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ABSTRACT

Coupled multielectrode array sensors (CMAS) have been extensively used to measure localized
corrosion rate in laboratories and plants. A convenient way to calculate localized corrosion rate is to
assume that the internal current flow within the most anodic electrode is insignificant. In cases where
the environment is not significantly corrosive, this assumption may not be true. The internal electron
that flows on the most corroding electrode may cause the CMAS to underestimate the non-uniform
corrosion rates. A new method has been derived to minimize the internal currents within the most
anodic electrode. This paper describes the method and presents some experimental results.

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

INTRODUCTION

The concept of coupled multielectrode 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 (CMASs) 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 probes have made the
quantitative real-time and online monitoring of non-uniform corrosion, especially localized corrosion
such as pitting and crevice corrosion possible. The CMAS technology has been used successfully for
online and real-time monitoring of corrosion in many different laboratories and industrial fields.®*®

A simple and convenient way to determine the quantitative penetration rate of localized
corrosion using a CMAS 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 is highly corrosive. In these cases, a high probability exists that at least one or two of
the probe electrodes corrode severely. Under these conditions, no cathodic site is likely to exist on the
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most severely corroding electrode of the probe to accept electrons 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
reduce the internal current on the most corroding electrode and thus reduce the uncertainty that may be
caused by the internal current.

PRINCIPLE

Figure 1 shows typical CMAS probes for laboratory and industrial field applications.®* Figure 2
shows the working principle of the CMAS probes.? 3 “® 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 CMAS probe represents the highest penetration rate of localized corrosion (e.g., pitting
corrosion) that may be found on a metal coupon.

Figure 3 shows the schematic diagram for the polarization curves of the most anodic electrode
(the most corroding electrode in Figure 2) and several other cathodic electrodes that support the anodic
reactions on the most anodic electrode. The thin curves represent the dissolution and reduction
polarization behaviors on the most anodic electrode. The thick curves represent the combined
dissolution and reduction polarization behaviors on the several cathodic electrodes if these cathodic
electrodes are coupled as a single electrode. Note, these or some of these cathodic electrodes may
also support the anodic reactions taking place on the other anodic electrodes of the probe, but only the
portion of currents that is required to balance the anodic current from the most anodic electrode is
represented in the polarization curves for cathodic 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 the oxide formed on the metal and
the corrosion potential for the cathodic electrodes, Er, is high (or noble).***° For the most anodic
electrode where localized corrosion has been initiated and the protective layer has been compromised,
however, the anodic current is usually high and the corrosion potential for the anodic electrode, E?.,, is
low (or active). Note in Figure 3, the cathodic current on the combined cathodic electrodes is
significantly higher than that on the most anodic electrode. This is because the most anodic electrode is
fully covered by corrosion products (Figure 2) and the cathodic reactions that would take place deep in
the pit on the most anodic electrode require more efforts for the reactants (O, or H*) to overcome the
mass transfer barrier. In addition, the surface area on the most anodic electrode is smaller than that of
the cathodic electrodes because one anodic electrode is supported by many cathodic electrodes.

When the most anodic electrode and the combined cathodic electrodes are coupled, the
corrosion potential changes to a new value, Eq, (0r Eqor for all coupled electrodes), and the total
anodic dissolution currents equal the total cathodic reduction currents:

||corr|+ ||Cin|= ||ain|+ ||C| (1)

Where | is the corrosion current (total dissolution current) on the most anodic electrode, 1, is the
dissolution (anodic) current on all the cathodic electrodes (anodic current that flows within all the

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.



Ia

cathodes), 1%, is the reduction current on the most anodic electrode (the cathodic current that flows
within the most anodic electrode), and I° the cathodic current on the combined cathodic electrodes.

