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Spontaneous electrochemical noise can be a rich source of  information concerning the processes 
simultaneously occurring at a corroding interface. But the combination of  deterministic and stochas- 
tic events which make up noise signatures is often complicated by the specific nature of  the systems 
being investigated. This paper describes a study of voltage noise fluctuations recorded during the 
free corrosion of  commercial aluminium sheet material and compares typical results obtained with 
different noise analysis techniques. 

I. Introduction 

The study of spontaneous current or potential fluctua- 
tions for the characterization of corrosion processes 
has received considerable attention in recent years. 
But the study of chemical oscillations in general and 
electrochemical fluctuations in particular has always 
fascinated scientists. The early work published in 
the field of fluctuating electrochemical systems was 
reviewed in 1972 by Tyagai [1], in 1987 by Bezegh 
and Janata [2] and in 1988 by Searson and Dawson 
[3]. 

The expression 'electrochemical noise' (EN), in a 
corrosion context, has been applied to both current 
fluctuations between two similar metallic specimens 
and to the corrosion potential fluctuations that can 
be recorded between such corroding specimens and 
a reference electrode [4-7]. While the measurement 
of current noise has recently gained some popularity 
because it apparently follows in intensity the actual 
corrosion rates [6, 7], the fluctuations of the corrosion 
potential in free corroding situations will always 
remain a phenomenon rich in information about the 
heterogeneous corrosion processes themselves. The 
study of such fluctuations for the characterization of 
a corroding interface has an important advantage 
over all other electrochemical techniques since it is 
completely non perturbative. 

The study of corrosion potential fluctuations was 
applied, for example, to monitor the onset of events 
characterizing pitting [8-11] or stress corrosion crack- 
ing corrosion [12-15]. Understanding the chronology 
of the initial events related to these forms of corrosion 
is a fundamental component of the science interested 
in studying localized corrosion. During localized 
corrosion electrochemical noise seems to be gener- 
ated by both stochastic processes typically present 
during passivation breakdown and repassivation 
events, and deterministic processes such as film forma- 
tion or pit propagation. 

Stochastic models of processes occurring at an 
electrochemical interface have been developed to 
describe various components of these processes. The 
derivation of a model to describe the stochastic 
nature of the charge transfer between a metallic 
surface and an electrolyte can be made on the general 
theory--~-of fluctuations in non-equilibrium physico- 
chemical systems [11]. Blanc et al. [16] proposed in 
1977 a model of electrochemical reaction fluctua- 
tions based on a Langevin description where the 
elementary noise sources consists of a white noise 
influx acting directly on fluxes of particles. More 
recently a study [4] made with iron specimens 
exposed to an inhibited (200 p.p.m. NaNO2) saline 
solution concluded that the potential fluctuations 
observed during the first few hours of pitting corro- 
sion could be simulated with an electrochemical 
model consisting of four fundamental steps, (i) pit 
nucleation, (ii) pit growth, (iii) growth termination 
and (iv) repassivation. The stochastic nature of steps 
(i) and (iii) was an essential component of the model 
proposed in this study. 

In the present paper fluctuations of the corrosion 
potential observed on freely corroding sheet alumi- 
nium material exposed to aerated saline solutions 
will be analysed with new noise analysis techniques 
based on the stochastic nature of the directional 
changes of the recorded voltage corresponding to 
voltage peaks observed throughout the exposure 
periods. The study of corroding aluminium speci- 
mens is particularly suited for the development and 
testing of new noise analysis techniques since such 
corrosion, which is often very localized, has already 
been the subject of extensive studies by many other 
researchers [8, 17-23]. 

2. Noise analysis 

The most common way to analyse noise data has been 
to transform time records in the frequency domain in 
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order to obtain power spectral density (PSD) plots. 
Since noise signals can be produced by either determi- 
nistic or stochastic processes and often consist of a 
complex combination of these processes, the most 
universal analytical approach has been to correlate 
predominant frequencies and deconvolute unwanted 
signals in an iterative manner using well established 
mathematical functions [24, 25]. Spectral density 
plots would thus be computed utilizing fast Fourier 
transforms (FFT) or other algorithms such as the 
maximum entropy method (MEM) [26, 27]. 

