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Abstract

The present work shows the development of a low-cost device to measure the type of
electrochemical corrosion, using the electrochemical noise measurement technique,
which improves the accuracy concerning commercial measurement devices by using high
precision circuits, anti-aliasing filters, and a faraday cage to compensate the intrinsic noise
level of the system. It was validated using three dummy cells with three different resistance
values, 100Q, 10KQ, and 1MQ, which simulate the impedance of the electrolyte on the
noise levels of the electronics modules. To validate the performance of the anti-aliasing
filters used in the system, three different acquisition frequencies of 1Hz, 100Hz, and 1 KHz
were used. The better results obtained for the acquisition frequency of 1KHz in which the
oi varies from 140 pA for the 100 Q dummy cell to 200 pA for the 1 M Q dummy cell, the
ov varies from 120 pV for the 100 Q dummy cell to 200 pV for the 1 M Q dummy cell.
Furthermore, the system was tested using a cell with three identical aluminum electrodes,
submerged in a solution of distilled water with 3.5% NaCl for 6.5 hours. The results from
this test show a general and localized corrosion in the form of pitting that characterizing
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Introduction

In the industry, it is essential to assess the corrosion level of the
production systems regarding their components. However, it is of
interest the parts and components for which the corrosion can cause
accidents or the unscheduled stoppage of a plant, which usually incurs
in a significant economic loss. It is in this context that the most used
techniques for the corrosion measurement are the electrochemical
techniques,' particularly: the linear polarization resistance (LPR),
the electrochemical impedance spectroscopy (EIS), and the
electrochemical noise measurement (ENM). Although all of them
have shown excellent results for monitoring the corrosion, the ENM
showed better capabilities, because it does not need to disturb the
system and allows determining the type of corrosion that is occurring
in the metal.?

Lately, the ENM has been gradually accepted for the study of
corrosion processes. However, it is required a great amount of research
to fully understand its interpretation.?

In this context, there is evidence that many ENM has errors in their
lectures caused by the absence of the proper filters; this is showed
by Wouter et al.* who carried out a round-robin test in seventeen
laboratories. In that study, each laboratory used a standard protocol, in
which the electrochemical noise measurements were carried out using
a series of dummy cells, consisting of a star arrangement of resistors
to validate the ENM equipment and determine its baseline noise
performance. The study used a total of 11 brands of equipment; this
includes the following commercial and general-purpose potentiostats.
Gamry: Reference 600, PCI4 / 300, PCI4 / 750, ESA400, Autolab:
PGSTAT 30, Solartron: SI 1287, Jaissle: ZR01 / ZUO1; ACM: Gill 8
1096; Zahner: IM6; IPS: ZRA-FG / HRU-FG, as well as two custom
ENM systems.

The results of that study showed a large dispersion of the data,
attributed to the instrument noise, from the absence or misuse of the

anti-aliasing filters in the data acquisition systems, or because of the
way it is used.

These findings led the authors to conclude that most of the
commercial equipment studied, is misused or inadequate to produce
an accurate electrochemical noise measuring. Therefore, they
emphasized that improvements are necessary for the choice of the
EN measurement equipment and the need to validate measurement
systems by using a dummy cell to know its baseline noise.

Regarding the lower-cost devices for measuring the electrochemical
noise’ ’show the development of electrochemical noise measuring
systems as an alternative to commercial equipment. Where Arellano
et al.’ presented a portable device designed to measure the corrosion
variables of the pitting index (PI) and the corrosion rate (CR). In®
Reid and Eden, developed a method and device for the identification
of corrosion in metal objects. The method consisted in analyzing the
statistical distribution of the signals generated between two electrodes
made of the same material of the object to be analyzed and exposed to
the same conditions. Enciso et al.” present a system for the real-time
monitoring of ENM to estimate the corrosion rate. This system uses
a configuration of three electrodes and a digital-analog converter to
obtain the electrochemical noise signals.

However, none of this work provides a specification of the
capabilities and limitations of their measurement systems, especially
those inherent in intrinsic noise.

