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ABSTRACT

Coupled multielectrode array sensors (MAS) may underestimate non-uniform corrosion rates in
cases where the environment is not significantly corrosive because of possible internal electron flows on
the most corroding electrode. An improved method was developed to derive the lower and upper
bounding values for the non-uniform corrosion rate measured with the MAS probes. The lower boundary
was measured when the electrodes of the MAS probe were at the natural coupling potential. The upper
boundary was measured when the coupling potential of the MAS probe was raised to a value at which
all electrodes are likely to be anodic. Under such raised coupling potential, possible internal electron
flows within the most anodic electrode were stopped and their effects on the measured corrosion rate
were eliminated.

Keywords: Multielectrode sensor, multielectrode probe, corrosion monitoring, corrosion sensor, localized
corrosion sensor, online corrosion sensor, real-time corrosion sensor, coupled multiple electrodes.

INTRODUCTION

Coupled multielectrode concept is one of the new developments in the past decade in the
measurements of corrosion behaviors and studies of spatiotemporal patterns of electrochemical
processes on metal surfaces.” Coupled multielectrode array sensors (MAS) give direct, one-parameter
non-uniform corrosion rates derived from statistical parameters such as standard deviation of currents or
most anodic current from the multiple electrodes. These sensors have made the quantitative real-time
and online monitoring of non-uniform corrosion, especially localized corrosion such as pitting corrosion
and crevice corrosion possible.>® The MAS technology has been used successfully for online and real-
time monitoring of corrosion in many different applications,”?® including in industrial chemical processes
and cooling water systems.

A simple way to determine the quantitative penetration rate of localized corrosion using a MAS
probe involves the assumption that there is no current that flows internally on the most corroding
electrode.’ This is a reasonable assumption if the metal is not corrosion resistant or if the environment
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is highly corrosive. In these cases, a high probability exists that at least one or two of the probe
electrodes will corrode severely. Under these conditions, no cathodic site is likely to exist on the most
severely corroding electrode of the probe to accept current from the corroding sites on the same
electrode. However, for a corrosion resistant alloy in a less corrosive environment, or for a metal in a
corrosive environment during the early stages of corrosion when no electrode is more significantly
corroded than the others in the probe, the assumption of zero internal current may underestimate the
true localized corrosion penetration rate. This paper describes a new method that may be used to derive
an upper bounding value for the penetration rate and thus reduce the uncertainty that may be caused by
the internal current.

THEORY

Figure 1 shows the working principle of the MAS probe.>®'° The most anodic current’, the current
that flows through the external circuit from the most corroding electrode (or most anodic electrode) to the
less corroding or non-corroding electrodes (cathodic electrodes) is usually used to derive the localized
corrosion rate. The anodic current on the most corroding electrode corresponds to the highest corrosion
rate or maximum penetration rate on a probe that simulates a metal coupon. Thus the corrosion rate
from a MAS probe represents the highest penetration rate of localized corrosion (e.g., pitting corrosion)
that may be found on a metal coupon.

Figure 2 shows the flow pattern of currents on the different kinds of electrodes in a coupled MAS
probe. If the most anodic electrode in a given environment is not the totally corroded active electrode
(Figure 2a), but is a partially corroded electrode (Figure 2b), it would still have cathodic sites to accept
electrons from the neighboring anodic sites®'® on the same anode. The total anodic current or corrosion
current, |,, is the sum of the external anodic current, 1,°, and the internal anodic current that flows from
the cathodic sites within the electrode, I,":

L, (1)

a

The coupled MAS probe relies on the measurement of the external anodic current to estimate
the non-uniform corrosion rate according to Eq. (1). As |," is not measurable, the corrosion current may
also be expressed as'®

l, =1/e (2)

Where ¢ is a current distribution factor (0<e<1) that represents the fraction of electrons that flow to other
electrodes through the external circuit (Figures 1 and 2). In Figure 2a, the anode is a totally active and
corroded electrode. All or most of its corrosion electrons flow to the other electrodes through the external
circuit, and the corresponding & would be equal or close to unity. On the other hand, in Figure 2b, the
anode is a partially corroded electrode, a portion of its corrosion electrons flow to the local cathodic
sites, and the corresponding ¢ is less than 1. Therefore, in the case of Figure 2b there is uncertainty with
using the coupled MAS probe to predict the corrosion rate assuming ¢ =1.