On the most anodic electrode, the corrosion current (total dissolution current), .o, is equal to
the sum of the externally flowing anodic current, ls, and the internally flowing anodic current which is
equal to the reduction current, 1%,. Therefore,

leorr = lex + |Iain| (2)

For the case shown in Figures 2 and 3, the I%, for the most anodic electrode of the CMAS probe is
much smaller 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:

leorr = lex (3)

Figure 4 shows a case where localized corrosion is not significant. The most anodic electrode
still has significant cathodic sites available, and some electrons from the anodic sites flow internally to
the cathodic sites within the same electrode. The corresponding schematic diagram for the polarization
curves of the most anodic electrode and several other cathodic electrodes that support the anodic
reactions on the most anodic electrode is shown in Figure 5. Unlike Figure 3, the I3, in Figure 5 is
significant and cannot be ignored in the calculation for the corrosion current. In this case, Equation (2)
may be represented as: *'°

Iex = 8|corr (4)

where ¢ is a current distribution factor that represents the fraction of electrons resulting from corrosion
that flow through the external circuit. The value of € may vary between 0 and 1, depending on
parameters such as surface heterogeneities on the metal, the environment, the electrode size, and the
number of sensing electrodes. If the most corroding electrode is severely corroded and significantly
more anodic than the other electrodes in the probe, the € value for this corroding electrode would be
close to 1 (I1%,= 0), and the measured external current would be equal to the localized corrosion current
[Equation (3)]."

Because the value of € varies, there are uncertainties in the corrosion rate if Equation (4) is
used to calculate the corrosion rate. To reduce this uncertainty, a method was proposed to force all the
electrons produced on the most corroding electrode to flow externally, and thus to make e=1.%° This
was achieved by applying an external power source to raise the potential of the coupling joint of the
multielectrode sensor probe, such that the current from the most cathodic electrode would be close to
zero. In this way, the coupling joint of the sensor is statistically at the highest potential of all reaction
sites of the metal, if the sites can be separated from each other. At such a potential, no cathodic sites
would be statistically available on the most anodic electrode to receive the electrons produced on the
same corroding electrode.

NEW APPROACH

The above mentioned potential-perturbation method requires an external power source and an
additional counter electrode to polarize the coupling joint of the CMAS probe. This paper presents an
alternative method for raising the coupling potential by using the cathodic electrodes of the CMAS
probe, with no additional power source. When the current from the most corroding electrode of a CMAS
probe is used to derive the maximum localized corrosion rate, the currents from the other anodic
electrodes are not used.® These less anodic electrodes can be disconnected from the coupling joint so
that all the cathodic electrodes would only support the anodic reactions on the single most anodic



electrode (Figure 6). The corresponding schematic diagram for the polarization curves of the most
anodic electrode and the other cathodic electrodes that support the most corroding electrode is shown
in Figure 7. Because all the cathodic electrode are supporting only one anodic electrode, the cathodic
current (the thick line) are now relatively higher than in Figure 5 and the coupling potential is raised to
E’coup- At this new coupling potential, the value of the internal anodic current on the most anodic
electrode of the CMAS probe, 12;,, is close to zero and the corrosion current, I'c.,, in Equations (2) or
(4) is close to the externally measured coupling current, ey (i.€., I'con = I'ex)-

EXAMPLE RESULTS

An experiment was conducted to verify the new approach. A modified S-50 coupled
multielectrode array sensor analyzer and the associated software by Corr Instruments (San Antonio,
TX) were used to measure the localized corrosion rate of a CMAS probe made of 14 low carbon steel
electrodes. The electrodes were flush-mounted and each electrode had a surface area of 0.065 cm®.
The modified CMAS analyzer has additional switches that can be used to connect or disconnect any of
the electrodes of the CMAS probe to or from the coupling joint. The test solution was air-saturated
simulated seawater (0.5 M NaCl).

Figure 8 shows the current from each electrode of the probe immersed in the simulated
seawater, both with and without disconnecting (decoupling) the less anodic electrodes. When the less
anodic electrodes were disconnected from the coupling joint, the anodic currents that were required to
support the cathodic reactions at the cathodic electrodes were provided mainly by the most corroding
electrode (Electrode #10 or Electrode #1). Therefore, its current increased approximately by 2 to 3
times. Because the decoupling of the other anodic electrodes would cause the corrosion potential of the
CMAS probe to shift positively (Figure 7), most of the electrons produced on the most anodic electrode
are expected to flow externally (1*’;,in Figure 7 close to zero). The increases in the anodic current from
the most anodic electrode after the decoupling of the less anodic electrodes verified the concept of the
decoupling approach.