Therefore, in this work, we propose a low-cost device to measure
the type of electrochemical corrosion using the electrochemical noise
measurement technique, which improves the accuracy concerning
commercial measurement devices by using high precision circuits,
anti-aliasing filters, and a faraday cage to compensate the intrinsic
noise level of the system. It is relevant to note that no studies are
showing the intrinsic noise level of low-cost electrochemical noise
measurement systems for different electrochemical cell resistances.
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This document focuses on the principles of the measurement
process and the validation of the measurement system and does
not consider the applications of the ENM to the study of corrosion
processes.

Methodology

We can find descriptions of different methodologies to determine
the mechanisms, types of corrosion, and the corrosion rate using ENM
in.3%12 However, the American Steel Testing of Materials (ASTM)
introduced a standard G199 on ENM," providing the specifications,
methods for data analysis, procedures to verify the instrumentation,
and testing for ENM.

On the other hand, Wouter et al.* has shown that the ASTM
G199 specifications do not ensure the correct validation of the
instrumentation while proposing a protocol to validate and measure
the intrinsic noise level by using a series of dummy cells. These cells
are a set of three resistors in a star arrangement, as shown in Figure 1.
And it is expected to produce low levels of current and potential noise,
primarily the Johnson (thermal) noise of the resistors also knowing as
white noise. Therefore, theoretical values for the current and potential
thermal noise signal of the resistors in the cell are calculated on the
assumption that there are white, and these values give the minimum
level of noise that can be measured. In that case, the standard deviations
of the current and potential thermal noise signal are respectively (kKTf/
R)"and (3kTfR)", where k is Boltzmann’s constant, T is temperature
in Kelvin, R is the resistance in Ohms as derived in."*

— 1

2

Figure | The arrangement of the dummy cell.
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Therefore, we prepared three cells with three resistance values,
100 Q, 10KQ, and 1MQ, to measure the intrinsic noise of the
developed measurement system, and the impact of the impedance of
the electrochemical cell on the noise levels of the current and potential
measurements modules. The resistances were surface mounted
resistors with 1% tolerance each and taken from the same batch.

To verify the correct functioning of the anti-aliasing filter, we
made measurements with three different acquisition frequencies, 1Hz,
100Hz, and 1KHz.

In,* 118 two different configurations of electrochemical cells were
used for the ENM. One of them is the cell of three identical electrodes
of the same material. The second configuration uses two identical
electrodes of the same material and the commercial reference
electrode. To verify the correct functioning of the developed system,
we used a cell with three identical electrodes of aluminum (99.8%
purity) and each electrode with a surface area of 0.5 cm?. We place
the electrodes parallel to each other, with 3mm of separation, and they
were coated with epoxy resin as shown in Figure 2. The uncovered
surface of the electrodes was roughened with 600-grain sandpaper,
rinsed with deionized water and dried with alcohol, and hot air under
pressure. The cell was placed in desiccators for approximately 24
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hours to form a passive film. We use a counting rate of 1 KHz, and the
experiments were carried out at room temperature of 25 ° C+2 ° C.

Figure 2 Cell with the aluminum electrodes used.

For the analysis of ENM, the aluminum cell was immersed six
hours in a solution of distilled water with 3.5% of sodium chloride,
where the potential noise and current noise dates were collected
simultaneously and stored as time series. The baseline of this temporal
behavior may be affected by drift. Therefore, before any treatment to
the data, it is essential to perform an adjustment to eliminate the effects
of this drift; thus, we used the method proposed in.'* Subsequently, we
calculate the standard deviations of current noise (ci) and potential
noise (ov) according to their usual definitions.

One advantage of the ENM is that it allows determining the type
of corrosion befalling to the metal. To do this, we use the pitting index
(PI)calculate as the standard deviation of the current noise (i) divided
by the root mean square of the coupling current (Irms) calculated over
the same sample period.'

According to the value of PI, corrosion can be classified as
localized, mixed, or uniform (Table 1).