Although some investigators argue that features of 
the PSD curves [28, 29], such as the slope of the decaying 
power with frequency at some characteristic frequencies, 
can be related to corrosion rates, it remains that much 
useful information is lost when real time data is 
converted into the frequency domain. While these 
techniques find a very appropriate use for the decon- 
volution of spectroscopic data sets which often contain 
millions of data points, they can yield disappointing 
results when these averaging procedures are applied to 
smaller sets of data points. The utilization of approxi- 
mations as in the MEM technique to circumvent this 
limitation will itself be affected by the presence of non- 
stationary phenomena which can greatly complicate 
the final analysis. 

Two relatively new approaches for the characteri- 
zation of random or partially random noise signa- 
tures were compared in the present study. The first 
technique consisted in transforming voltage or signal 
fluctuations into individual peaks as basic events [9]. 
Each directional change of the slope of the recorded 
voltage was used as a trigger and the resulting inter- 
event times (peak duration) compiled in a histogram 
type distribution. The rise time (dV/dt) of the voltage 
peaks was also evaluated since such a parameter could 
be an important characteristic of electrochemical 
systems. The subsequent analysis of the peak popu- 
lation was itself imported from the field of statistics 
of event series such as practiced in reliability engi- 
neering [30]. Situations in which discrete events occur 
randomly in a continuum (e.g. time) and which are 
called stochastic point processes can normally be 
described by a Poisson probability distribution 
p(x; At), as in Equation 1, where x represents a random 
variable, t the specific time involved and 1/k the mean 
number of events per unit time. 

p(x; At) - (At)X x! e(-)'t) x = 0, 1 ,2 , . . .  (1) 

For situations where the hazard rate is constant 
(x = 0), the Poisson probability distribution can be 
reduced [31] to an exponential distribution (Equa- 
tion 2) where the mean number of occurence (I/A) 
can be obtained by integrating the occurrence distri- 
bution of the phenomena present in a given sample. 

f ( t )  = Ae (-;~t) (2) 

After the voltage fluctuations have been sorted into 
peak population distributions and then plotted as 
cumulative distributions (Equation 3) from which 

the characteristic parameter A can be evaluated at a 
point of the cumulative distribution given by Equa- 
tion 4 which corresponds to a computerized version 
of the classical method of finding A by plotting data 
on exponential distribution probability papers. 

X-" Histogram(t) 
F (t) = ~ ~ Histogram (t) 

(3) 

1/~ Histogram(t) = 0.6321 (4) 
t=l ~ Histogram (t) 

The second approach to analyze the voltage fluc- 
tuations was derived from one of the most useful 
mathematical models for analyzing time-series data 
which was proposed a few years ago by Mandelbrot 
and van Ness [32]. Although the fractional Brownian 
motion (fBm) model can help to describe very com- 
plex geometries or time series, its analysis can be 
made relatively simply by using the rescaled range 
analysis technique which was originally proposed by 
Hurst [33] and applied by Mandelbrot and Wallis to 
the determination of the fractal characteristics of a 
time series [34]. A detailed description of the rescaled 
range analysis or R/S  technique (where R or R(t, s) 
stands for the sequential range of the data points 
increments for a given lag s and time t, and S or 
S(t, s) for the square root of the sample sequential 
variance) can be found in Fan et al. [35]. Hurst [33] 
and later Mandelbrot and Wallis [34] have proposed 
that the ratio R(t, s)/S(t, s), also called the rescaled 
range, is itself a random function with a scaling pro- 
perty described by Relation 5 where the scaling 
behaviour of a signal is characterized by the Hurst 
exponent (H) which can vary between 0 < H < 1, 

R(t's) (x S H (5) 
S(t,s) 

It has additionally been shown [36] that the local 
fractal dimension d~e of a fBm noise trace is related 
to H through Equation 6 which makes it possible to 
characterize the fractal dimension of given time series 
by simply calculating the slope of a R/S  plot. 

