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ABSTRACT

Round-robin (RR) tests on electrochemical noise (EN) measurements with dummy cells have
been performed in the European Cooperative Group on Corrosion Monitoring of Nuclear
Materials since 2006. Dummy cells are composed of three resistors of equal value connected in
a ‘star’ arrangement and employed in the conventional three electrode EN measurement setup
using a zero-resistance ammeter. The use of dummy cells has the advantage of measuring
voltage and current noise signals of reproducible amplitude contrary to corroding systems. The
arrangement provides a well-defined source impedance and noise level, thereby allowing the
testing of the noise level and sensitivity of the measuring instrument, which is a potentiostat in
most cases. Although the resistors used in the dummy cell generate thermal noise of very low
level, as low as for passive electrodes, it is not expected that all instruments will be able to
measure this noise. From the results of the three RR tests performed between 2014 and 2017
that are presented, it may be concluded that small improvements could be observed compared
to the very first RR campaigns, but that still only few commercially available instruments are able
to perform fully valid electrochemical noise measurements and that better guidance to the users
of such instruments is needed.
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INTRODUCTION

Electrochemical noise (EN) has been widely used since the first paper by Iverson’ to study
corrosion processes®* and since that time EN is claimed to be a promising technique to detect
localized corrosion. However, while random signals can be correctly measured with spectrum
analyzers since the eighties, the use of personal computers with data acquisition cards or digital
voltmeters since the nineties often led to improper noise measurements due to aliasing occurring
during the analog-to-digital conversion.” This problem is currently ignored in many commercial
general-purpose potentiostats and an overview of the EN literature shows that aliasing is almost
never addressed in the experimental procedures.

In order to improve the EN measurement procedure and evaluate the limitations of the
technique, round-robin (RR) experiments have been organized. The first one was performed by
a group based in Germany in 1997, in which potential noise on aluminum without external
polarization and current noise on stainless steel under potential control have been measured in
three different conditions: passive, pitting, and repassivating/passive®. According to the authors,
almost all of the participants were able to detect qualitative differences in EN behavior during the
different stages but differences in measured EN signal intensity of two orders of magnitude were
obtained as a result of the different apparatus used. Later, the European Cooperative Group on
Corrosion Monitoring of Nuclear Materials (ECG-COMON, www.ecg-comon.org) organized RR
tests between 2006 and 2008 by using the conventional three-electrode configuration, in which
the current noise between two identical working electrodes is measured with a zero resistance
ammeter (ZRA). The potential noise of this working electrode pair is, then, measured with
respect to a third reference electrode. One of the RR tests was performed on aluminum coupons
in three different electrolytes, as in Ref. 6, and the other tests used dummy cells composed of
three identical pure resistors to obtain a well-defined source impedance and noise level in
contrast to corroding electrodes.” Indeed, these dummy cells produce the thermal noise of the
resistors, which gives potential and current fluctuations with a constant power spectra density
(PSD), 6kTR for the potential noise and 2kT/R for the current noise, where k is Boltzmann’s
constant, T is the temperature in K and R is the resistance in Ohms.? Resistors of 100 Q, 10 k<,
and 1 MQ were used, so that the noise levels were low, in the same range as for passive
electrodes, thereby allowing the testing of the base noise level and sensitivity of the measuring
instruments. The large scatter in the data measured with the resistive dummy cells in this RR
test could only be explained by differences in the quality of the potentiostat used and how it is
used, so that few of the results in this work can be regarded as reliable.

In 2014, the ECG-COMON decided to start new noise RR experiments on dummy cells to check
if the EN measurement equipments, as well as the users of the equipment have made some
“progress”. Despite the fact that resistors of higher values (1 MQ and 100 MQ) have been used,
the thermal noise generated by the resistors has a low level so that it is not expected that it will
always be possible to measure this noise, and the objective of the experiment is also to
determine the base instrument noise levels. Three RR tests were opened in 2014, 2016, and
2017 to the ECG-COMON members who had access to all results, but they were also opened to
non-members who did not have access to all results but received a detailed feedback on their
own measurements. Manufacturers of potentiostats were also encouraged to participate and
provide their own data. The results of all of the trials are summarized in this paper with much
attention to problems that were experienced and to the limitations of some measurement
equipments used.
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EXPERIMENTAL PROCEDURE

Two dummy cells constructed of three resistors of equal value (R = 1 MQ and 100 MQ) and
connected in a ‘star’ arrangement (see Figure 1) were sent to all participants. The dummy cells
were assembled by one organization and then sent out to all participants to avoid any major

differences.
R [— WE1
R — RE
(A) (B) R — WE2

Figure 1: (A) 1 MQ dummy cell and (B) schematic of the 'star' arrangement.

