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| nt roducti on.

El ectrochenical noise is a generic term describing the phenonenon of
spont aneous fluctuations of electrochemi cal systens. It manifests itself in
two guises, as potential noise or as current noise, depending on the node
of neasurenent. The work described in this paper relates to the nmeasurenent
and analysis of fluctuations of potential of freely corroding electrodes,
i.e. potential noise, but the techniques and procedures described bel ow
apply equally well to the case of current fluctuations.

The sources of electrochemical noise may be classified in three
categories. Charge carrier effects contribute noise whose spectral density,
the anount of noise present in a given bandwidth, is essentially constant
over a wide range of frequencies and is of a |low anplitude. This category
covers noise originating from thermal agitation of charge carriers, noise
caused by charge being transferred in discrete anmounts and by other such
phenomena.

A second source of noise relates to surface processes occurring on
the electrodes and specifically to their inhonbgeneities. These give rise
to fluctuations at frequencies of approximately 1 Hz and below The
observed spectral density of these fluctuations in general varies wth
frequency and the anplitude can be much higher than that caused by charge
carrier effects.

At very low frequencies environnental changes, such as variations of
t he physical and chemical paraneters of the observed system result in slow
fluctuations of the electrode potential or current. These often have the



appearance of drift of the electrode potential and can sonetines be
accounted for by existing theories of electrode thernodynancs and
ki netics.

Measur enent Procedure.

The neasurenment and analysis of electrochenical noise nay be
acconpl i shed using either analog or digital equipnment and techniques. The
digital nethod enployed in the present work offers a nunber of advantages
and can be easily inplenmented on a desk-top mi croconputer

The basic steps in the procedure adopted for the present work were:

Data col | ection
Time record storage
Pre- processi ng
Time record anal ysis

A

Qut put and cl assification

Data Col | ecti on.

Data collection involves sanpling of the measured paraneter, potentia
or current, at predeternined intervals for a required nunber of sanples.
The sanpling rate should be sufficiently high to cover the frequency range
of interest and nust be, in order to prevent aliasing, at least twice the
hi ghest frequency present in the input signal

Spectral Density Estimates.

Tradi tional nethods of spectral density estinmation use sone form of
Fourier transform (FFT), either via the autocorrelation function (2) or
directly (3). An alternative procedure known as the Maxi mum Entropy Method
(MEM exists (4) and is in nmany respects preferable when the tine data is
only weakly stationary.

The traditional approach assunmes that data outside the tine record is
either zero or that the time record repeats periodically in time. In order
to satisfy these requirenents and to inprove the resolution of the spectra
estimates by reducing 'leakage' it is common to apply a 'w ndow function
to the tine record. This involves a nultiplication of the original tine



record by a function which is zero at the extrenes of the time record and
rises smoothly to unity in its centre. A large nunber of such functions
exi sts, each having its own nerits. A 1/10th raised cosine w ndow (1) was
used in the present work.

These procedures are a direct violation of Jayne's First Principle of
Data Reduction (5). The MEM technique avoids these problens by
acknow edging our ignorance of the data outside the tine record and
conputes a spectrum npst consistent with the available data and at the sane
time nost non-committal in respect of the unknown values. In infornmation
theory ternms this means that the entropy (ignorance) of the unavail able
data is maxim sed.

The conputational procedures of the MEM have been devel oped by Burg
(6) and the underlying ideas have been summarised by Ables (7). A useful
algorithm for the conputation has been published by Andersen (8). Al of
these papers appear in an anthology published by the IEEE (9), a nore
recent anthology is also avail able (10).

The nunber of sanples taken, i.e. the length of the time record,
determines the |owest frequency that may be reliably neasured in the
collected data and is largely deternmined by the storage capacity and speed
of the conmputer used. It is wise to choose an integer power of two numnber
of sanples in order to take a full advantage of sone of the Fourier
transform al gorithns avail abl e.

