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ABSTRACT

INTRODUCTION

iStress-corrosion cracking experiments have been performed on a
high-strength carbon steel exposed to acidified sodium chioride
solution poisoned with sodium sulfide. The electrochemical poten-
tial of the specimen was monitored during the experiment, and
this paper reports the observed electrochemical noise. The analy-
sis was performed using both the maximum entropy method and
the discrete Fourier transform. A consistent noise behavior was
observed throughout the experiment, with the only perturbation of
any significance being associated with major transients that oc-
curred when the specimen actually failed. The average noise
power measured over a period of the same order as the duration
of the transients has been found to be an effective method of de-
tecting them, but it is expected that this will be much more diffi-
cult in service conditions.
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Noise is a general term used to describe the fluctuating behavior
of a physical variable with time. For an electrochemical process
one may measure either the voitage noise (i.e., the fluctuation in
the electrochemical potential with time) or the current noise (e.g.,
the fluctuation of galvanic current flowing between two specimens
or the fluctuation in applied current in a potentiostatic experiment).
For this work the voltage noise has been studied, and this intro-
duction will concentrate on this mode of measurement, although it
will be appreciated that current noise measurements are similar in
most respects.

The phenomenon of electrochemical noise and the informa-
tion that it may provide on corrosion processes has received con-
siderable attention in recent years.'"> The analysis of electrochem-
ical noise is now considered to give useful information about the
rate and nature of electrochemical processes taking place at the
electrode, although the theoretical basis of much of the interpreta-
tion is somewhat limited. For a pure activation-controlled process
the source of the noise is thought to be the stochastic fluctuation
of the rates of the forward and reverse reactions. In the more
common case (for corrosion) of reaction at filmed interfaces the
source of the noise is somewhat less clear, but it tends to be at-
tributed to the breakdown and repair of the film. Other processes
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FIGURE 2. Time-to-failure as a function of applied stress.

in order to convert a signal that is subject to drift into a better
approximation of a stationary process, it is common practice to
perform a trend-removal process before analysis. In its simplest
form this entails the fitting of a straight line to the original data,
and then using the deviation of individual points from the straight
line as the new data set. In more exireme cases a higher order
polynomial may be used in place of a straight line, but it should be
appreciated that all of these techniques are eliminating low fre-
quency information in the data, with the higher order polynomials
having a more severe effect,

The process of sampling the data also introduces difficulties
where high frequency signals are concemed. For frequencies of
less than half the sampling frequency one may expect to obtain a
reasonable reconstruction of the original waveform (see Figure 3),
and a reasonably accurate measurement of the power spectral
density. For the special case of a signal of exactly half the sam-
pling frequency (known as the Nyquist frequency), essentially any
value of power spectral density between zero and the true value
may be obtained, deriding on the phase relationship between the
signal and the sampling window. For signal frequencies above the
Nyquist frequency, the phenomenon of aliasing transforms the
high-frequency signal to a fictitious signal of the same amplitude,

but at a lower frequency. Potentially this is a serious problem, and

anti-aliasing filters should be used to remaove these frequencies
from the signal before it is sampled, since it is impossible to do
anything after sampling (note in Figure 3 that the sampled data
from the genuine low-frequency signal, and those produced by
aliasing of the high-frequency signal are identical). In practice
electrochemical noise tends to have less power at the higher fre-
quencies, and aliasing is not a major practical problem, aithough it
may cause some distortion of the higher frequency end of the
power spectrum (this is discussed further below).

For this work two data analysis techniques have been used.
The discrete Fourier transform in the form of the fast Fourier frans-
form (FFT) is the most common method of transforming data from
the time domain to the frequency domain, although it does have
certain difficulties. An alternative solution that has received some
attention for the analysis of electrochemical noise is the maximum
entropy method (MEM), developed by Burg.® )

In addition to removing trends as descnbed above, for the
discrete Fourier transform it is also necessary to ‘blend’ the signal
to zero at each end of the time record in order to eliminate false
components in the spectrum (this is because an inherent assump-
tion of the Fourier transform is that the time record is repeated
indefinitely). This is achieved by the use of a windowing function,
which may take various forms. For this work, a 1/10th cosine func-
tion has been used:
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FIGURE 3. Sampling of a continuous waveform and aliasing of
high-frequency components.

h'{t) = h{)x{(1 + cos(nt/(0.1N — 1)))/2 0=t<O0iIN
h'(t) = h{t) 01N =t = 09N
(1) = h{tyx(1 +cos(m(N-t)/(0.1N — 1)))/2 0ON<t=N

where

h{t) is the original time record,

h'(t) is the new time record,

1 is the sample number within the time record, and
N is the total number of samples in the time record.