The measurement procedure is given in Appendix A. It can be seen that the EN signals must be
sampled with at least two sampling frequencies to control the overlap of the PSDs in common
frequency ranges and validate the measured data. This validation process has been detailed in
a guideline for assessing the EN measurement devices.?

The analysis of the tests was performed by a single participant who received data sets
composed of several time records, each of them containing potential and current fluctuations
sampled at a specific sampling frequency, and was in charge of calculating the two PSDs
corresponding to each time record. Table 1 shows the number of participants for each RR test,
the number of data sets provided, the number of corresponding time records, and the number of
PSDs calculated. The PSD was calculated with a Matlab™ script using the algorithm shown in
Appendix B and with detrend and pwelch routines. The Fast Fourier Transform (FFT) was
preferred over the Maximum Entropy Method (MEM) that sometimes gives PSDs with an
artificial low-frequency plateau.’ To improve the accuracy of the PSDs calculated with the FFT
technique, each time record was divided in N sections of 512 data points, N varying from 8 to
350 according to the length of the time record, and an average PSD was calculated.

Table 1
Number of participants and volume of data examined in the RR tests
total number of number of data number of number of
participants . data records PSDs
sets received X
(manufacturers) received calculated
RR - 2014 19 (7) 22 138 276
RR - 2016 19 (6) 27 201 402
RR - 2017 19 (3) 24 154 308

Commercial, mostly general-purpose, potentiostats’, from ten different manufacturers (ACM
Instruments (A, Gill AC), Bio-Logic (B, SP-150, SP-200, SP-300, VMP3, software EC-Lab), CH
Instruments (C, CHI6E60E, CHI760E), Gamry (G, PCI4/300, Ref600, Ref600+, Interface1000,
software EN120, ESA400, ESA410), Ivium Technologies (I, CompactStat, Vertex), IPS
Elektroniklabor GmbH & Co. KG (J, HRU/ZRA-FG-B, PGU-10V-1A), Metrohm (M, Autolab

" All instruments/manufacturers and software mentioned here are trade names.

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

3



PGSTAT), Origalys (O, OGS-100), Princeton Applied Research (P, PARSTAT, software
VersaSTAT), Solartron (S, 1287, Modulab, software Corrware, ECS)) and one custom-built EN
system (U) were used in 33 organizations, including 8 manufacturers who sent 17 data sets.

RESULTS AND DISCUSSION

Figure 2A shows the time records of the potential noise sampled at various frequencies for the 1
MQ dummy cells in RR-2016. Extremely large variations in amplitude can be observed, some
records being in the pV range, others in the mV range. It is impossible to quantitatively compare
the results in the time domain since the amplitude of the noise, and therefore its standard
deviation, depends on the sampling frequency f; used, as shown in Figure 2B. As long as the
sampling frequency decreases, the peak-to-peak amplitude of the noise diminishes because of
the presence of the anti-aliasing analog low-pass filter that must necessarily be used before the
analog-to-digital conversion. When fs decreases, the filter removes the frequencies above f/2
and the amplitude of the signal is reduced.