The hardware used for the neasurenment can be an accurate analog to
digital converter (ADC) or, since the frequencies involved are relatively
low, a digital voltneter.

Qur rmneasurenment system conprised a Solartron 7055 voltreter controlled
over the |EEE 488 bus from a Hew ett-Packard 85A conputer, also used for
the data processing. A Hew ett-Packard 7225A plotter was used for the final
graphi cs out put.

Potential fluctuations were neasured, whenever possible, as potential
di fferences between two 'identical' electrodes placed near each other in a
test cell. This arrangenent mninises the de potential difference between
the electrodes, enabling the voltnmeter to operate on its optinally
sensitive range. Environnental changes tend to affect both electrodes
equal ly, reducing the anplitude of the resultant drifts. The simlarity of
the electrodes also guarantees that any observed fluctuations originate
fromthe test el ectrodes.



In sone situations, such as in our cavitation tests and plant
neasurenents, this arrangenent is not practicable. 1In such instances
neasurenents are best made using a suitable '"inert' (noise free) reference
el ect r ode.

External electromagnetic interference was not found to be a problemin
any of the measurenents.

Ti me Record Storage

The acquired tinme record can be stored in a digital format on a
sui tabl e storage nmedi um such as a floppy disk or a nmagnetic tape cartridge.

Pr e- processi ng.

Before analysis it is desirable to carry out certain pre-processing
operations on the collected tine records. The first of these involves the
isolation and renoval of outliers, data points corrupted during acquisition
and far removed from the data mean. These may be isolated using first or
second difference procedures and replaced by values equal to the nean of
their neighbouring data points. It is also useful to conpute and renove the
nean and trend of the data, i.e. the de value and any slow drift present in
the tinme record. Finally the nunber of data points may be reduced by the
application of digital filtering techniques. Al these operations are
standard data processing procedures and have been described in detai
el sewhere (1).

Ti me Record Anal ysis.

The pre-processed tine record nmay be analysed in terns of its sinple
statistics and in terns of its spectral composition. The sinple statistica
procedures can be the conputation of the standard deviation of the data
probability density distribution conputations and tests for statistical
stationarity. Conventional spectral analysis procedures are designhed to
operate on stationary data, electrochenmical noise is usually only weakly
stationary and this fact nust be taken into account when considering
paranmeters such as confidence limts of the results.

The MEM nethod is ideally applicable to the analysis of weakly
stationary data, such as the electrochenmical noise, and the conputed



spectra have the useful properties of optiml flatness and ni ni mum phase
(10).

Qut put and d assification.

The final stage of the procedure consists of plotting and
classification of the results. The nobst informative plots are those of a
| ogarithm of anplitude spectral density against |ogarithm of frequency and
of logarithm of standard deviation versus tinme. In the former case the
required logarithmc spacing of the plotted frequencies can present
problenms with data obtained via a FFT algorithm this procedure usually
conputes spectral values at linearly spaced frequency points. The variance
of the FFT spectral estimates is wusually high, resulting in 'peaky'
spectral plots. This effect, which can hinder interpretation, can be
alleviated by the use of spectral snoothing or rnms averaging. These
procedures either average spectral estimtes at adjacent frequencies or rms
average spectra of consecutive tinme records. None of these problens arise
when the MEM techni que is used.

Conparisons of the spectra and of the variations of the standard
deviation with known paraneters, such as weight loss data or visual
observations of the features of the corrosion attack, then make it
possi ble to establish correlations between these paraneters and features.

Resul ts.
The application of the technique may be illustrated by the follow ng

exanpl es. We have published some of our early results previously (11) and
hope to present nore detailed data in the future.

M1ld Steel in Sul phuric Acid.

The possibility of corrosion nmonitoring wusing analysis of the
statistics of the potential fluctuations was tested on the ubiquitous nmild
steel - 1IN HSO, system A pair of nild steel electrodes of 1 cnf area each
was inmersed in 1IN H,;SO,. The potential difference between the electrodes
was sanpled at 1 second intervals over a period of 100 sanples using the
i nstruments described above.



