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ABSTRACT

Coupled multielectrode arrays sensors (CMAS) have been used for real-time monitoring
of corrosion, particularly localized corrosion. The internal anodic current on the most anodic
electrode in a CMAS was evaluated for aluminum and carbon steel in simulated seawater and
dilute HCI solutions. The Tafel extrapolation method was used to derive the internal currents
on the most anodic electrode and the average corrosion current. In the simulated seawater,
aluminum corroded dominantly in the form of localized corrosion and carbon steel corroded
dominantly in the form of nonuniform general corrosion. In these cases, the externally
measured nonuniform corrosion current on the most anodic electrode from the CMAS probe
accounted for more than 90% of the total corrosion current. In the dilute HCI solution, both
aluminum and carbon steel corroded dominantly in the form of uniform corrosion and the
externally measured localized corrosion current on the most anodic electrode from the CMAS
probe accounted for less than 56% of the total corrosion current.

It was concluded that if the externally measured nonuniform corrosion current from a
CMAS probe is larger than the Tafel extrapolated currents, non-uniform corrosion is dominant
and the effect of the internal current is not significant. In this case the CMAS probe reasonably
measures the corrosion currents. However, if the externally measured nonuniform corrosion
current from a CMAS probe is less than the Tafel extrapolated currents, uniform corrosion is
dominant and the effect of the internal current may be significant. In this case, the CMAS
probe only measures the nonuniform portion of the corrosion currents (which is not significant).
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Therefore, CMAS probes are effective tools for corrosion monitoring in localized
corrosion and nonuniform type of general corrosion. The unpolarized CMAS probes cannot be
used to measure purely uniform type of general corrosion.

Keywords: Multielectrode sensor, corrosion monitoring, corrosion sensor, localized corrosion
sensor, multielectrode array, nonuniform corrosion, coupled multielectrode.

INTRODUCTION

Coupled multielectrode systems have been used efficiently to provide high throughput
test results in electrochemical studies and corrosion detection.! As early as 1977, Shibata and
Takeyama used a coupled multielectrode system to evaluate the stochastic behavior of pitting
corrosion. > Multiple specimens were connected to one potentiostat and polarized, and a large
number of pitting potentials were obtained during one potentiodynamic scan. This approach
greatly increased the efficiency for the pitting potential measurements and enabled the authors
to study the stochastic behavior of the pitting corrosion of stainless steel. Later, Schiessl®
coupled multielectrode systems for corrosion detection in concrete and Steinsmo and
coworkers*® used the systems for crevice corrosion measurements. Multiple electrodes of the
same metal or different metals were placed in corrosive environments and connected to a
common cathode. The anodic current from each electrode indicated the corrosion of the
metals. If the electrodes were made of the same metal but placed in different locations, the
coupled multielectrode system was used to detect the corrosion of the metal in the different
locations. If the electrodes were made from different metals or the same metal with different
heat treatment conditions but placed in the same electrolyte, the multielectrode system was
used to produce a larger number of corrosion parameters in one experiment.

In 1996, Fei, et al. ® used coupled multielectrodes in a novel way, arranging them in
form of an array (or coupled multielectrode array) to study the spatial corrosion and
electrochemical behavior of iron. In this approach, the coupled multielectrode array simulated a
single piece of iron in a sulfuric acid solution. The authors determined the spatial pattern of the
active-passive electrochemical oscillations and how the oscillation wave front travels on one
large iron electrode. Later, other authors extensively used similar coupled multielectrode
arrays to study the localized corrosion of different metals.”?" Some researchers call the
coupled multielectrode arrays a “wire beam electrode” (or WBE).”®

The coupled multielectrode arrays were recently used as sensors (called coupled
multielectrode array sensors or CMAS) for real-time monitoring of the rate of corrosion,
particularly localized corrosion.?*?® Coupled multielectrode systems are powerful tools for
corrosion studies, and they can provide both temporal and spatial information on corrosion,
especially localized corrosion in two dimensions. However, the large amount of data from a
multielectrode system is often incomprehensible to plant or facility operators. The data must be
greatly reduced to one or to a few simple parameters so that the multielectrode systems can
be used as a sensor to provide real-time data to help plant or filed facility operations.