Localized corrosion processes include nucleation of metastable pits, stabilization of these pits,
and, if conditions permit, repassivation of stable pits. A number of factors support the nucleation of
metastable pits, but it is well recognized that the anodic dissolution processes occurring in the pit nuclei
create a local acidification through the hydrolysis of dissolved metal cations.?”?® The acidification and
generation of increasing concentrations of metal cations and the migration of anions to the pits lead to
the precipitation of a metal-anion salt film inside the pits.?**° The various contributions to the current in

The statistical equivalents of the most anodic current, such as the value of mean current plus 2.5 or 3 times the standard
deviation of the currents from the different electrodes or the value of the 95" percentile of anodic currents from the different
electrodes were also used'®. To simplify the discussion, this paper will focus on the use of the most anodic current to derive the
corrosion rate.



the case of the MAS probe in a typical localized corrosion environment are shown schematically in
Figure 3. At the anodic areas, metal cations are generated as shown in Egs. (3) through (5) for the case
of a Fe-Cr-Ni alloy,

Fe <> Fe?" +2e” (3)
Cr < Cr* +3e” 4)
Ni <> Ni** +2e"~ (5)

The dissolution of a cathodic electrode in the MAS probe, particularly the most cathodic
electrode, may be in the passive regime as shown in Figure 3 by the upper anodic curve (Curve I). On
the other hand, the dissolution of an anode in the MAS probe, particularly the most anodic electrode,
may be in the active regime. For the active electrode, the dissolution process inside the pits can be a
mixture of active dissolution, ohmic controlled dissolution, and transport controlled dissolution,
depending on the potential regime, time of active pit growth, size of pits, and external electrolyte
composition.®' This is indicated schematically in Figure 3 by the lower anodic curve (Curve Il). This
anodic dissolution curve is the behavior of the alloy in the pit electrolyte, not in the external electrolyte.

At the cathodic areas, the electrons are consumed by the cathodic half-cell reactions
represented simplistically by Egs. (6-8),

0,(aq) + 2H,0 + 4e~ <> 4OH" ©)
oH'" +2¢" > H, (7)
Fe** +e” & Fe* (8)

The composite rate of the reduction reactions for the oxygen, proton or other species is
represented in Figure 3 by the cathodic curve (Curve lll). For the cathode exhibiting passive dissolution,
the open-circuit potential (when not coupled with the other electrodes), E.,, is a mixed potential that is
determined by the intersection of the cathodic curve with the upper anodic curve (Figure 3). For the most
anodic electrode exhibiting active pitting, the corrosion potential, E,,, is determined by the intersection of
the cathodic curve with the lower anodic curve (Figure 3).

Figures 4 and 5 show some typical open-circuit potentials measured from the individual
electrodes in two coupled MAS probes in a 0.5 M NaCl solution. Because the solution was not corrosive
enough to cause significant localized corrosion for the probe alloys (Alloy 276 and Type 316 stainless
steel) (see the Example Results section), none of the electrodes exhibited active pitting potential (low
potential). These figures, however, demonstrate that there is a significant difference between the most
anodic electrode and the most cathodic electrode (60 to 150 mV) in the coupled MAS probes. The most
anodic electrode used to derive the penetration rate in a coupled MAS probe is the electrode that gives
the largest anodic current during coupling and it is usually the one that gives the lowest open-circuit
potential at the instance the electrodes are decoupled. Similarly, the most cathodic electrode is the
electrode that gives highest cathodic current during coupling, and it is usually the one that gives the
highest open-circuit potential. At different times, the most anodic or the most cathodic electrode may not
be the same electrodes because of changes in conditions at each electrode over time.

When the electrodes are coupled, the potential of the probe electrodes, Eqp, is given by the
potential at which the net current for all the electrodes in the probe sums to zero:

Y G, xAD+Y, (,xA)=Y (i xA) 9)

where, iy, ia, and i; are the current densities of passive, active, and cathodic processes respectively, and
A,, A;, and A; are the corresponding areas. The coupling potential, Ec.,p, determines whether an
electrode in a MAS probe or a reaction site on an electrode is anodic or cathodic.