It is indeed important to note that, according to Shannon's theorem, all frequencies above the
Nyquist frequency, fs/2, are aliased to frequencies lower than fJ/2. As a consequence, in the
absence of anti-aliasing filter, all frequencies lower than fJ/2 are corrupted by aliasing of
frequencies higher than f,/2.° This is illustrated in Figure 3 for the measurement of a white noise
(PSD independent of frequency) supplied by a signal generator in the frequency range from 0 to
1 kHz and sampled at fs = 100 Hz in the presence (blue curves) or in the absence (red curves) of
anti-aliasing filter. The amplitude of the time record is more than three times larger in the
absence of the filter, which is confirmed in the frequency domain in which the aliasing of the
frequencies between 50 Hz and 1 kHz increases the amplitude of the PSD in the absence of the
filter. The efficiency of the filter is shown by the steep decrease of the PSD (blue curve) at
frequencies above the cut-off frequency of 33 Hz. In other words, the absence of such PSD
decrease at frequencies close to f¢/2 is a clear indication that no anti-aliasing filter was used so
that the measurement was corrupted by aliasing and must be disregarded. There is no way to
“reconstruct” correct PSDs once aliasing occurred, even using digital filtering. Note that efficient
filters are necessary to completely eliminate the 50 Hz (or 60 Hz) and harmonics that are often
present in the noise measurements.
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Figure 2: Potential time records measured with the 1 MQ dummy cells:
(A) all records (102) sampled in RR-2016; (B) potential records sampled at various
frequencies fs in RR-2014 with instrument U.
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Figure 3: (A) Time records of a white noise of 1.1 V peak-to-peak amplitude in the
frequency range of 0 to 1 kHz, sampled at frequency f; = 100 Hz with and without anti-
aliasing filtering; (B) corresponding PSDs (all measured with instrument U).

The analysis of the measured signals can only be performed in the frequency domain by
comparing their PSDs. It is impossible to plot all PSDs calculated (986) so that only the
summary graphs of RR-2017 (77 PSDs in each sub-graph), which are very similar to those of
RR-2014 and RR-2016, are presented in Figure 4. The PSDs calculated from all time records
sent by a given participant are plotted in the same color. For both 1 MQ and 100 MQ dummy
cells, an extremely large scatter in the amplitude of the PSDs is exhibited, roughly more than
eight decades above the thermal noise level, that is more than four decades in Volt or Ampere!
However, some curves correspond to the level of the thermal noise, 6kTR and 2kT/R, especially
for the 100 MQ dummy cells while others are only slightly higher, indicating that the EN
measured represents the noise level of instruments that are optimally used. Some curves are
below this level, which is the minimum of noise that can be measured; this can be explained at
high frequency by a filtering of the signals due to the presence of parasitic capacitances
between the tracks of the circuit board of the dummy cells or inside the measuring equipment.
Mistakes in the experiment or a unit conversion issue are certainly at the origin of the lowest
current PSDs in Figure 4B.

The large scatter in the PSD amplitudes can be explained in great part by the absence of
(proper) anti-aliasing filters. Indeed, Figure 4 exhibits PSDs that do not overlap in common
frequency ranges (see e.g. the PSDs in turquoise and peach colors on the top of Figure 4A).
This is better illustrated in Figure 5, which shows PSDs of potential noise measured on 1 MQ
dummy cells with various equipments in RR-2014. Considering the PSDs of same color, it can
be seen that the PSD level increases when the sampling frequency decreases, thereby giving
non-overlapping PSDs. Once again, this is explained by aliasing of non-eliminated high
frequencies to low frequencies during the analog-to-digital conversion due to the absence of
filters in these equipments.
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Figure 4: PSDs of potential (A, C) and current (B, D) fluctuations measured on dummy
cells of 1 MQ (A, B) and 100 MQ (C, D) (RR-2017).
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Figure 5: PSDs of potential fluctuations measured on dummy cells of 1 MQ with three
commercial equipments O (black), P (blue), S (red) in RR-2014.

It is interesting now to analyze the experiments carried out with a commercial potentiostat
equipped with anti-aliasing filters. Figure 6 shows the potential and current PSDs for the 1 MQ
and 100 MQ dummy cells in the same scales as in Figure 4. It can be seen that, apart a few
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exceptions, the overlapping of the PSDs of the signals measured at various sampling
frequencies by a given participant is excellent, each PSD exhibiting a sharp decrease at
frequencies slightly lower than half the sampling frequency, indicating the presence of an anti-
aliasing filter. It can also be noted that a few participants are able to measure the potential
thermal noise generated by the 100 MQ dummy cell in two frequency decades with this
equipment. Compared to Figure 4, the PSDs of the potential fluctuations in Figure 6 are closer to
the level of the thermal noise, 6 kTR, with the exception of two data sets with unexpected
extremely high level due to mistakes in the measurement process. This is also true for the PSDs

of the current fluctuations, with a larger scatter in the PSD amplitude than for the potential
fluctuations.
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Figure 6: PSDs of potential (A, C) and current (B, D) fluctuations measured on dummy
cells of 1 MQ (A, B) and 100 MQ (C, D) with instrument G (RR-2017).

