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ABSTRACT

The accurate measurement of electrochemical phenomena s

considerable importance for a range of studies, not only in research but
also in practical situations. These subjects include corrosion science,
electroplating, electrochemical engineering and the 1life sciences. Thig
paper summarizes research into electrochemical noise processes during
corrosion reactions and illustrates the use of digital monitoring
technigues  for the identification of electrochemical behaviour.
tiectrochemical reactions are shown to be discontinuous processes, being
made up of a series of micro-electrochemical events which OCCUY randomiy on

eclectrode surfaces.,

Noise 1s & general term used to describe the random variation n 8
signal with respect to time. Electrochemical noise is <hown to result from
the behaviour of individual micro-electrochemica] events, averaged over
time, which when combined, form the potentials and currents normally
measured in such systems. Statistical analysis of the ncise data can be

used to identify the wmechanisms of reaction and

. in addition, reaction

rates can often be determined. cxampies of clearly identifiable noise
signatures are given in this paper to illustrate the sensitivity and use of

the electrochemical noise monitoring technigues.
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INTRODUCT ION

clectrochemical noise has been measured during electrochemical

reactions for many years bhut with the recent introduction of highly

sensitive digital @@t@ﬂ “Fd w%?@?? m%ﬁgara g nastrumentation the

phenomenon has received lectrochemical potential %ﬂd
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electrodes in  aguecus 2%3ﬁﬁﬁde soiutions, awﬁiﬁfﬁﬁ 41Th 1 0 3
r f%%??@& ﬁ:ﬁét ade the potential fluctust @ﬂS were  of  varying
characteristi wnicn they termed A, B and C type behaviour. %@?@
mm”ﬁ:'ﬁy ngc%ﬂmmyﬁ ana co-workers [2,3.4.5] ﬂaw carried out extensive
researcn of current noise fgﬁwaﬁﬁiﬁgﬂg auring electr @dﬁpﬁgﬁhﬁﬁﬂ on Qaﬂgﬁa
crystals Gabrielli and co-workers [6,7.8] and ﬁﬁwggn ang H aﬁﬁy 19,10,111

@
have rel ﬂi%d the power spectral density of electrochemical noise to 'ﬁ:ha::
mode of the reaction process. More recent w@v% at UMIST Eizﬁiéﬁ nas shown

that by statistical analysis of the noise < gnals, both mechanistic and
kinetic information may be obtained.

[Tiustrations of simple theoretical potential transients resultd ing
from individual wmicro-anodic and micro-cathodic activity are given in
Figure 1. In the example of a working electrode, monitored with respect to
a mf&mm electrode, an electrochemical event is indicated Dy & SE’“‘ém“p
decrease in the pof tential fi tlowed by a slow exponential recovery of the
potential to the pr@waﬁug Yy Obse rved level. The sharp potential iransient
resuits from the micro-ancdic eve nt, ie. dissolution of & large number of
metal atoms at & point on the electrode surfaca (¥ - M Y. The micro-
anodic event leaves an excess z‘::»f: %'E ctrons on tne metal surface which
charge-up the double layer. The electrons are giscnarged separately at

cathodic sites which may be spread over the entire elecirode surface, ie.
@@m%d thrmg*’a the ﬂgub'ﬁe tayer { e+ H + H Y. Where individual micro-

etectirochemical events occur, a delay is apparent between the micro-anodic
ﬁﬂd m%ierCchﬁé%ﬁ reactions which make up the event, ie. the time constant
for the hydrogen discharge vreaction is much <lower than that for the
tonization of the metal atoms [1]. In the case of two similar wwmwg
electrodes, individual electrochemical events and the resultant potential
noise behaviour may be due to act ivity on either or both electrodes.

[ gy

2 individual and 1dso0la ﬁﬁ electrochemical events occur on a
tectrode, the amplitude of the potential transient is arfected by

”%ct?@d@ avea which determines the @ﬂierfaﬂﬁ@i capacitance of the
electrode in the electrolvte. iypically, increasing the electrode area
causes an increase in the interfacial CApACITance whaih resuits In smaller
transients observed on the potential signal.
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LOMDINAING, OV meEvrding, of ingdividual ele Lrochemical events may resyl
& smootning of the observed potential sional from & freely cor -@uwm
clectrode [16]. The %i%iﬂzéaszﬁ averaging effect is {1ilustrated in ?%guw@
2; the increase in electrochemical events ey untt time results in 2
significantly reduced mf@ Pot electrochemical potential noise.
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The degree of localisation of corrosion attack on electrode surfaces
influences the number of events per unit time (for a fixed electrode area),
and hence the electrochemical potential noise, tPN, signal may be used to
identify the mode of corrosion attack 116]. Pitting, where a low number of
electrochemical events per unit time are normaily observed, results in
higher amplitude EPN than seen during general type corrosion. Crevice
attack may be observed as individual electrochemical events, the transients
typically approaching 100mV 1in amplitude 115,16,171. Estimation of the
rate of events may be achieved using simple statistical methods.