NEW APPROACH

As discussed previously, the coupling potential, Ecp, determines whether an electrode in a MAS
probe or a reaction site on an electrode is anodic or cathodic. If the most anodic electrode is totally
corroded (or totally active) (Figure 2a), the potential of all the sites on the electrode would be lower than
Ecoup and therefore there is no internal current (1," =0). If, however, the most anodic electrode is only
partially corroded (Figure 2b), some reaction sites on the electrode may have a potential that is higher
than E..up, and therefore there is an internal current (1," # 0).

It should be noted that, the ratio of the cathodic surface area to the active surface area must be
large enough to have a significant I," because the cathodic areas are usually under passive state with a
low current density.

In a MAS probe, the multiple electrodes simulate the different cathodic and anodic sites of a
metal coupon. If the number of electrodes is large and the size of the electrodes is sufficiently small, the
highest potential (usually the potential measured from the most cathodic electrode) can be considered to
statistically represent the potential of the most cathodic site on the metal (after it is electrically isolated
from the other sections of the metal). The potential measured from the most cathodic electrode may also
be considered as the highest bounding potential for all the cathodic sites, if they exist, on the most
anodic electrode. Therefore, if the coupling potential of the MAS probe is raised to a value (E’coyp in
Figure 3) that is slightly higher than the potential measured from the most cathodic electrode, there
should be no cathodic reaction on the most anodic electrodes, even though some areas are still
uncorroded. Under this condition, e—~1 and 1,"—0 [Egs. (1) and (2)], the uncertainty in the measured
corrosion rate from the coupled MAS probe due to I," can be eliminated.

In Figure 6, a polarization unit is incorporated in a coupled MAS probe instrument to dynamically
adjust the potential of the coupling joint of the probe such that the currents from the most cathodic
electrode of the MAS probe is slightly anodic (less than zero if an anodic current is recorded as a
negative current by the instrument or larger than zero if a cathodic current is recorded as a negative
current by the instrument). Under this condition, the open-circuit potential of the most cathodic electrode
is lower than the coupling potential. In practice, the coupling potential may also be raised according to
other criteria determined on the basis of statistical analysis. For example, it may be raised to a value at
which 99% of the reaction sites on the most cathodic electrode are likely to be anodic. Because the
coupling potential is adjusted based on the current from the most anodic electrode or from its statistical
equivalent, no additional reference electrode is required.

Raising the coupling potential also increases the current from the active sites. The corrosion rate
measured at the raised coupling potential may be higher than the actual corrosion rate. Thus the
corrosion rate measured at the raised coupling potential, E’c,,,, may be considered as the upper
bounding corrosion rate. The corrosion rate measured under the natural coupling potential, Ecou,, may
be considered as the lower bounding corrosion rate because of the possible non-zero internal flow of
electrons on the most corroding electrode at this potential. This upper bounding value is not an
unrealistic overestimate because the raised coupling potential is an actual value measured from one of
the electrodes made of the same material. It is possible for the potential around a small pit to be at the
raised coupling potential if it is surrounded by a large passive area. On the other hand, the active sites
are usually covered by corrosion products and therefore the dissolution is under ohmic and mass-
transport controlled dissolution. The increase in measured corrosion rate with the increased coupling
potential due to the contribution from the active sites may be limited (see Curve Il in Figure 3).

EXAMPLE RESULTS

In the absence of an integrated instrument (Figure 6) that measures the signals from the MAS
probe and, at the same time, dynamically adjusts the coupling potential based on the measured signals,



a regular multielectrode system'® and a multichannel potentiostat (Solartron MultiStat-1480) were used
for the demonstration experiment. In this experiment, three MAS probes made of Alloy 276, Type 316
stainless steel and Type 1008 carbon steel were tested in separate electrochemical cells filled with an
air-saturated 0.5 M NaCl solution. All the three probes had eight electrodes. The regular system for the
MAS probes was used to continuously measure the signals from the MAS probes, and the potentiostat
was used to independently control the potential of the coupling joints of the different probes. Figure 7
shows the pattern of potential applied to the coupling joint of the MAS probes by the potentiostat. The
potential scanning rate was £0.008 mV/sec.