Table | Types of corrosion depending on the pitting index (PI) value

Pl
Type of corrosion

Min Max
Localized | 0.1
Mixed 0.1 0.0l
Uniform 0.0l 0.001

Results

Figure 3 shows the block diagram of the developed ENM system,
which has the previously explained cell, the electronic module for
current noise measurement, the electronic module for potential
noise measurement, an analog-digital converter (ADC),and a data
acquisition module.

Figure 4 shows the electronic circuits of the current and potential
noise measurement modules. For the current noise measurement
module, we use a current to voltage converter based on the
electrometric-amplifier AD549JH (U1 in Figure 4). This amplifier has
a leakage current of = 300 fA.; an offset current of 65 fA, an offset
voltage of £ 260 pV, a voltage noise level of 92 nV / (Hz) '* for the
frequency of 10 Hz, a current noise level of 0.22 fA / (Hz) 2 for
the range of the frequencies between 0.1 Hz and 10 Hz, and an input
impedance of 10" Q.
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Figure 3 Block diagram of the developed ENM system.
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Figure 4 Electronic circuits for the current and potential noise measurement modules.

Right after the current to voltage converter, we place an active
low pass filter, Bessel type, with a cut-off frequency of 10Hz, formed
by integrated circuit U2A, resistors R2 and R3 and capacitors C2 and
C3. This filter has the function of anti-aliasing, which is essential
for the accurate digitalization of the signal. The output of the anti-
aliasing filter is processed by an amplifier, with gain and offset voltage
adjustment (U2A, resistors R4, R5, R6, R7, and potentiometers RS
and R9). On the other hand, the electronic module for potential noise
measurement was developed, based on a precision instrumentation
amplifier INA114 (U4), which has an input resistance of 10 Q, offset
voltage of 50uV, current of leakage of 1nA, a noise voltage for 10Hz
11nV / Hz'"2. The anti-aliasing filter and the amplifier, with gain and

offset voltage adjustment, are like the electronic module for noise
current density measurement. These two modules are placed inside
a faraday cage.

Subsequently, an analog-digital converter processes the outputs
of both electronic modules. Our prototype uses a multifunction card,
NI USB 6009, from National Instruments, which has fourteen bits of
resolution, input voltage range of + 10V and a maximum acquisition
frequency range up to 48 KHz. We connect the multifunction card
through USB to a data acquisition module, which is an industrial
computer PC / 104, CPU model PFM-5401. The characteristics of
the PC / 104 are as follows: AMD Geode LX800 500MHz processor,
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512M DDR400 RAM, 4 USB 2.0 ports, 4 COM ports, an Ethernet
port, a parallel port, a Compact memory card of 16 Gb as hard drive, a
power source of +5V / 1A, and runs Window XP operating system. We
use Lab VIEW to write the algorithm for the data acquisition module.

This algorithm acquires the data from the two electronic modules,
writing it to a file every specific time-lapse.

The used data acquisition module allows sending the data
from the electronic modules to the computer using other types of
communications as RS-232, RS-485, or Ethernet protocols.

To verify the intrinsic noise of the developed ENM system (Figure
3), the measurements of the current and the potential were made

242E08
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9.20E09
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42009
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connecting the resistive cells to ENM system, in the same way as for
standard measurement. We used three different values of resistance in
the cell, to simulate three different resistance of the electrolyte which
is expected to affect the noise levels of the electronic module for
current and potential noise measurements. Moreover, we used three
different acquisition frequencies to verify the operation of the anti-
aliasing filter.

Figures 5-7 show the current noise time records sampled,
during three and a half hours at 1KHz of acquisition frequency for
the 100 Q, 10 KQ, and 1IMQ dummy cells, and Figures 8-10 gives
the corresponding potential noise time records sampled at the same
frequency. Therefore, each point in Figures 5 to 10is the average of
the 1000 samples taken during a second.
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Figure 5 Current noise time records sampled for the 100 Q dummy cell.
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Figure 6 Current noise time records sampled for the |0KQ dummy cell.
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Figure 7 Current noise time records sampled for the IMQ dummy cell.
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Figure 8 Potential noise time records sampled for the 100 Q dummy cell.
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Figure 9 Potential noise time records sampled for the 10KQ dummy cell.
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Figure 10 Potential noise time records sampled for the IMQ dummy cell.