ELECTROCHEMICAL NOISE ANALYSIS TECHMIQUES

the approach adopted at UMIST has been to monitor the mean current
tiow and the current noise bhetween two nominally identical working
electrodes and to correlate this with the potential noise associated with
the corrosion potential, measured simyltaneousiy via a third electrode,
Figure 3. tlectrochemical noise time records are collected at samp 1ing
intervals of typically 1 second, using digital potential and current noise
instrumentation. The instrumentation 1is interfaced to an MS-DOS
microcomputer, via an IEEE-488 interface, for data collection and

analysis. dard copies of the electrochemical noise traces and analysed
data are output on a suitable plotter.

tiectrochemical Potential Noise (EPN)

EPN is a generic term describing low level random fluctuations of the
electrochemical corrosion potential. The fluctuations are usualtly of Tow

amplitude, less than a millivolt, and of Tow frequency, in the range 1 Hz
and below. tPN monitoring may consist either of the measurement of
potential fluctuations between two nominally identical electrodes, or
measurement of potential fluctuations with respect to a standard reference
eiectrode. Digital instrumentation and software [12] has been developed
and appiied to corrosion monitoring in a variety of industrial and
taboratory situations [13.14]. The EPN tecnnigue provides data which can
be correlated with the mode of corrosion attack since the random
fluctuations recorded are characteristic of the COrrosion processes: the

signatures of uniform corrosion, pitting corrosion, crevice attack and
stress covrosion cracking being especially clear.

tlectrochemical Current Noise (ECN)

This techmque 1s similar to EPN, except that fluctuations in the
coupling current between the two similar electrodes, typically less than
luA, are evaluated. Eden, Dawson and John [15] showed that it is possible

to reiate current and potential noise to the rate of reaction during
electrochemical processes,

PRACTICAL EXAMPLES OF ELECTROCHEMICAL NOISE PROCESSES

tiectrochemical Noise Resulting from individual Events

the schematic illustrations of potential noise transients, shown in
Figures 1 and 2, are seldom observed except 1in ideal situations. More
commonly, electrochemical potential noise data will consist of a mixture of
such theoretical transient behaviour.

3-95




A practicai exampie of individual, electrochemical events from two
working micro-electrodes (0.8 X 107 mm carbon steel electrodes 1in 2M
sulphuric acid, set-up in a crevice type situation} is shown in Figure 4.
ihe sharp micro-anodic steps, resulting from the individual electrochemical
events, are identifiable on this trace togetner with smaller potential
Ftuctuations vresulting from variations 1in the double iayer. These
variations inciude the formation and release of gaseous nydrogen bubbles
and other effects occurring at the electrochemical interface. ine
ditferences 1in vrecovery time of the transients (ie. the wmicro-cathodic

steps) are due to differences in  the interfacial capacitance

cnaracteristics of the two crevice electrodes. Statistica anaiysis of the
mixed electrochemical signals experienced in Dracrice enables an assessment
of the noise behaviour on the electrode surfaces to be made.
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tlectrochemical Noise Related to Flectrode Area

The effect of combining of electrochemical events and the previously
mentioned effect of variation in noise levels with interfacial capacitance
results in observed potential noise seing highly dependent on electrode
area, [16]. A practical example of tow-amplitude electrochemical p@t@ﬂi%§3
noise resulting from general corrosion of carbon steel electrodes (100 mm )
in 2M sulphuric acid, is shown in Figure 5. The small fluctuations in the
potentiail signal result from merging of the electrochemical events on the
electrode surfaces. An experimentally determined refationship of EPN to
electrode area, for a system undergoing general type corrosion {carbon
steel in 2ZM sulphuric acid), where a significant number of electrochemical
avents per unit Lime are occurring, is shown in Figure 6. Flectrode areas
in excess of 1000 mm™ resulted in EPN levels below the noise level of the
instrumentation: smaller electrode areas resulted in mean EPN Tevels 1in
excess of 300uV being recorded.