d F e = 2 - H ,  0 < H <  1 (6) 

3. Experimental details 

The specimens were cut from commercial 2024-T3 
sheet material (thickness 1.0 mm; nominal composi- 
tion Si: 0.5, Fe: 0.5, Cu: 4.3, Mn: 0.6, Mg: 1.5, Zn: 
0.25) to appropriate sizes for mounting in epoxy 
according to metaUographic techniques. The samples 
were mounted in a manner that would expose only 
one face of each of three orthogonal planes that 
were related to the rolling direction of the sheet. 
Henceforth, these faces will be called the rolled 
surface, the long transverse edge (with its long axis 
parallel and its short axis perpendicular to the rolling 
direction) and the short transverse edge (with both 
long and short axes perpendicular to the rolling 
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direction), respectively. Prior to mounting, provisions 
were made for electrical connection to the unexposed 
back of  the samples and the unexposed edges were 
coated with an aluminium-vinyl anti-corrosive paint 
to prevent crevice corrosion between the epoxy 
mount and the aluminum electrodes. After mounting, 
the specimens were polished (using 240, 400 
and finally 600 grit papers) and cleaned with 
dichloromethane. 

For  each experiment, a pair of  identical aluminium 
specimens (same exposed face) were immersed in a 
2din 3 beaker containing a solution of 3% sodium 
chloride. Each cell was equipped with an air purge 
and a saturated calomel electrode (SCE) brought 
into close proximity with one electrode by a Luggin 
probe. The mounted specimens were separated by 
2.5ram and kept in a stable parallel position with 
plastic holders. 

The electrochemical impedance spectroscopy (EIS) 
measurements were performed with a commercial 
generator/analyser (Solartron model 1255) at the 
corrosion potential and always taken in the direction 
of decreasing frequency. Each measurement was 
repeated five times in order to ascertain the stability 
of the system being evaluated. A frequency range of 
100 to 0.1 Hz was selected for its sensitivity to corro- 
sion resistance. A potentiostat was not used in these 
measurements. The alternating current was applied 
directly between the two aluminium electrodes and 
kept at a value which would not cause more than 

10mV difference (peak to peak) across the cell. The 
polarization resistance values (Rp) were determined 
automatically, during these experiments, with the 
projection of  centres analysis technique described 
elsewhere [37-39]. 

The reference electrode (SCE) served to measure 
the corrosion potential and its fluctuations. The 
fluctuations themselves were monitored through a 
high pass filter (1 mf~ resistor in parallel to a 1 #F 
capacitor with a lower frequency cut-off (fc) at 
0.16Hz) in order to increase the sensitivity of the 
measurement technique. The high sensitivity multi- 
meter used in these studies (Hewlett Packard model 
3457A) had a resolution of 10 nV on its most sensitive 
scale (30 mV). A sampling interval (At) of  0.5 s and a 
number of consecutive data points (N) of  1800 were 
chosen since this would give a factual measuring 
frequency window where corrosion processes are 
dominant [3, 18]. The frequency domain corresponding 
to these sampling conditions can be evaluated to be 
between 1 Hz (fmax) and 1 mHz (fmin) with the help 
of Equations 7 and 8 [29]. But since the use of a 
high-pass filter in these studies will have affected the 
shapes and amplitudes of the voltage fluctuations 
differently depending on their relation with the cut- 
off frequency fc (unaffected above f~ and as dV/dt 
under fc) the information extracted from the lower 
frequency domain can only be used comparatively. 

1 

fmax - 2A t (7) 
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Fig. 1. Typical white noise file (a) and its results of analysis by FFT (b), with the R/S technique (c) and the SPD technique (d). 
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1 
fmin - -  NAt (8) 

A custom-made multiplexer controlled by a labora- 
tory computer (Hewlett Packard model 86A) directed 
the inputs from each technique to a storage device. At 
the completion of these experiments, the specimens 
were removed and examined with optical microscopy 
to observe differences in corrosion morphologies. 