While the MEM technique inherently produces smooth spectra, the
FFT can be expected to give a spectrum with a lot of scatter (it
can be shown that the discrete Fourier transform of a noise signal
has a standard error for any given frequency equal to the power
spectral density for that frequency). Consequently some form of
smoothing may be applied to the spectrum in order to reduce the
error. In this work two forms of smoothing have been used. For
spectra obtained from individual time records the power spectral
density at each point has been smoothed by means of a 7-point
Golay—Savitsky convolution technique. In addition, since the evi-
dence suggests that, with the exception of the time record in
which failure occurred, the time records are essentially the same,
an ensembie spectrum has been derived by taking the average ot
all of the individual spectra (before smoathing). It should be noted
that smoothing of the spectrum in the frequency domain and win-
dowing of the data in the time domain are closely related
processes.

Whereas the discrete Fourier transform computes the coeffi-
cients of a series of sinewaves that sum to the observed time
record, the maximum entropy method eftectively computes the co-
efficients of a particular class of digital filter that would give the
observed time record when applied to a white noise input signal.
This has the advantages of making least assumptions about the
behavior of the signal outside the sample period (this is the source
of the name of the technique) and of producing smooth spectra.
The method is particularly suitable for detecting sharp peaks in
relatively short time records. However, some care must be used in
the analysis, as rounding errors may cause problems with long
time records, and the use of excessive numbers of coefficients
can lead to the development of spurious peaks. The latter problem
can usually be avoided by the use of a criterion due to Akaike’ to
determine the optimum number of coefficients, and this approach
has been used in this work. All calculations have been performed
using floating point arithmetic to the double-precision (64-bit)
IEEE® standard, and rounding errors are thought to be insignifi-
cant.
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FIGURE 5. Power spectral density for an unstressed specimen for
the period from 40 to 57 minutes after immersion: (a) time record, (b)
FFT spectrum, {c) MEM spectrum.

noise voltage), and the large single peak in time record B are
clearly visible.

Further Analysis

In the case of the stressed specimen for which data are pre-
sented in Figure 10, there was no evidence of transient events
prior to final fracture. However, in another experiment there was
evidence of small transients occurring before final fracture. This is
shown in terms of the sequence of time records, together with the
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FIGURE 6. Power spectral density for a stressed specimen for the
period from 40 to 57 minutes after immersion: (a) time record, (b)
FFT spectrum, (c) MEM spectrum.

associated noise voltage, in Figures 11(a) and 11(b). It is not pos-
sible to say whether these transients were aiso associated with a
crack advance event, but this does seem probabile. It is clear from
Figure 11 that the power spectra and noise voitage are rather poor
predictors of the presence of transient events. Further consider-
ation of the nature of individual transients suggests that, at least in
part, this is because the length of time record used in this work
(1024 seconds) is significantly greater than the duration of a typi-
cal transient event (about 60 seconds). in order to determine
whether the existing analytical techniques could provide a better
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FIGURE 10. Time records and noise voltage for stressed and
unstressed specimens: (a) first 9 time records, (b) RM noise voltage
(averaged over full time records) for first 9 time records,

for detecting transients, and this might be further assisted by the
addition of a high pass filter to eliminate the slower fluctuations in
potential. For serious application as a monitoring technigue for hy-
drogen embrittlement crack growth, it seems probable that it wouid
be necessary to detect much smaller transients than those which
we have observed, and currently it seems unlikely that his will be
feasible in realistic conditions, without further development of tech-
nigues for the extraction of transients from the time record.

Mechanistic Implications

One of the reasons for the selection of this environmental
cracking system for study was the certainty with which the crack
growth process could be atiributed to hydrogen embrittlement.
This is commonty supposed to proceed discontinuously, with hy-
drogen generated at the metal surface diffusing into the steel and
initiating brittle fracture. The fact that the noise spectra for
stressed and unstressed specimens are essentially identical, with
the exception of intermittent transients (which are presumed to be
associated with crack advance), is consistent with this model-of
crack growth.

CONCLUSIONS

P Electrochemical noise monitoring shaws a distinct transient in
the electrochemical potentiai associated with failure by hydrogen
embrittlement of a high-strength steel.

P There is some evidence of smaller transients occurring prior to
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FIGURE 11. Time records and noise voltage for a specimen
showing transients prior to final fracture: (a) time records, (b) RM
noise voltage (averaged over full time records), (c)*RMS noise
voltage (averaged over groups of 64 samples).

final fracture. These are probably associated with crack advance,
although this has not been proved.

P The power spectra obtained show a significant iﬁcrease in am-
plitude when a failure transient occurs, but the general form of the
spectra remains essentially unchanged.

P The only component of the spectra that can be specified with
any certainty is the roll-off in the intermediate frequency range,
which has approximate 1/f characteristics.
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