Low-noise counter electrodes may be preparved by increasing the area of
freely corroding electrodes: in the case of general type cgrrosion the
required electrode area will normally be in excess of 1000mm , DUL where
localised attack is prevalent, the area requivemaent will be far greater.
These electredes are particularly useful as a reptacement for reference
electredes when studying E£PN behaviour on a single working electrode.
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cxamples of EPN and ECN fime traces, and associated statistical no1se
distributions, resulting from twe sizes of electrodes (carbon steel 1in 2M
sulphuric acid), undergoing general type corrosion, are shown in Figures 7
and 8. The time records of the potential or current nojice (EPN and ECN)
are given in the top section of the plioits and the ascoctated we ighted
statistical distributions of the noise fluctuations are <hown in the lower
section. The mean, standard deviation, and coefficien variance for the
time based data and noise distributicn data are shown at the pase of each
o lot.
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of noise (5.3uV to 333uV) for the small steel electrodes as compared with
the larger steel electrodes, Figure 7. In the case of the smaller
electrodes, the individual electrochemical events originating from both
working electrodes are clearly identifiable on the EPN time trace.
stability in the electrochemical behaviour, due to the merging of
individual events, is indicated by the decreased coefficient of variance or

the large electrode EPN distribution (0.77) as compared with the smaller
electrode EPN distribution (1.29).

Lorrgsion Rate Assessment Using

Electrochemical Noise

The electrochemical current noise (ECN) time traces and associated
statistical noise distributions., from the large and small electrodes., show
decreased noise levels with decreased electrode ares (1285nA to 3.5nA),
Figure 8. Potential transients (or noise) are naturally generated
periurbations of the corrosion potential and the corresponding current
responses may be used to estimate the polarisation resistance (Rp) of the
alectrodes [17] to give an assessment of the corrosion current (Ieopr) 0
Tinear systems. The mean of the statistical noise distributions g¢give an

average of the potential and current fluctuations over the 1024 second
period.

!
Using ohms law: R? =‘§%
“Jﬂ 2
= 7 X tlectrode Area (cm )

Where: n
V.. = Mean of the potential noise transients
Eﬁ = Mean of the current noise transients

-6

ror the large electrode Rp - 2:3 X IQ*:Q X 3 - 2lacm’
1285 x 10
- D
* ) 3 -
For the small electrode ?p - 333 x 10 g X 1.6 x 10 - EEQcmz
3.5 x 10

The calculated polarisation resistance may then be used in the Stern Geary
equation to calculate the corrosion current.

1 o1 Palfe 1 5
cory 2.3 7 {b_+ Db }" R R
3 C P P
Where:
EC@Fﬂ = Corrosion current, amps.
bﬁg c = lafel constants., volts.
Rﬁ = Polarizaticon resistance, ohms.
» =

bae be/2.3 (b, + b.), volts.

Ihe relationship betweern corrosion current and corrosion rate can he

.
[N

estanlished using Faradav's Taws. in  both the above cases, the

solarisation resistances {corrected for electrode area) and therefore
corrosicn rates, were broadly similar for the two pairs of steel electrodes
in 2M sulphuric acid. Externally applited polarisations, which are normally
used to  estimate corrosion current, freqguently affect the corrosion

processes on elecivode surfaces, In addition, significant polarisation
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errors in corrosion rate measurement may be made when electrodes Lindergo
tow rates of corrosion or in conditions where diffusion effects
predominate. Electrochemical noise analysis is a sensitive and convenient
method for assessing corrosion rates on freely corroaing electrodes as it
overcomes the requirement for external polarisation (either dc or ac)
normally used to assess corrosion rate and alsoc allows very low rates of
attack to be accurately measured.

Electrochemical Noise Resulting From

FH

Reaction Initiation

In electrochemical reactions, characteristic events or noise signals
(Fingerprints) are frequently observed on the ECN or EPN time traces.
Initiation of active sites, often observed during pit initiation, were
First identified and reported by Hladky [19]. The behaviour is identified
by & cyclic noise signal on the time based data. This type of behaviour
nas also been observed in a number of other electrochemical corrosion
systems and 1is thought to result from the initial reaction stage of an
individual active site on the metal surface. A typical ECN time trace
illustrating this type of behaviour is shown in Figure 9a: the data were
recorded during the early stages of weld attack of a nickel alloy
(Hastelloy C276) in a standard test solution [19]. The characteristic
trace frequently gives a twin peak distribution on the statistical noise
plot. The characteristic pulsating noise signals are thought to be due to

tocal film breakdown and repair processes at an active site on the
electrode surface,