Figure 1 shows the schematic diagram for a typical measuring circuit of the CMAS
system.?’ Electrons from a corroding (or a relatively more corroding) electrode (or an anodic
half-cell) flow to the common coupling joint and are individually measured by an instrument.
The instrument imposes near zero voltage between each electrode and the coupling joint so



that all electrodes are at the same electrochemical potential and simulate the electrochemical
behavior of a one-piece metal if the electrodes are close to each other. The corrosion current
from the most anodic electrode (or the electrode that has the maximum anodic current) is often
used to derive the localized corrosion rate (often called maximum localized corrosion rate).
The maximum localized corrosion rate is one of the few simple parameters usually provided by
a commercial CMAS instrument. Because the collection of the electrodes simulates a single
piece of metal if the spacing between the electrodes is close enough, the most corroding
electrode simulates the fast growing pit on this metal, if the localized corrosion is in the form of
pitting corrosion and the size of the pit is close to the size of the electrode. The use of a few
parameters, instead of the massive number of currents from a CMAS probe, as a localized
corrosion parameter makes the CMAS easily usable for field applications. If the corrosion is
wave-form general corrosion, rather than localized corrosion, the maximum localized corrosion
rate represents the maximum nonuniform corrosion rate.

As mentioned above, the maximum localized corrosion rate is usually derived from the
most anodic electrode by assuming the corrosion on this electrode is uniform (e.g., the pit
reaches the dimension of the electrode). It is sufficient to examine the electrochemical
behavior of the most anodic electrode and the cathodic electrodes that support the cathodic
currents from the most anodic electrode during the measurement. Figure 2 shows the
schematic diagram for the polarization curves of the most anodic electrode and several other
cathodic electrodes, assuming that the anodic current from the single anodic electrode is
supported by the cathodic currents from several cathodic electrodes during coupling.” Because
localized corrosion often involves small areas of corroded anodic sites accompanied by large
areas of cathodic sites, this assumption is reasonable in many environments. The thin solid
curves in Figure 2 represent the dissolution and reduction polarization behaviors on the anodic
electrode. The thick solid curves represent the combined dissolution and reduction polarization
behaviors on the rest of the electrodes (the cathodic electrodes) if these cathodic electrodes
are coupled as a single electrode. For a passive metal, in the cathodic area (or the cathodic
electrodes in a CMAS probe) where no localized corrosion has been initiated, the anodic
current is usually extremely low due to the protective layer of oxide formed on the metal and
the corrosion potential for the cathodic electrodes, E°, is high (or noble). For the anodic
electrode where localized corrosion has been initiated and the protective layer has been
compromised, the anodic current is usually high and the corrosion potential for the anodic
electrode, E®.r, is low (or active). Note in Figure 2, the cathodic current on the combined
cathodic electrodes is significantly higher than that on the anodic electrode. This is because
we have assumed that the surface area on the anodic electrode is significantly smaller than
that of the cathodic electrodes (one anodic electrode versus many cathodic electrodes). In
addition, the cathodic reactions that would take place deep in a pit on the anodic electrode
require more effort for the reactants (O, or H") to overcome the mass transfer barrier formed
by the corrosion products that covers the pit.

When the most anodic electrode and the combined cathodic electrodes are coupled, the
corrosion potential changes to a new value, Ecoyp (Or Ecorr for all coupled electrodes), and the
total anodic dissolution currents equal the total cathodic reduction currents?®;

ZIDissqution = ZIReduction (13)
or
||corr|+ ||Cin|= Ilain|+ Ilcl (1b)



where | is the corrosion current (dissolution current) on the anodic electrode; 1%, is the
dissolution (anodic) current on the combined cathodic electrodes (anodic current that flows
within all the cathodes); 1%, is the internal anodic current, which equals the internal cathodic
current on the anodic electrode (the currents that flow within the anode); and 1° is the cathodic
current on the combined cathodic electrodes.