4. Results and discussion 

The noise analysis techniques considered in the 
present study were tested with synthetic noise files 
generated with simple algorithms based on random 
generator functions [40]. Figure 1 illustrates the 
results obtained when a typical white noise file 
(Fig. l(a)) was analysed by FFT (Fig. l(b)), with the 
R/S technique (Fig. l(c)) and with the stochastic 
pattern detector (SPD) technique (Fig. l(d)). The 
absence of slope observed on the PSD representation 
of FFT analysis of this white noise file is matched by a 
small curvature present in the high frequency (short 
lags) end of the equivalent R/S plot. Such a distor- 
tion is common when the lag values approach the 
sampling frequency itself. It should be noted that 
the values on the R/S scale of the R/S plot 
(Fig. l(c)) are greatly magnified and that the total 
curvature only corresponds to approximately 20% 
of the levelling values observed at higher lag values 
(lower frequencies). The corresponding analysis of 

the white noise file by SPD (Fig. 1 (d)) is characterized 
by an almost perfect exponential decay of the peak 
population/peak duration histogram which is trans- 
lated in this specific case by a correlation coefficient 
of 99.1% between synthesized data and the exponen- 
tial decay calculated with the global 1/A value (1.0) 
calculated for this file. 

Another characteristic worth noting in Fig. l(d) is 
the decaying values of rise time as a function of the 
peak population calculated for this white noise file. 
This phenomenon would reflect both the decreasing 
probability of finding subsequent peaks with increasing 
amplitude and the normalization of the rise time para- 
meter by the peak duration itself. When a Brownian 
motion noise file (Fig. 2(a)) was analysed by FFT, its 
PSD plot (Fig. 2(b)) was characterized by a slope of 2 
typical of 1If 2 noise. The 1If 2 behaviour was also 
revealed on the R/S plot (Fig. 2(c)) where a slope of 
0.5 is related to the exponent (/3) of the 1/H expression 
by Equation 9 [40]. 

/3 = 2 H +  1 (9) 

The analysis of the same Brownian motion noise file 
by SPD (Fig. 2(d)) produced an almost perfect fit 
(correlation coefficient 99.2%) between the noise 
data and the expected decay of purely random pro- 
cesses but the global 1/A value (1.5) calculated for 
this file was larger than for a white noise file. By 
experimenting with real files with R/S slopes H of 
various intermediate values (between 0 and 0.5) a 
simple relation was found between the average decay 
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Fig. 2. Typical Brownian motion noise file (a) and its results of analysis by FFT (b), with the R/S technique (c) and the SPD technique (d). 
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coefficient A and the Hurst exponent (Equation 10). 

H =  l / A -  1 for 0 < H <  0.5 (10) 

It could also be demonstrated, in this effort to cor- 
relate the results obtained with the different noise ana- 
lysis techniques, that the presence of persistence [3 5] in 
noise files, which is translated by higher values of H 
and A, affects each technique quite differently, the 
SPD technique being very sensitive to the presence 
of  deterministic features in a noise signal. It should 
also be noted that the rise time curve (Fig. 2(d)) 
obtained with Brownian motion noise is independent 
of peak duration values. While this characteristic has 
not been exploited any further during the present 
study, it is felt that it could eventually be used to 
separate different corrosion modes that may be simul- 
taneously present in noise signatures. 

The voltage fluctuations observed during the corro- 
sion of aluminium specimens exposed to aerated saline 
solutions was also used to illustrate the differences and 
similarities between the results obtained with different 
noise analysis techniques. Twenty-two noise files 
recorded at regular intervals during the two week expo- 
sure period of  rolled 2024-T3 surfaces were analysed by 
the R/S technique and a map of the relative results of 
analysis is presented in Fig. 3 where three regions can 
be readily identified. In the first region (file 1 to 6), 
the R/S slope values for the short lags are very close 
to 0.5, which is typical of Brownian motion noise, 
and diminish for higher lag values. The few very dark 
spots in this first region could indicate the presence of  
persistence at the frequencies corresponding to the 
lag values on the abscissa of  Fig. 3. 