Figure 8 shows typical responses of the currents from the Alloy 276 probe to the changes in
potential in a 0.5 M NaCl solution at room temperature. In Figure 8, the currents are the outputs from the
multielectrode sensor system; the negative currents are anodic currents and the positive currents are
cathodic currents. When the coupling joint was not polarized (i.e., at its open-circuit potential), the MAS
probe was used as before.’® During the anodic scan, when the potential reached E’coup (@approximately
0.025 Vgce), all the currents became anodic. On the other hand, during the cathodic scan, when the
potential reached approximately 0.05 Vscg, all the currents became cathodic and no electrode was
corroding.

Figures 9, 10 and 11 show typical responses of the currents from the three probes (Alloy 276,
Type 316 stainless steel, and Type 1008 carbon steel) to the changes in potential during the start of
anodic scan after the probes were at their natural coupling potential, E.,. The absolute value of the
current from the most anodic electrode for each probe (Electrode #5 in Figure 9, #6 in Figure 10 and #8
in Figure 11) increased with the increase in potential and reached I,’ at E’cop. In Figure 11, the open-
circuit potential (when it was not coupled to the other electrodes of the MAS probe) and polarization
behavior of one electrode (Electrode #7) was statistically abnormal and gave exceptionally high open-
circuit potential and cathodic currents. This abnormal behavior may be caused by the contamination of
that electrode by some metal particles introduced during the fabrication or polishing processes that are
more noble than the carbon steel material. Therefore, Electrode #7 was excluded from the analysis and
was not shown in Figure 11.

Figures 12, 13 and 14 show the corresponding responses of corrosion rates to the changes in
potential. In Figures 12, 13 and 14, the corrosion rate from each probe was derived based on the current
from its most anodic electrode at the natural coupling potential (before the potential scan was started).
As discussed in the previous section, for each probe, the corrosion rate measured at E’c,, is the upper
bounding value and the corrosion rate measured at E., is the lower bounding value. The lower and
upper corrosion rate bounding values are denoted as r and r’, respectively, and are given in Table 1 for
the different MAS probes. The lower-to-upper ratios for the bounding non-uniform corrosion values are
from 2.2 to 2.7. Under localized corrosion conditions, the penetration rates usually vary by orders of
magnitude from coupon to coupon in the same solution, and even vary from location to location on the
same coupon. These ranges of bounding values are quite narrow compared to the variations in
penetration rate for non-uniform corrosions. Therefore, the improved method provides an excellent way
to measure and derive a quantitative corrosion rate in a localized corrosion environment.

In addition, as discussed in the Theory section, Figures 4 and 5 show that none of the electrodes
in the Alloy 276 and Type 316 stainless steel MAS probes exhibit active dissolution. Indeed, the rates
obtained from these probes (Figures 12 and 13, and Table 1) are low, <0.64 um/year for Alloy 276 and
<2.2 ym/year for the Type 316 stainless steel.

The non-uniform corrosion rate from the Type 1008 carbon steel MAS (Figure 14) probe was
high, between 229 and 543 pym/year. This measured high corrosion rate is consistent with the low Ecqp
value (-0.641 Vsce) that simulates the open-circuit potential of a coupon, and indicates that the metal
was under active dissolution conditions.



In the derivation of the corrosion rate for each probe, the current from the electrode that was the
most anodic under the natural coupling potential, Eco,p, Wwas used. However, during the potential scan or
after the coupling potential was raised, another electrode may become the electrode that gives the most
anodic current. For example, Electrode #4 in Figure 9 became the most anodic electrodes shortly after
the potential scan. An alternative way to determine the corrosion rate for each probe may be to use the
current from the electrode that is the most anodic at the raised coupling potential. In the same manner
used to derive the corrosion rates at natural coupling potentials'®, a statistically derived most anodic
current that uses the information from all of the anodic electrodes may reduce the uncertainty. Examples
of the statistical equivalents of the most anodic current include the 95" percentile of the anodic currents,
or the mean plus three times the standard deviation of the anodic currents flowing through all electrodes
in the coupled MAS probe at the raised coupling potential.