The standard deviation of each of these tine records was then conputed
and its values are shown in Fig. 1, plotted against inmrersion tine. The
behavi our of the standard deviation follows that of the corrosion rate as
determ ned by weight | oss tests, inpedance neasurenents and harnonic
anal ysis (12), suggesting a possible linear relationship between the rate
of attack and the magnitude of the potential fluctuations.

Chem cal Pl ant Measurenents.

Potential noi se neasurenents were nmade on a chem cal plant operated by
I.C.lI. during the plant start-up period, in order to assess the feasibility
of such neasurenments and to identify any potential problem areas. A Pd
reference electrode was used, inserted in a stainless steel transfer I|ine
with the nonitoring equipnent situated at sonme distance fromthe probe. The
potential of the plant against the reference electrode was sanpled every
1.5 seconds over a tinme record of 1024 points.

Fig. 2 shows the results of initial analysis of the data obtained,
presented as a plot of standard deviation versus time. The plot reflects
the large fluctuations observed during the initial stages of the start-up,
standard devi ations of data obtained during nornal operating of the plant
were nearly an order of magnitude [ower than those observed towards the end
of the period shown.

Cavitation Tests.

El ectrocheni cal noise neasurenments were nmade on a large scale sea
water cavitation rig at the Admiralty Marine Technol ogy Establishnent. The
test cell conprised a cylindrical specinen inserted in a rectangular flow
channel forming a part of a large flow | oop. A section of pipe upstream of
the test electrode was used as a reference el ectrode.

Fig. 3a shows a typical tine record obtained on a Al specinen. The
potential fluctuations exhibit a distinctly asymetrical probability
density distribution and non-stationarity. Fig. 3b shows a FFT spectrum of
this data, while Fig. 3c presents an equivalent MEM spectrum plot. The
spectral densities conmputed by the two nethods are simlar, the MM
spectrumis considerably easier to interpret.

Sel ecti ve Dissol ution Experinents.




El ectrocheni cal noi se neasurenents seem to be ideally suited to the
nmonitoring of localised corrosion attack. Fig. 4 shows two MEM spectra
obt ai ned on nickel aluni nium bronze (NAB) specinens in sea water of pH 7.5
and 5.0. Previous results have shown that a shallow roll-off slope and a
hi gh frequency position of the break point of the spectral density plot is
i ndi cative of localised corrosion attack (11). The NAB alloy is susceptible
to selective dissolution attack (13) and el ectrochem cal noi se nmeasurenents
coul d provide a nmeans of nonitoring of this type of corrosion.

Concl usi ons.

Potential noise neasurenents provide a non-perturbative neans of
i nvestigation of corrosion processes. Even sinple neasurenents, such as
standard devi ation determ nation, can give an indication of the rate of the
corrosion attack. Spectral analysis of these fluctuations provides data
relating to the norphology of the attack (11). The MEM technique of
spectral analysis was found preferable to the nore conventional nethods,
such as the FFT.

At present we find it difficult to suggest satisfactory theoretical

expl anations of the observed enpirical correlations and we hope that this
situation will be remedied in the future.
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Fi gures.
Fig 1 Time variation of standard deviation (s) of potential fluctuations
between two nild steel electrodes imersed in 1N HSO,
Fig. 2 Time variation of standard deviation (s) of potential fluctuations
of I.C. 1. chemnmical plant.
Fig. 3a Tine record of potential fluctuations (E) of an al um ni um speci nen
under goi ng cavitation.
Fig. 3b FFT spectrumof Fig. 3a.
Fig. 3c MEM spectrumof Fig. 3a.
Fig. 4 MEM spectra of potential fluctuations between two NAB el ectrodes

imMmersed in sea water of pH 7.5 and pH 5.0.
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