The slight polarization of the most anodic electrode in the anodic direction may also initiate
corrosion at the sites that would otherwise not have any corrosion. Therefore, the decoupling of some
of the anodic electrodes may give a higher corrosion rate than the true corrosion rate on the most
corroding electrode that remains connected to the coupling joint. The anodic current measured under
this condition would be a bounding localized corrosion current for the metal under the given
environment. This is because some of the localized corrosion sites (pits for example) may be
surrounded by a very large uncorroded cathodic area. This bounding current can be used to determine
the bounding maximum localized corrosion rate. Figure 9 shows the comparison between the localized
corrosion rate obtained from the most corroding electrode without decoupling the less anodic
electrodes, rmax, and the localized corrosion rate obtained from the most corroding electrode with
decoupling the less anodic electrodes, I’ max.

CONCLUSIONS

A method for measuring bounding localized corrosion rate using coupled multielectrode array
sensor probes was discussed. The bounding localized corrosion rate is measured from the most
corroding electrode after disconnecting the less anodic electrodes of the probe from the coupling joint.
The decoupling of the less anodic electrode causes the increase in the coupling potential because
fewer numbers of the anodes are supported by the cathodic electrodes that have high open-circuit
potentials. The increase in the coupling potential leads to the reduction or elimination of the internally
flowing electrons on the most corroding electrode. Thus, the externally measured anodic current equals
the corrosion current on the most corroding electrode. Experimental results that support the decoupling
concept were presented.
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FIGURE 1. Typical CMAS probes for laboratory and industrial field applications.®3

)

film..

wet gas, bio-

Electrolyte (liquid

M

AR S

electrode
simulates

corroding

2ﬁV%%%%%%% S

53

©
o)

LEE S

NAANAAAYAANA
N S Y

15 UMMM AR L\
ﬂ%/ NTthnnnimnnnnt
AT N

S
TN
\\\

ﬁﬁﬁ/ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
N N
1Ll R

N
NN

4

5

w 1

N )
5

B

Y

/

/¢¢¢¢¢¢¢¢%

L

&

,%%%h@%%%%%%%%
Z Il g
A

AW%%%%%AJZT???'%

most active
pit

dual electrodes.

ivi

)

e Y

¢ﬂyﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

is NS \
)

amﬁ«/ﬂé%%%@%%%%%%%%%

L D

=

/

nNAnnmMminnmt
; ITmii T
Nk DU
A hinlllnnnnme

electrode
deepest pit

Most
corroded

nstrument measures electrons from
and to ind

|

Insulator

FIGURE 2. Flow of electrons on the different electrodes of a CMAS probe that

simulates the corrosion of a metal under a corrosive electrolyte

liquid, salt deposits,

(

or a condensate layer formed in a humid gas) for a case where all the electrons

from the most corroding electrode flow externally to the other electrodes.



Dissolution of most

Dissolution of -
anodic electrode

A cathodic electrodes

Dissolution of
all electrodes
L -

ZIDissolulion = XIReduction
I + Icin = Iain+ IC

corr

Reduction on
cathodic electrodes

. l.":

Reduction on all

a -
) Mo i ., / electrodes

L 2
¥+ Reduction on most
anodic electrode

>

.

——— r
logl%;, : logI%, :\})glc Leorr = Pipt Loy
loglex I 1OgIcorr Iain<< Iex
corr Iex
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for the case corresponding to Figure 2.

Note: The currents shown in the figure for the cathodic electrodes only include the portion that
is required to support the anodic reactions on the most anodic electrodes.
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FIGURE 4. Schematic diagram showing a case where the most corroding electrode still has

cathodic sites available and some electrons from the anodic sites on the most corroding electrode
flow internally to the cathodic sites within the same electrode.
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electrode for the case corresponding to Figure 6 where high cathodic current is present on the
most corroding electrode and more cathodes are forced to support the anodic reactions on the
most corroding electrode.
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FIGURE 8. Responses of the currents from a 14-electrode CMAS probe made of carbon steel in a
0.5 M NaCl solution to the decoupling of the less anodic electrodes.

Note: The numbers in the legend are the identification numbers of the electrodes in the probe.
Electrodes #10 and #1 were the most corroding electrodes at time 20 and time 65 minutes,
respectively.
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FIGURE 9. Comparison between the localized corrosion rate obtained from the most corroding
electrode without decoupling the less anodic electrode and the localized corrosion rate obtained
from the most corroding electrode with decoupling the less anodic electrodes.
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