It must be realized that it is more difficult to measure current noise than potential noise since two
parameters must be fixed adequately, the value of the current-measuring resistor R, and the
gain of the differential amplifier across the resistor. This is illustrated in Figure 7 exhibiting the
results of experiments carried out on a 1 MQ dummy cell by a single participant with equipment
G. Different PSD levels of the current noise have been obtained according to the current-

measuring resistor used. It can be demonstrated that the PSD of the measured current noise
can be written as:'""

¥, ¥,
SR TSI N i L B (1)
meas  RE, 1+4n°Rf CAf Rm 4R R
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where ¥e | is the PSD of the voltage noise of the differential amplifier, Ye,, is the PSD of the

voltage noise of the operational amplifier controlling the potential in the potentiostat, and C is a
capacitor in parallel with the resistor R,. For the lowest values of R, (20 and 200 k) the main
source of noise corresponds to the first term in the right-hand side of Equation 1, especially at
low frequency, since the PSD is inversely proportional to R.2. For Ry, ranging between 2 MQ
and 200 MQ, lP,meas does not depend on R, below 5 Hz so that the low-frequency part of the

spectrum can be attributed to the instrumentation noise, lPen/4R2. For R, = 2 MQ, the high

frequency plateau is given by the sum of the thermal noises of the resistors R, and R. For
higher values of R,,, which must be used to measure the thermal noise 2kT/R of the dummy cell,
the capacitance C (close to 150 pF for high-frequency measurements) in parallel with R, plays a
role and explains the filtering of the current signal at a cut-off frequency of 1/(2rR,,C). This
frequency decreases when R, increases, which explains the shift on the left of the high
frequency part of the PSD. In practice, it is important to adapt the value of R, according to the
impedance of the electrochemical system under study and to select the highest possible gain of
the current amplifier without overload.
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Figure 7: PSDs of current fluctuations measured on a dummy cell of 1 MQ with equipment
G as a function of the I/E range used.

Owing to the participation of manufacturers to the RR tests, it was possible to compare the data
they sent to those provided by different users of their equipment. Figure 8 compares the results
measured on both 1 MQ and 100 MQ with different equipments from the same manufacturer (B)
in the same scales as in Figures 4 and 6. Data sent by the manufacturer give rather good
overlap of the PSDs (in black), indicating the presence of anti-aliasing filters in the equipment. In
contrast, users of the same equipment provided data showing no PSD overlap (orange and red
curves) or PSDs unexpectedly low-pass filtered at about 5 Hz (blue curves). Therefore, despite
the presence of anti-aliasing filters in the equipment, data of poor quality are commonly obtained
by those who are not enough trained on how to use the measuring software, in particular to fix
the cut-off frequency of the filter for a given sampling frequency. This is a clear indication that
guidelines have to be written by the manufacturers to better support the users in adjusting the
correct settings (filter, gain, etc.) and thereby improving the quality of their EN measurements.
An alternative to avoid wrong instrument settings could also be for the manufacturers to provide
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“beginner” and “professional” measurement modes, the former with pre-defining all-purpose
settings, the latter letting the user fix the settings manually.
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Figure 8: PSDs of potential (A, C) and current (B, D) fluctuations measured on dummy
cells of 1 MQ (A, B) and 100 MQ (D) with equipment B (RR-2016).