As we can see, in the time records (Figures 5-10), there is no upward
or downward tendency, only the dc levels have been slightly shifted in
each figure, which indicates that the results are completely dominated
by the electronic noise of the developed ENM system.

This same behavior was obtained for the acquisition frequencies
of 1 Hz and 100 Hz.

On the other hand, Table 2 shows the average standard deviation
for the current (o1) and potential (ov) time records and the calculated
thermal noise of the resistance (ot) at three different acquisition
frequencies for each dummy cell.

The behavior of the values in Table 2 shows that for the three
resistive cells the smallest 61 and ov were obtained for the acquisition
frequency of 1KHz. We consider this to be a natural behavior because
the value of the standard deviation decreases as the average sample
size increases for a specific series. Besides, it is observed that for
the acquisition frequency of 1KHz the standard deviation increases

4816
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6421
6956
7491
8026
8561
9096
9631
10166
10701
11236
11771

Time (s}

as the resistance of the cell increases. However, for this acquisition
frequency, the oi varies from 140 pA for the 100 Q dummy cell to
200 pA for the 1 MQ dummy cell, theov varies from 120 pV for the
100 Q dummy cell to 200 pV for the 1 M Q dummy cell. Although
the values obtained for the oi and ov are higher than ot obtained for
the calculated thermal noise of the resistance, which is reasonable
because these thermal noise values are very small, these values are in
the range established by the ASTM G199."

Figures 11 & 12 show the latest two and half hours of the variation
in current noise and potential noise overtime of a piece of aluminum
which was immersed six hours in a solution of distilled water with
3.5% of sodium chloride. These figures used an acquisition frequency
of 1KHz as Figures5 to 10. Measurement started after four hours to
allow NaCl to modify the physical properties of the outer passive layer
of aluminum that allows ion exchange. However, after that period, the
current noise time series presents very short peaks which are related to
localized corrosion processes and specifically pitting corrosion.
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Table 2 The average standard deviation for the current (i) and potential (ov) time records and the thermal noise of the resistance (ot) at three different
acquisition frequency and each dummy cell.

Cell Acquisition frequency
| Hz 100 Hz IKHz (ot)
100 Q ci(A) I.10E-09 4.80E-10 |.40E-10  7.20E-12
ov (V)  9.30E-04 5.12E-04 1.23E-04  2.30E-09
10KQ  6i(A) 9.00E-10 4.43E-10 I.90E-10  7.20E-13

ov (V) I.00E-03 4.10E-04 2.60E-04  2.30E-08
I MQ oi (A) 9.70E-10 2.90E-10 2.00E-10  7.20E-14
ov (V) I.10E-03 4.80E-04 2.00E-04  2.30E-07
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Figure |1 Temporal behavior of current noise of aluminum.
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Figure 12 Temporal behavior of the potential noise of aluminum.

The current noise time series shows an increase in its baseline from  pitting index (PI)° (see Table 1). Figure 13 shows the behavior of PI in
4.4 to 5 pA. This increase in current noise reflects an increase in the  the latest two and a half hours of the experiment.
rate of corrosion as reported in.** However, the potential noise time
series shows an increase in its baseline of only 150 uV that validates
the stability of the system.

Finally, the analysis of the data of Figure 13 shows the type of
corrosion present in the piece of aluminum, after four hours immersed
in 3.5% of NaCl solution, is mixed because most values of the PI are

On the other hand, to get the information about the kinetic reaction  in the range between 0.01 and 0.1 and in the last half hour the main
and to confirm the type of corrosion that is occurring we use the type of corrosion is associated to localized corrosion.
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