The second region of this plot (file 7 to file 14) seems 
to be almost totally characterized by the presence of 
anti-persistence [35] (R/S slope < 0.5) which would 
correspond to fBm noise signatures with an exponent 
/3 between 2 and 1 i.e. between Brownian motion and 
the very common 1If behaviour. The third region in 
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Fig. 3. Results of analysis by the R/S technique of twenty-two noise 
files obtained at regular intervals during the two week exposure of 
2024-T3 sheet material in an aerated saline solution (white, 
R/S < 0.48; grey, 0.48 < R/S < 0.68; black, R/S > 0.68). 
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Fig. 4. Results of analysis by the SPD technique of twenty-two noise 
files obtained at regular intervals during the two week exposure of 
2024-T3 sheet material in an aerated saline solution (white, 
real < 0.8 model; grey, 0.8 model < real < 1.2 model; black, 
real > 1.2 model). 

Fig. 3 is itself characterized by very variable R/S 
slope values that vary between subsequent files in 
repetitive patterns. This would indicate the presence 
of persistence at specific frequencies for the rest of 
this experiment. 

A similar treatment of  the results obtained by ana- 
lysing the same noise files with SPD is presented in 
Fig. 4. The threshold values which served to rank 
the results in this case were based on the adherence 
to the exponential decay model by the real data 
once transformed into peak duration vs peak popu- 
lation histograms. Experimental values agreeing 
with the exponential decay model within 20% of the 
predicted values have a grey shade in this plot 
(Fig. 4) while they are either white when smaller or 
black when larger. Such a procedure can efficiently 
highlight the presence of longer peaks which would 
be more predominant when deterministic processes 
are controlling the corrosion reactions. The three 
regions visible in Fig. 3 were repeated in Fig. 4 where 
the presence of a dark area around the 10 s peak dura- 
tion is quite visible for the first 4 measurements. The 
extensive presence of persistence also became very 
visible at noise file 15 and lasted until the end of this 
experiment. These three regions characterized by 
both P/S and SPD analysis could be thought to 
correspond to three distinct modes controlling the 
corrosion of the rolled 2024 aluminium surfaces. 
Three original noise data files were selected to illus- 
trate how these files would appear either in real time 
or after their transformation by the more classical 
F F T  analysis. 

An example typical of the first region identified in 
Figs 3 and 4 and presented in Fig. 5(a) (file 2, sampled 
at the end of  first day of exposure) clearly possesses 
the long peaks apparent in the SPD analysis and 
which caused the persistence highlighted by the R/S 
analysis. The frequency domain where these peaks 
are dominant seems to be around or even below the 
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cut-off frequency of  the high-pass filter used in this 
study i.e. between 16 and 160mHz on the PSD plot 
(Fig. 5(b)) of  the F F T  results obtained with this file. 
A typical file of the second region identified pre- 
viously (file 8, end of third day of  exposure) is pre- 
sented in Fig. 6(a). It apparently possesses some of  
the features found in white noise files with a cumulat- 
ing element that is characteristic of  Brownian motion 
noise. But the results obtained by analysing this file by 
F F T  (Fig. 6(b)) do not match either the features pre- 
sent in PSD plots of  white noise (Fig. 1 (b)) or Brow- 
nian motion noise (Fig. 2(b)). It is possible to 
distinguish on the PSD plot of  Fig. 6(b) a stronger fre- 
quency component at approximately the cut-off fre- 
quency (160mHz). This dominance seemed to be 
displaced toward lower frequencies as can be seen in 
the results of analysing a file of the third region 
(Fig. 7(a), file 15 taken at day eight) by F F T  (Fig. 
7(b)). In fact the presence of the high-pass filter is 
hardly visible on this last PSD plot, indicating that 
the voltage fluctuations during this period belong 
entirely to the low frequency domain. 