On the anodic electrode, the corrosion current (total dissolution current), lcorr, is equal to
the sum of the externally flowing anodic current, lex, and the internally flowing anodic current,
[%n. Therefore,

lcorr = lex + ||ain| (2)

Because the I, for the anodic electrode, especially when the anodic electrode is the
most anodic electrode of the CMAS probe,!" is often much less than its I at the coupling
potential in a localized corrosion environment, the externally flowing current from such an
anodic electrode of the probe can often be directly used to estimate the localized corrosion
current:

Icorr = Iex (3)

In cases where the environment is not corrosive or localized corrosion is not dominant,
when compared with the uniform corrosion, there would be less separation between the anodic
electrodes and the cathodic electrodes. The behavior of even the most anodic electrode may
be similar to the other electrodes in the CMAS probe. In this case, the I3, for the anodic
electrode would be close to lex and I, would be close to I°.

In assessing the effect of internal currents on localized corrosion measurement using a
CMAS probe, the authors proposed using the Tafel extrapolation method to estimate the 1%, for
the most anodic electrode.?® *° This paper provides additional data to evaluate the internal
current effect on the measurement of nonuniform corrosion (especially localized corrosion)
with CMAS probes.

EXPERIMENTS

A 16-electrode aluminum CMAS probe and a 16-electrode carbon steel CMAS probe
were used in the test. The sensing electrodes were Type 1100 aluminum (UNS A91100) and
Type 1018 carbon steel (UNS G10180) wires for the aluminum and carbon steel probes,
respectively. Both wires were 1 mm in diameter. The spacing between the electrodes was
approximately 2 mm. According to the Ohmic potential field distribution calculated for a flush
mounted electrode of 0.15 mm diameter in a 1 mS/cm solution,’”?® the potential drop from the
electrode to the solution at a distance of 2 mm is less than 500 mV if the current density is 0.1
Alcm?. The conductivity of the solution in the monitoring system is usually higher than 1 mS/cm
(approximately 100 mS/cm for seawater and 1 to 20 mS/cm for cooling water).>' The maximum
current density form a CMAS probe is usually less than 0.3 mA/cm?in sweater and 0.03
mA/cm? in cooling water, the potential drop caused by solution resistance is expected to be
less than 0.1 mV, which is not significant.

(UNote: The most anodic electrode is the electrode that has the highest anodic current; it is also
called the most corroding electrode.



Prior to each test, the sensing surface of the CMAS probe (the tip of the probe) was
polished with 400-grit sand paper and cleaned with acetone. The experimental setup up is
shown in Figure 3. The experimental procedure has been described in a recent conference
proceeding® and is also given as follows.

The potentiostat was a model SI11287A™. The CMAS analyzer was an 18-channel (A-
18) nanoCorr™® that was interfaced with a computer with CorrVisual™ software for
automated data acquisition. The working electrode post of the potentiostat was connected to
the coupling joint of the CMAS analyzer. Because the coupling joint is connected to all the
electrodes of the CMAS probe, these electrodes can be polarized by the potentiostat during
the polarization test. The CMAS analyzer acted essentially as a multichannel zero-voltage
ammeter (an ammeter that produces a negligible effect on the potential of the electrode when
it is inserted into the circuit to measure the current from the electrode). The reference electrode
was a saturated calomel electrode (SCE), and the counter electrode was a stainless steel rod.
In addition to being connected to the potentiostat, the reference electrode was also connected
to the reference electrode post of the CMAS analyzer. The potentiostat provided the required
potentiodynamic polarization to the probe electrodes. The CMAS analyzer gathered all the
data, including probe potential and currents for all electrodes during the experiment.