CONCLUSIONS

An improved method was derived to obtain the lower and upper bounding values for the non-
uniform corrosion rate measured with coupled multielectrode array sensor (MAS) probes. The lower
boundary was measured using standard methods when the electrodes of the MAS probe were at the
natural coupling potential. The upper boundary was measured when the coupling potential of the MAS
probe was raised to a value at which all possible cathodic sites on the most anodic electrodes
statistically became anodic. Under such raised coupling potential, all possible internal electron flows
within the most anodic electrode were stopped and their effects on the measured corrosion rate were
eliminated. For the probes made of Alloy 276, Type 316 stainless steel and type 1008 carbon steel in a
0.5 M NaCl solution, the upper bounds were found to be 2.2 to 2.7 times the lower bounds.
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TABLE 1
BOUNDING VALUES OF THE NON-UNIFORM CORROSION RATES MEASURED FROM THE
DIFFERENT PROBES WITH THE IMPROVED METHOD (um/YEAR)

Lower
Bounding Upper Bounding Upper-To-Lower
Probes Value Value Bound Ratio
Alloy 276 0.240 0.640 2.67
Type 316 stainless steel 1.00 2.15 2.20
Type 1008 carbon steel 229 543 2.37
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FIGURE 1. Flows of electrons and currents among electrically isolated cathodic and anodic
blocks on the surface of a corroding metal under localized corrosion conditions. |,* and I.** are
the external anodic and cathodic currents, respectively.
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FIGURE 2. Flow of electrons on a totally corroded active electrode as anode (a), a
partially corroded electrode as anode (b), a passive electrode as cathode (c), and a
partially corroded electrode as cathode (d) in a coupled MAS probe.
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FIGURE 3. Schematic diagram of open-circuit electrode potentials for a cathodic electrode and
an anodic anode, the natural and raised coupling potentials, and the dissolution currents of the
anodic electrode at different coupling potentials in a MAS probe.

Note: The natural coupling potential, E..,p, Simulates the corrosion potential of a piece of metal

that has both active and passive sites on it. The raised coupling potential, E'cp, is the potential
equal or above the potential of the most cathodic electrodes.
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FIGURE 4. Typical open-circuit potentials measured from a coupled MAS probe made of Alloy 276
in a 0.5 M NaCl solution.

Note: The number in the legend denotes the identification number of the electrodes in the probe.

The most anodic electrode under open-circuit condition was Electrode #7. The most cathodic
electrode under open-circuit condition was either Electrode #8 or Electrode #6.
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FIGURE 5. Typical open-circuit potentials measured from a coupled MAS probe made of Type 316
stainless steel in a 0.5 M NaCl solution

Note: The number in the legend denotes the identification number of the electrodes in the probe.

The most anodic electrode under open-circuit condition was either Electrode #8 or Electrode #1.
The most cathodic electrode under open-circuit condition was Electrode #5
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FIGURE 6. A proposed system that measures the corrosion rate using a coupled MAS probe
at a raised coupling potential

Patent pending.
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FIGURE 7. Potential applied by a potentiostat to the coupling joint of the MAS probes during a
preliminary demonstration test using the improved method
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FIGURE 8. Responses of the currents from an eight-electrode MAS probe made of Alloy 276 to
the potential changes as shown in Figure 7 in a 0.5 M NaCl solution

Note: Negative currents are anodic currents and positive currents are cathodic currents. The
numbers in the legend are the identification numbers of the electrodes in the probe. Electrode #5
was the most anodic electrode at natural coupling potentials during the test.
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FIGURE 9. Response of the currents from the different electrodes in an Alloy 276 MAS
probe to the anodic potential scan in a 0.5 M NaCl solution

Note: Negative currents are anodic currents and positive currents are cathodic currents.
The numbers in the legend denotes the identification numbers of the electrodes in the
probe. Electrode #5 was the most anodic electrode before the potential scan (at the
natural coupling potential, Ec..p). Electrode #4 was the most anodic electrode shortly after
the potential scan.
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FIGURE 10. Response of the currents from the different electrodes in a Type 316 stainless
steel MAS probe to the anodic potential scan in a 0.5 M NaCl solution