Another way of low-pass filtering is performed by some equipments that integrate the analog
signal over a given time 6, then give digital data at a sampling rate f; = 1/6. This integration
procedure, often used for noise reduction purposes, acts indeed as a low-pass filter since fast
signal variations are eliminated. However, the transfer function of the filter shows lobes at the
sampling frequency 1/6 and harmonics (see Figure 1 in Ref. 10), and the filter attenuation (2/n =
0.637) at half the sampling frequency is low, as is the roll-off slope at the lobe tops (20 dB per
frequency decade), indicating that aliasing may occur. Figure 9 shows the PSDs of the potential
and current noise measured on dummy cells of 100 MQ by different participants using such an
equipment (S). When the integration procedure was not used properly, non-overlapping PSDs
(turquoise, red, and brown curves) were obtained; otherwise the overlap of the PSDs is
acceptable (magenta curves), the level of the potential PSDs corresponding exactly to that of the
thermal noise of the dummy cell. However, the PSDs show spikes at frequencies close to 5 Hz
and 10 Hz that come from aliasing of 50 Hz and harmonics.
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Figure 9: PSDs of potential (A) and current (B) fluctuations measured on dummy cells of
100 MQ with commercial equipment S (RR-2016 and RR-2017).

CONCLUSIONS

New EN round-robin tests on dummy cells have been performed during the last three years by
the ECG-COMON, both to evaluate the ability of commercial, mostly general-purpose
potentiostats to carry out EN measurements and to determine the instrument noise level. A total
of 73 data sets were received from 33 laboratories, including eight manufacturers of the tested
equipments. An extremely large scatter in the PSDs, especially those of the current noise, were
observed, indicating that very few commercial instruments are able to perform valid noise
measurements. The main reason is the absence or wrong settings of anti-aliasing analog low-
pass filters that leads to a higher noise level and non-overlapping of PSDs corresponding to data
sampled at different frequencies because of aliasing of high frequencies to low frequencies
during the analog-to-digital conversion. Even with instruments equipped with proper filters, data
provided by standard users are often questionable due to the difficulty of setting the data
acquisition parameters correctly. From the current RR exercise, it is clear that better measuring
software are needed, together with tutorials written by the manufacturers for training users how
to measure the noise of dummy cells and obtain reproducible results, which is not possible with
corroding systems. Training users in dedicated courses could also improve the quality of EN
measurements.”’
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APPENDIX A: Measurement procedure of the noise RR test with dummy cells

1) Connect the dummy cell
2) Warm up the system (t > 15 min)

3) Electrochemical noise measurements (with the 1 MQ dummy cell):

a) EN measurement with the highest possible sampling rate; duration of the
measurement depends on the sampling rate: at least 16384 samples (e.g., at 100 Hz
sampling rate — 170 s measurement time is sufficient)

b) EN measurement for (at least) 1 h 10 min with a sampling rate of 1 Hz (or as close as
possible) to acquire (at least) 4096 samples

c) EN measurement with a sampling rate between the other two; duration of the
measurement depends on the sampling rate: at least 16384 samples (e.g., at 10 Hz
sampling rate — 28 min measurement time is sufficient)

4) Save the EN data obtained in three ASCII files with the columns separated by tabulators
(column 1 = time [s], column 2 = potential [V], column 3 = current [A]), without header and
named as follows: “Organisation-RR12-ResistorValue-a.txt’,  “Organisation-RR12-
ResistorValue-b.txt”, etc. Please make sure that you report the EN data with a dot (.) as
decimal sign and that you entered the EN data in Volt and Ampere!

5) Repeat points 3 and 4 above with the 100 MQ dummy cell

6) Send the files and a description of the measurement device (manufacturer, type, software,
year of purchase, range settings, and filter properties (order and cut-off frequency)) by e-mail
no later than May 31, 2017 to francois.huet@upmc.fr

APPENDIX B: Algorithm for PSD calculation with FFT

divide the time record in N sections of M = 512 data points
with N = int(hnumber of data in the file / 512)

loop N times
{
acquisition of M data points of x(t)
linear detrending
remove the mean value of x (not informative since it corresponds to frequency 0)

multiply the result by the Hann window 5

FFT ) , o M—1 .
PSD calculation: ¥, (MAf) = _|XT(mAf)| — Z At Z X (nAt) e-2m:mn/M
} T M n=0

average the N PSDs
multiply the result by 8/3 since Hann window was used.
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