The experiments were conducted in a beaker filled with either simulated seawater (3
wt% NaCl solution), a 0.2 wt% HCI solution or a 2 wt% HCI solution at room temperature (23
°C) without agitation. The solutions were prepared with reagent-grade chemicals and 18.2
Mohm-cm deionized water. The solutions were not purged and were expected to contain
oxygen near saturation level. During the test, the electrodes of the CMAS probe under testing
were first held at open-circuit potential (coupling potential of the probe) for about 2 hours prior
to the polarization test. Then the electrodes were potentiodynamically polarized, starting from
the open-circuit potential toward the cathodic direction at a scan rate of 0.167 mV/sec. The end
potential was 500 mV below the open-circuit potential of the probe. Figure 4 shows typical
potential and individual currents from one of the CMAS probes prior to, during, and after the
cathodic polarization test. When the electrodes of the probe were at the natural coupling
potential (with no polarization by the potentiostat), the collection of the electrodes simulated
the behavior of a single piece of metal. Some electrodes were anodic and some were cathodic;
the average current was zero. The highest anodic current is the maximum corrosion current
measured with the CMAS probe, and its value is often used to calculate the maximum
corrosion rate for localized corrosion or nonuniform general corrosion.

RESULTS

Figure 5 shows the individual currents as a function of the probe potential during the
cathodic scan for the aluminum probe in the 3 wt% NaCl solution. The anodic currents started
to decrease upon the start of the cathodic scan and became negative after the potential was
below the corrosion potentials of the individual electrodes (E'corr, Where i is the i electrode).
The average current changed from zero to a negative value during the cathodic scan.

()5 1287A is a trademark of Solartron Analytical.
®nanoCorr and CorrVisual are trademarks of Corr Instruments.



Figure 6 shows the logarithm of the absolute currents from the individual electrodes of
the aluminum CMAS probe as a function of the potential in the simulated seawater.

For corrosion processes that are activation controlled, and if the cathodic reactions
taking place during the cathodic polarization are the same as the reactions taking place at the
corrosi03r11 potentials, Tafel equation (Tafel extrapolation) may be used to derive the corrosion
current:

E-Ecor = b¢ Iog(lllcorr) (4)

where E is the electrode potential, E.qor is the corrosion potential (E-Ecqrr is the overpotential),
b. is the Tafel slope for cathodic polarization, | is the measured polarization current, and I is
the corrosion current. When log(l) is plotted against E, log (lcorr) can be obtained by
extrapolating the linear relationship at the large overpotential section (100 to 500 mV lower
than the corrosion potential) to the corrosion potential. The extrapolation method is also
applicable to the corrosion process that is totally controlled by diffusion because the current is
a constant and the log(l) versus E relationship is a vertical line. For corrosion that is controlled
by both diffusion and activation processes, the Tafel extrapolation method may be used to
approximate the corrosion current.

Therefore, when applied to the average corrosion current, the Tafel extrapolation
method may be used to derive the general corrosion rate of the metal at the corrosion potential
(which equals the coupling potential for an unpolarized CMAS probe). Because the internal
anodic current equals the internal cathodic current on the most anodic electrode at the
coupling potential, Tafel extrapolation based on the cathodic curve from the most anodic
electrode may be used to estimate the internal anodic current on the most anodic electrode
(I%,). 3% Figure 7 shows the Tafel extrapolations for the cathodic polarization current from the
most anodic electrode and for the average cathodic current for all the electrodes on the CMAS
probe to the coupling potential. The data used for the linear extrapolation were between 100
and 500 mV below the coupling potential of the probe. According to Figure 7, the externally
measured anodic current from the most anodic electrode, which has been called the maximum
localized corrosion current from the CMAS probe’ (lexmae), is 4.27E-7 A (see also Figures 5
and 6), the internal anodic current on the most anodic electrode (1%, vae) is 2.5E-8 A, and the
average corrosion current (Icorravc) is 4.1E-8 A.

Figure 8 shows the typical polarization curves for the electrodes on the aluminum
CMAS probe in an air-saturated 0.2 wt% HCI solution and the Tafel extrapolation parameters
for the current from the most anodic electrode and for the average current. The values of
lex MaE, I%inmag, and leorrave are also shown in Figure 8. Noted that the value of 1%, wae is higher
than leorr ave, Which is uncommon (see Figure 7, Figure 9 described in the next paragraph, and
the previously published data®’) because the most anodic electrode is often covered by a layer
of corrosion products, giving the most anodic electrode a higher mass-transfer resistance than
the average electrodes.