Note: Negative currents are anodic currents and positive currents are cathodic currents. The
numbers in the legend denotes the identification numbers of the electrodes in the probe.
Electrode #6 was the most anodic electrode before and after the potential scan.
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FIGURE 11. Response of the currents from the different electrodes of a Type 1008 carbon steel

MAS probe to the potential change in a 0.5 M NaCl solution

Note: Negative currents are anodic currents and positive currents are cathodic currents. The
number in the legend denotes the identification number of the electrodes in the probe. Electrode
#8 was the most anodic electrode before the scan (at the natural coupling potential, Ecoyp).
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FIGURE 12. The corrosion rate of the Alloy 276 MAS probe derived from the most anodic
electrode at natural coupling potential (Figure 9, Electrode #5). The corrosion rate,
r = 6.4E-4 mml/year, is the upper bounding corrosion rate from the MAS probe.
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FIGURE 13. The corrosion rate of the Type 316 stainless steel MAS probe derived from the most
anodic electrode at natural coupling potential (Figure 10, Electrode #6). The corrosion rate,
r = 2.2E-3 mm/year, is the upper bounding corrosion rate from the MAS probe.
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FIGURE 14 Response of the corrosion rate from the carbon steel MAS probe derived from the
most anodic electrode at natural coupling potential (Figure 11, Electrode #8). The corrosion
current, r = 0.143 mm/year is the upper bounding corrosion rate from the MAS probe.

23



FIGURE 1. Flows of electrons and currents among electrically isolated cathodic and anodic blocks on
the surface of a corroding metal under localized corrosion conditions. I,** and I.** are the external anodic
and cathodic currents, respectively.

FIGURE 2. Flow of electrons on a totally corroded active electrode as anode (a), a partially corroded
electrode as anode (b), a passive electrode as cathode (c), and a partially corroded electrode as
cathode (d) in a coupled MAS probe.

FIGURE 3. Schematic diagram of open-circuit electrode potentials for a cathodic electrode and an
anodic anode, the natural and raised coupling potentials, and the dissolution currents of the anodic
electrode at different coupling potentials in a MAS probe.

FIGURE 4. Typical open-circuit potentials measured from a coupled MAS probe made of Alloy 276 in a
0.5 M NacCl solution.

FIGURE 5. Typical open-circuit potentials measured from a coupled MAS probe made of Type 316
stainless steel in a 0.5 M NaCl solution

FIGURE 6. A proposed system that measures the corrosion rate using a coupled MAS probe at a raised
coupling potential

FIGURE 7. Potential applied by a potentiostat to the coupling joint of the MAS probes during a
preliminary demonstration test using the improved method

FIGURE 8. Responses of the currents from an eight-electrode MAS probe made of Alloy 276 to the
potential changes as shown in Figure 7 in a 0.5 M NaCl solution

FIGURE 9. Response of the currents from the different electrodes in an Alloy 276 MAS probe to the
anodic potential scan in a 0.5 M NaCl solution

FIGURE 10. Response of the currents from the different electrodes in a Type 316 stainless steel MAS
probe to the anodic potential scan in a 0.5 M NaCl solution

FIGURE 11. Response of the currents from the different electrodes of a Type 1008 carbon steel MAS
probe to the potential change in a 0.5 M NaCl solution

FIGURE 12. The corrosion rate of the Alloy 276 MAS probe derived from the most anodic electrode at
natural coupling potential (Figure 9, Electrode #5). The corrosion rate,
r = 6.4E-4 mm/year, is the upper bounding corrosion rate from the MAS probe.

FIGURE 13. The corrosion rate of the Type 316 stainless steel MAS probe derived from the most anodic
electrode at natural coupling potential (Figure 10, Electrode #6). The corrosion rate, r = 2.2E-3
mm/year, is the upper bounding corrosion rate from the MAS probe.

FIGURE 14 Response of the corrosion rate from the carbon steel MAS probe derived from the most
anodic electrode at natural coupling potential (Figure 11, Electrode #8). The corrosion current, r' =
0.143 mmlyear is the upper bounding corrosion rate from the MAS probe.
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