, causes
a decrease of the potential. This potential decrease
delays the development of new pits until the potential
values recover.

At short exposure times (<20 h), the dominant
mechanism is pitting, a phenomenon that provokes
the appearance of transients in potential and current
records. The existence of so many transients in Fig-
ure 11 is from the very short constant time of these
transients. The low constant time of the transient is
caused by the high activity of the AA5083 surface,
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of antipersistent signals, which is the case.

As has been observed in the section of simulated
signals, some signals show a t, that indicates the
scale in which the signal becomes antipersistent. To
calculate T, in the EN signals, a further investigation
was performed using Log R/S vs. Log t and H,, vs.

p plots.

In Figures 16 and 17, Log R/S vs. Log j values of
AA5083 voltage signals immersed in NaCI have been
included. The exposure time are indicated in these
figures. Each R/S value included in these figures was
obtained through averaging the R/S values of 10 re-
cords to obtain reliable results. In Figures 16 and 17,
it can be seen that the slopes of these signals change
with 1. In addition, it can be observed that these
variations in the slopes are smooth so it is difficult to
estimate the 1, directly from these figures. To calcu-
late this parameter, in Figures 18 and 19, H,, (p) val-
ues of the same signals plotted in Figures 16 and 17
have been included. In Figures 18 and 19, values of
T, = 32At were obtained for both potential and current
signals obtained in the first hour of exposure. When
Figures 11 and 12 are analyzed, it can be seen that
the intervals between transients are lower than 32At.
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FIGURE 17. Vélues of Log R/S vs. Log j of | records of AA5083/NaCl
after the exposure time indicated in the figure.
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FIGURE 18. Values of H, vs. p of E records of AA5083/NaCl after
the exposure time indicated in the figure.

The R/S method does not accurately quantify the

time between these overlapped transients. However,
visual inspection of temporal records suggested that
the obtained t, could be taken as an approximation to
the maximum distance between transients (single and
overlapped transients). Therefore, an improved version
of this method should be developed to accurately esti-
mate the time between transients that overlap.

On the other hand, it can be appreciated in Fig-
ures 18 and 19 that for large exposure times (50 h or
90 h), the behavior of H_| is different for current and
potential signals. Figure 18 shows that t. values of
these signals are higher than those measured in short
exposure times. In fact, T, = 256At for 50 h and 90 h
of exposure, while t, = 32At for 1 h of immersion. As
was discussed, a low number of transients due to
LAC processes had been observed for large periods
of immersion (50 h to 90 h). Therefore, it can be de-
duced that the increase in the t, values with the time
of exposure is caused by the decrease in the activity
of LAC.

CORROSION—Vol. 61, No. 11

0 2 4 ] 8 10 12

FIGURE 19. Values of H,, vs. p of | records of AA5083/NaCl after the
exposure time indicated in the figure.

In Figure 19, it can be seen that <, = 16At for
current signals obtained for large exposure times,
while for potential signals (Figure 18), T, = 256At. This
feature can be due to the different fluctuations of
potential and current associated with the restructur-
ing of the anodic layer. So, in Figure 14, it can be ap-
preciated that the current signal shows fluctuations
of high frequencies and low amplitudes, which are
thought to be reflected in the low value of v, = 16At.
In Figure 19, it is observed that in the current signal
obtained after 90 h of immersion, H,, (p = 4) < 0.5,

H,, [p = 7) increases its value above 0.5 and finally
H,, {p = 9) < 0.5. Therefore, two values of T, can be
observed. The reason for the appearance of these two
7. values (t ., and t.,) could be that the fluctuations

of the signal due to the formation/dissolution of the
anodic layer have similar importance to the fluctua-
tions due to LAC processes. So, the first 1. (x., = 16At)
can reflect the oscillations of high frequencies and low

1059



amplitudes corresponding to the restructuring of the
anodic laycr, while the sceond T, (t., = 51244 can

be associated with the transients provoked by LAC
processes.

CONCLUSIONS

< EN signals of potential and current obtained after
different times of exposure of AA5083 samples im-
mersed in solutions of 3.5% NaCl have been analyzed
in this study. The mathematical tool used to study
these current and potential signals was the R/S
method, which permits the classic Hurst exponent
(H) of these series to be calculated. According to the
literature, H can be obtained by means of estimating
the slope of log R/S vs. log . In the present paper,
simulated and experimental EN signals did not give

a constant slope of log R/S vs. log t, with H being de-
pendent on the t values taken. In this paper, a new
method for calculating H has been proposed. This
methodology first uses the R/S method to calculate
R/S()) values, and second, estimates H for each v in-
stead of calculating H for the whole series. The EN
signals studied here showed antipersistence at differ-
ent scales. The proposed method allows one to detect
T, of the signals; that is, the T where the signals be-
come antipersistent.

4 The results obtained have enabled the values of the
Hurst exponent to be correlated with the mechanism
of corrosion predominant in the different periods of
immersion. So, the records of E and I taken in the
first hours of immersion are characterized by many
high-amplitude fluctuations, which can be associated
with LAC. These records show overlapped transients,
leading to T, = 32At. Although the R/S method did not
accurately quantify the time between these overlapped
transients, visual inspection of temporal records
suggested that 1, could be related to the maximum
distance between transients. An improved method
should be developed to accurately estimate the time
between transients that overlap.

% On the other hand, for longer exposure times, the
formation and dissolution of the layer of alumina be-
comes important. Current noise in this period of time
was able to detect two values of <., one of them from

the fluctuations that provoke growth/genovation of
the anodic layer (t., = 16At), and the-second t, (t.5=
5124t) from ine coniribution to the signal of the tran-
sients of LAC processes.

% This study suggests that a new Hurst exponent can
be utilized as a tool that is sensitive to the changes
taking place in the mechanism of corrosion for this
type of system.
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