Figure 9 shows the typical polarization curves for the electrodes on the carbon steel
CMAS probe in an air-saturated 2 wt% HCI solution and the Tafel extrapolation parameters for
the current from the most anodic electrode and for the average current. The corresponding
values of lex mag, 1%inmae, and leorave are also shown in Figure 9.



DISCUSSION
Estimation of the Internal Anodic Current

If the coupling potential is close to the corrosion potential of the most anodic electrode,
the internal current on the most corroding electrode at the coupling potential may also be
estimated by the corrosion current on the most anodic electrode at its corrosion potential. If the
corrosion process is activation controlled, the corrosion current on the most anodic electrode
may be obtained with the widely used Stern-Gary equation [the linear polarization resistance
(LPR) method]:*'

leorr = BIR, (5)

where B is a constant determined by the anodic and cathodic Tafel slopes and R; is the slope
of the E versus | plot near the corrosion potential.

Table 1 shows the corrosion rate measured with the LPR method and comparisons with
the values obtained with the Tafel extrapolation method. The LPR data in 3 wt% NaCl and 0.2
wt% solution was obtained previously,*® and the LPR data in the 2 wt% HCI solution was
obtained from Figure 9 for Electrode No.13 near its corrosion potential. The B value was the
same as the one used for carbon steel in 0.2 wt% HCI solution as described previously (20
mV).*° There are excellent agreements between the LPR data and the Tafel extrapolated data
for the 3 wt% NaCl and 0.2 wt% HCI solutions. However, in the 2 wt% HCI solution, the Tafel
extrapolation value is 4.5 times higher than the LPR data. The large discrepancy may be due
to the large variations in corrosion rates from specimens to specimens or due to the variations
in the two methods. Even for the same method, data may vary significantly from one
experiment to another. An example is the corrosion rates measured with the LPR method for
Alloy 22 in a brine solution at ambient temperature.** These measurements (approximately 50
data points) were conducted with the same type of Alloy 22 electrode over a period of 125
days. These data varied from 8 to 35 nm/yr. Therefore, corrosion rate measurements may vary
significantly even with the same method for the same type of specimens in the same solution.
A large number of measurements are required to obtain meaningful representative results.
Compared with this example, a difference of 4.5 times for the corrosion rate data that are
obtained with different methods is not surprising. As a mater of fact, both the LPR and the
Tafel extrapolation methods were developed based on the assumption that the activation
process is the controlling step. The data for the HCI solution should have been more reliable
than the data for the NaCl solution because oxygen mass-transfer plays a more important role
for carbon steel corrosion in air-saturated NaCl solution than in diluted HCI solution in which
the carbon steel corrosion is dominated by activation-controlled uniform corrosion.*

Effect of Internal Anodic Current

The total corrosion current on the most anodic electrode at the coupling potential can be
calculated according to Eq. 6:

lcorrmAE = lexmaE + |1in MaE| (6)



where MAE means that the parameters are for the most anodic electrode (MAE) in a CMAS
probe. Because lcorrmat is the total corrosion current on the most corroding electrode (the
electrode that has the highest corrosion rate on a CMAS probe), this current may be used to
represent the localized corrosion current for the metal if the corrosion mode is localized
corrosion or the maximum corrosion current if the corrosion is wavelike (nonuniform) general
corrosion assuming that the corrosion on the most anodic electrode is uniform. It should be
mentioned that the uniform assumption may cause errors if the electrode is large and the
corroded section is small, especially for cases where only small number of small pits initiate
and grow preferentially in the depth direction.? It has been demonstrated that the surface of
the most corroded electrode of 1 mm in diameter was completely corroded in the cases for
carbon steel in sea water** and cooling water®® and stainless steel in FeCls-contianing
solutions.