While the significance of  all the information that 
can be extricated from the extensive analysis of cor- 
rosion noise records is difficult to appreciate without 
more advanced modelling of the simultaneous 
processes occurring at these highly complex alloy- 
interface systems, it is possible to seek some practical 
and useful relations of  a simpler nature. Figure 8 
illustrates how the corrosion rate values, obtained 
by analysing the EIS results obtained during this 
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Fig. 10. Average corrosion rates and mean number of events for 
rolled (I), long (T) and short (e) faces of commercial 2024 sheet 
material exposed during a 10 day period to aerated saline solutions. 

experiment with a 2024 rolled surface, compared  with 
the mean number  o f  events (l/A) calculated f rom the 
corresponding noise files. Some typical EIS results 
are presented in their Bode plot  format  (Fig. 9) to 
illustrate the pertinence o f  analysing these results 
with the projection o f  centres technique since a 
unique and depressed (log(Z)/log(f)< 1.0) RC 
behaviour  is clearly visible in the frequency range 
used in this study. The three regions which were 
identified during the analysis o f  twenty-two noise 

• files and which are still apparent  in the mean number  
o f  events, were also clearly present when the corrosion 
rate behaviour  was plotted. The initial high corrosion 
rates (> 60 #m/y)  calculated during the period corre- 
sponding to noise files 1 to 5 dropped  considerably 
during the following days belonging to the second 
region (files 6 to 14, ~ 35/~m/y) and finally climbed 
to reach intermediate values in a third and last region 
(files 15 and beyond,  ~ 45 #m/y).  

This relation between the mean number  o f  events 
obtained f rom noise files and the corrosion rates 
measured independently by EIS also held for the 
other experiments carried out  during this study of  
the 2024 sheet material resistance to aerated saline 
solutions. The average values obtained for these two 
parameters  during six 10 day exposure experiments 
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involving the three faces o f  this commercial  material 
is presented in Fig. 10 where the correlat ion coeffi- 
cient between the two parameters  was calculated to 
be 0.88. Incidentally, the average corrosion rate 
which was estimated f rom these six experiments 
( l l 7 # m / y )  agrees relatively well with what  was 
reported in the literature [41] (139#m/y)  for similar 
experiments involving weight loss measurements  by 
a 2024-T4 alloy exposed for the same period to 
slightly more  concentrated (3.5% NaC1) saline solu- 
tions. The micrographs  presented in Fig. 11 illustrate 
the extent o f  corrosion damage felt by each face o f  the 
aluminium sheet material. In  this figure it can be seen 
that  the average size o f  the pits formed on the three 
faces o f  the 2024-T3 sheet material increased f rom 
the rolled (16#m, Fig. 1 l(a)) to the long (22#m, Fig. 
1 l(b)) and short  transverse faces (28#m, Fig. 1 l(c)) 
thus confirming the corrosion ranking observed by 
both  EIS measurements  and E N  monitor ing.  

5. Conclusions 

The analysis of  spontaneous  electrochemical noise 
generated during the corrosion o f  metallic specimens 
can be made by various analysis techniques to reveal 
the stochastic and fractal nature of  the simultaneous 
phenomena  which occur at a corroding interface. 
The results obtained with two relatively new 
approaches which can be used for the characteriza- 
tion o f  r andom or partially r a n d o m  noise signatures 
have been compared  with the results o f  their trans- 
format ion  by FFT.  It has been demonst ra ted  that  
both  the R/S and SPD techniques can serve to high- 
light features present in the frequency domain  o f  
t ransformed data records. The usefulness o f  using 
the SPD technique for the analysis o f  corrosion noise 
became quite apparent  when the mean  number  o f  
events calculated with this technique was compared  
with corrosion rates moni tored  in parallel with EIS. 
Those encouraging results will serve as a sound basis 
to pursue the study o f  the more  deterministic or 
chaotic features which construct  electrochemical 
noise signatures. 
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Fig. 11. Micrographs of 2024-T3 sheet material after two weeks in 3% NaCI aerated solutions: (a) rolled, (b) long and (c) short transverse 
faces. 
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