The physical significance of these current transients may be assessed
using Faraday's law of electrochemical equivalence. Calculation of charge,
from the current time record, indicate the dindividual transients to
represent the dissolution of approximately 10% to 106 atoms.

tiectrochemical Noise Resulting From Stress Corrosion Lracking

Stress  corrosion cracking results in  characteristic potential
transients (and corresponding current transients} being observed during
electrochemical noise studies [20.21]. Uata recorded during constant
extension rate (CERT) tests, carried cut on sensitised stainless steal 304
ailoy undergoing intergranuiar stress corrosion cracking (IGSCC) im a high
oxygen (Z,600 ppb) simulated PWR secondary water test, showed 1large
potential transients {up to 100mV) 1in the opposite direction to those
normaily expected from anodic dissoclution events. The sharp potential
transient occurred in the positive direction and the slower exponential
agecay 1in the negative direction). Iin the CERT tests the IGSCC noise
behaviour was identified as resuiting from a series of initiation ana
propagation steps and occasionally a group of such steps were ijdentified in
close succession [21}, Figure 9b. the twin peak noise distribution
describes the larger potential transients associated with the IGSCC steps
and the smaller fluctuations possibly resulting from normal surface or film

breakdown variations in the interfacial capacitance.

the positive displacement transients, which coincided  with
pertubations on the Toad trace during the test. are thought to be
associated with the sudden exposure of bare metal to the electrolyte, at
the crack tip, resulting in loss of charge from the stressed electrode.
IThis 15 thought to be due to a cathodic electron aischarge process on the
newly exposed surface. This reaction is followed by an anodic dissolution
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reaction on the clean metal surface, which reacts with the electrolyte and
which allows the stressed electrode to regain its original charge.
tiectron transfer at the crack tip occurs preferentially at sharp points
due to an 1ncreased charge density at these sites.

ARY AND CONCLUSIONS

c lectrocnemical potential and current noise originate from individual
electrochemical events. Electrochemical potential noise is a statistical
average of the individual electrochemical events in progress on the
electrodes. Ihe mean signal level is affected by both the degree of
localisation of attack, the electrode area and the material/environment
combination. Overlapping of these electrochemical events causes potential
noise amplitude to decrease due to wmerging of the potential transients.
Researcn at UMIST [13,14] has shown that, for a fixed electrode area, data
obtained at the free corrosion potential can be related to the degree of
1ocaiised attack on the electrodes,

tlectrochemical noise gives valuable information during the onset of
dattack, the occurrence of stress corrosion cracking, and during pitting or
crevice type corrosion. Analysis of the electrochemical noise signals can
be performed statistically { mean x, standard deviation o, and coefficient
of variance of/x} . In brief, general corrosion gives a low mean and
coefficient of variance whereas pit initiation or SCC, being random
processes, tend to give a high mean and variance. During pit propagation
or cCrack propagation the coefficient of variance returns to lower values
typical of stable electrochemical processes. Reaction 1initiation and
repassivation processes, in  systems undergoing uniform or genarag |
corrosion, similariy tend to give high coefficients of variance.

Reterence elecirodes, as utilized 1in laboratory studies, can be
inherentiy noisy. The concept of low~-noise counter electrodes has been
introduced in this paper as an alternative to the use of reference
electrodes for electrochemical noise studies. Corrosion rate estimates may
be derived from freely corroding electrodes using the current and potential
noise data without the requirement for ac or dc polarisation and. in
addition, systems undergoing very low rates of attack may be more
accurately assessed.

1. Electrochemical corrosion reactions are discontinuous processes being
made up of a series of stochastic micro-electrochemical events which
OCCUr at random on electrode surfaces. Measurement of the potential
and current noise forms the basis of a monitoring system which, when

combined with & suitably designed electrode arrangement, can optimise
the measurement of corrosion processes,

2 . Corrosion rate information for uniform corrosion may be derived
directly from electrochemical noise data thereby overcoming the
requirement for external polarisation. The technique is particularly
useful for assessing corrosion rates in systems undergoing very low
rates of attack.

3 ineg noise analysis technigues provide a sensitive and powerful tool
ror the ddentification of electrochemical corrosion phenomena.
Fingevprinting of specific electrochemical behaviour i.e. general,
pitting or crevice tiype corrosion, veaction initiation and stress
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