Table 2 shows the total corrosion currents (lcormae); €xternally measured anodic
currents from the most anodic electrode (lex mag); the estimated internal anodic currents for the
most anodic electrodes (1% vae); and the average corrosion current (Icorr, avc) Obtained from
Figures 7 and 8 for aluminum, Figure 9, and previously published figures for carbon steel in
several environments.

Table 2 also presents the ratio of lex mag/lcorrmag; 1%in, MaE/lcorr MaE, @Nd leorr MaE/ lcorr Ava. The
ratio of 1%, mae/lcorrwae indicates the percentage effect of the internal anodic current, which is
not directly measurable, on the measurement of the nonuniform corrosion rate on the most
anodic electrode. The ratio of lex mag/lcorr mae iNdicates how close the externally measured
anodic current from the CMAS probe is to the corrosion current on the most anodic electrode.
The two ratios are related to each other because the sum of the two ratios is one. In simulated
seawater, the values of 1%, mae/lcormae are low (<10%) for both aluminum and carbon steel,
indicating that the internal anodic current effect is insignificant and the externally measured
anodic current from the CMAS probe can adequately approximate the corrosion current on the
most anodic electrode. For carbon steel in 2 wt% HCI solution and for aluminum in 0.2 wt%
HCI solution, the values of 1%, mag/lcorrmae are high (>75%), indicating that the internal anodic
current effect is severe and the externally measured anodic current from the CMAS probe
cannot be used to approximate the corrosion current on the most anodic electrode. For carbon
steel in the 0.2 wt% HCI solution, the 1%, mag/lcorrmae Value is 44%, indicating that the internal
anodic current effect is significant and the externally measured anodic current from the CMAS
probe may be used to approximate the corrosion current on the most anodic electrode, but the
error may be significant (44%). Noted that the error of 44% is exceptionally large for the
measurement of most types of industrial process parameters such as temperature and
pressure, but it is not a large number when corrosion rate is concerned (see the
aforementioned example where 300% to 400% of variation was observed for the 50 data
points obtained with the same metal, same solution, and same LPR method). The large
variation is true especially when localized corrosion is concerned. In addition, evaluation of
pitted metal specimens after exposures in a corrosive industrial environment revealed that the
maximum pit depth often varies from one coupon to another by multiple factors.>

Severity of Nonuniform Corrosion
In addition, Table 2 also presents the ratio of lcormae/lcor.avg, Which indicates the degree

of localized or nonuniform corrosion or how much faster the most anodic electrode corrodes
than an average electrode corrodes. A similar ratio has been used in other publications.*® This



term was borrowed originally from a term used in the American Society of Testing and
Materials Standard (ASTM G46)*"— pitting factor—which is defined as the ratio of deepest
metal penetration to average metal penetration in a exposed coupon. Currently, there is no
standard criterion for the characterization of localized corrosion severity based on the pitting
factor. The following arbitrary criterion is proposed to analyze the data presented in this paper:

Benign nonuniform (or localized) corrosion: lcorr MAE/ lcorr,Avg <3
Moderate nonuniform (or localized) corrosion: 3 < leor,maE/ lcorr,Avg <5
Severe nonuniform (or localized) corrosion: lcorr MAE lcorr Avg >5

If lcorrmaE/ lcorr avg <3, the nonuniform corrosion is considered to be benign because the ultimate
long-term outcome is uniform or slightly wave-form general corrosion®® even if the corrosion
started as localized corrosion.

The lcor, MaE /lcorr, avg Value for carbon steel in the 2 wt% HCI solution in Table 2 should
be greater than 1. The low value (0.89) reflects the large errors in obtaining the 1%, mae and leor,
Avg Values using the Tafel extrapolation method. Slight changes in the extrapolation slope
would make this ratio significantly different and cause large errors for the ratio in cases where
lex, MaE IS substantially less than 1%, wag OF leorrave.

Summary for Effect of Internal Anodic Current

Figure 10 compares all previously mentioned case behaviors. In a highly localized
corrosion environment (Figure 10a for aluminum in 3 wt% NaCl), the internal current on the
most anodic electrode is lower than the average corrosion current derived from all electrodes
(1%, maE < lcorr.avg) @nd the externally measured anodic current from the most anodic electrode of
the CMAS probe is clearly larger than the average corrosion current (lex mag >> lcorrmag). The
internal current is negligibly small (<10%) compared with the total corrosion current or
externally measured anodic current from the most anodic electrode. Therefore, a CMAS probe
is an effective tool in monitoring localized corrosion.

In an environment that causes general corrosion with significant nonuniform corrosion
(Figure 10b for carbon steel in 3% NaCl), the internal current on the most anodic electrode is
also lower than the average corrosion current derived from all electrodes (I, mag < lcorravg) @nd
the externally measured anodic current from most anodic electrode of the CMAS probe is also
clearly larger than the average corrosion current (lexmae >> lcorrvag). The internal current is also
negligibly small (<10%) compared with the total corrosion current or externally measured
anodic current from the most anodic electrode. Therefore, a CMAS probe is also an effective
tool in monitoring general corrosion in an environment where nonuniform corrosion is
significant.

In environments that cause general corrosion dominated by uniform corrosion (Figures
10c for aluminum in 0.2% HCI solution, Figure 10d for carbon steel in 2% HCI solution, and
Figure 10e for carbon steel in 0.2% HCI solution), the CMAS probe only measures the
nonuniform portion of the corrosion.

As an overall criterion, if the externally measured nonuniform corrosion current is larger
than the Tafel extrapolated currents as shown in Figures 10a and 10b (lex mae > I%inmag OF
lexmaE > lcorrave), the effect of internal current is not significant and the CMAS probe effectively



measures the corrosion currents. If the externally measured nonuniform corrosion current is
less than the Tafel extrapolated currents as shown in Figures 10c and 10d (lexmae < 1%in.mae OF
lexmaE < lcorrava), the effect of internal current is significant and the CMAS probe only measures
the nonuniform portion of the corrosion currents.

CONCLUSIONS

The internal anodic current on the most anodic electrode in a coupled multielectrode
array sensor was evaluated for aluminum and carbon steel in simulated seawater and dilute
HCI solutions. The Tafel extrapolation method was used to derive the internal currents on the
most anodic electrode and the average corrosion current. In the simulated seawater, aluminum
corroded dominantly in the form of localized corrosion, and carbon steel corroded dominantly
in the form of nonuniform general corrosion. In these cases, the externally measured
nonuniform corrosion current accounted for more than 90% of the total corrosion current on the
most anodic electrode. However, in the dilute HCI solutions, both aluminum and carbon steel
corroded dominantly in the form of uniform corrosion and the externally measured localized
corrosion current accounted for less than 56% of the total corrosion current on the most anodic
electrode.

As an overall criterion, if the externally measured nonuniform corrosion current from a
CMAS probe is larger than the Tafel extrapolated currents, the effect of internal current is not
significant and the CMAS probe effectively measures the corrosion currents. If the externally
measured nonuniform corrosion current from a CMAS probe is less than the Tafel extrapolated
currents, the effect of internal current may be significant and the CMAS probe only measures
the nonuniform portion of the corrosion currents.
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Table 1. Comparison of the Internal Anodic Currents for the Most Anodic Electrode of a
Carbon Steel CMAS Probe at Coupling Potentials Estimated by LPR and Tafel
Extrapolation Methods

3 wt% NaCl* 0.2 wt% HCI* 2 wt% HCI*™
Tafel
Extrapolation 2.10E-07 6.30E-07 4 57E-06
Method (A)
LPR Method (A) 2.00E-07 7.02E-07 1.03E-06

* Data published previously®
**Data from Figure 9 (7 data points from Electrode 9 near its
corrosion potential gave a slope of 19492 V/A)

Table 2. Corrosion Currents, Externally Measured Anodic Currents, and the Internal Anodic
Currents for Most Anodic Electrodes and Average Corrosion Current for Aluminum and Carbon
Steel CMAS Probes

Al in 3% CSin 3% Alin0.2% |CSin2% | CSin0.2
NaCl NaCI* HCI HCI wt% HCI*
lex MAE™ (A) 4 27E-07 2.60E-06 4.36E-07 | 1.10E-06 | 7.94E-07
1%in.MAE 2.50E-08 2.10E-07 1.90E-06 | 3.90E-06 | 6.30E-07
lcorrmag™ (A) 4 52E-07 2.81E-06 2.34E-06 | 5.00E-06 | 1.42E-06
leorr AvG® (A) 4 10E-08 6.30E-07 8.70E-07 | 5.60E-06 | 1.00E-06
lex MAE/lcorr MAE 0.94 0.93 0.19 0.22 0.56
Effect of Inteal | go, 7%, 81%, 8%, | 44%,
Current e L L
a Insignificant | Insignificant Severe Severe | Significant
(I%in maE/lcorr, MAE)
|COI’I’,MAE/|COI’F,AVG 1 1 02 446 269 089 1 42
Corrosion Mode Localized | Nonuniform Uniform Uniform Uniform
lex mae—externally measured anodic current from most anodic electrode
** leorrmae—Corrosion current on most anodic electrode (Icorrmae = lexmae + 15inmaE)
lcorr, Avg—average corrosion current on all electrodes
% value reflects errors in lcorrmaE @Nd leorr, ave (It should be greater than 1)
*  Data from previously published data®
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Figure 1. Schematic diagram of the coupled multielectrode array system.?’
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Figure 2. Schematic diagram for the polarization curves on the most anodic
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coupled multielectrode array sensor.
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Figure 4. Probe potential and individual currents from a 16-electrode carbon
steel probe in 3% NaCl solution prior to, during, and after the cathodic
polarization in simulated seawater. Note: The average current was the
average value of currents from the 16 electrodes. The numbers shown in the
legend are the identification numbers for the electrodes of the probe, and E is
for the probe potential. The currents from the electrodes that are not identified
explicitly show the trend and variations only.
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Figure 5. Typical current-potential curves for the electrodes on an aluminum
CMAS probe in an air-saturated, simulated seawater solution. Note:
Polarization was from the coupling potential toward the cathodic direction; the
numbers shown in the legend are the identification numbers for the electrodes
of the probe. The currents from the electrodes that are not identified explicitly
show the trend and variations only.
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Figure 6. Typical logarithm polarization curves for the electrodes on an
aluminum CMAS in an air-saturated and simulated seawater solution. Note:
Polarization was from the coupling potential toward the cathodic direction; the
numbers shown in the legend are the identification numbers for the electrodes
of the probe. The currents from the electrodes that are not identified explicitly
show the trend and variations only.
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Figure 7. Polarization curves and Tafel extrapolation parameters for the current
from the most anodic electrode and for the average current of all electrodes for the
aluminum CMAS probe in simulated seawater.
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Figure 8. Typical polarization curves for the electrodes on the aluminum
CMAS probe in an air-saturated 0.2 wt% hydrochloric acid solution and the
Tafel extrapolation parameters for the current from the most anodic electrode
and the average current. Note: Polarization was from the coupling potential
toward the cathodic direction; the numbers shown in the legend are the
identification numbers for the electrodes of the probe. The currents from the
electrodes that are not identified explicitly show the trend and variations only.
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Figure 9. Typical polarization curves for the electrodes on the carbon steel

CMAS probe in an air-saturated 2 wt% HCI solution and the Tafel

extrapolation parameters for the current from the most anodic electrode and
the average current. Note: Polarization was from the coupling potential toward
the cathodic direction; the numbers shown in the legend are the identification
numbers for the electrodes of the probe. The currents from the electrodes that

are not identified explicitly show the trend and variations only.
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Figure 10. Comparison of the polarization behaviors for (a) aluminum in 3
wt% NaCl—localized corrosion dominant, (b) carbon steel in 3 wt% NaCl—
non-uniform corrosion dominant, (c) aluminum in 0.2 wt% HCl—uniform
corrosion dominant, (d) carbon steel in 2 wt% HCl—uniform corrosion
dominant, and (e) carbon steel in 0.2 wt% HCl—uniform corrosion

dominant.
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