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ABSTRACT

The use of multi-coupled electrode arrays in various corrosion applications is discussed with the main
goal of advancing the understanding of various corrosion phenomena. Both close packed and far spaced
electrode configurations are discussed. Far spaced electrode arrays are optimized for high throughput
experiments capable of elucidating the effects of various variables on corrosion properties. For instance
the effects of a statistical distribution of flaws on corrosion properties can be examined. Close packed
arrays enable unprecedented spatial and temporal information on the behavior of local anodes and
cathodes. Interactions between corrosion sites can trigger or inhibit corrosion phenomena and affect
corrosion damage evolution,

INTRODUCTION

Many forms of corrosion are highly localized such that the local electrochemical processes differ

significantly from the global processes averaged over entire electrodes. A few techniques exist to probe

local processes, which include: scanning or localized electrical impedance spectroscopy, scanning

vibrating probe,! multi-electrode arrays,””' and scanning electrochemical microscopy.”* * One of the

most powerful methods is coupled multi-electrode arrays {or assemblies) (MEAs).>> MEAs are arrays

of electrically isolated electrodes. These electrode elements are coupled together, through in-line zero

resistance ammeters (ZRA), to form a galvanically coupled electrode surface.”> The coupled electrodes

are designed to closely simulate a planar electrode surface but allow current behavior of each electrode

to be monitored. Typically, MEAs are composed of nominally identical electrodes, to simulate larger

planar electrodes, or a combination of different electrode materials, to mimic the periodicity and type of
compositional and structural non-uniformities in complex technological alloys. For instance, Cu -
electrodes can be placed among Al to simulate Al-Cu alloys. The key advantage over other methods is

MEAs allow temporal and spatial measurements of electrochemical processes simultaneously. This

advantage allows the measurement of real-time processes that take place on electrode surfaces.




Far spaced electrode configurations allow high throughput testing of essentially independent electrodes
to the identical environment because the distance between electrodes is much larger than the dimensions
of single electrodes. Using multi-electrode systems, for high throughput testing, eliminates variations in
test environment and conditions by running all the samples simultaneously, during the same test, under
the same exact test conditions.”* The distance between these electrodes should be large enough that the
processes taking place on each e¢lectrode during anodic or cathodic polarization will not affect
neighboring electrodes through coupling via chemical or potential fields. This is accomplished by
maintaining separation distances greater than characteristic transport lengths increasing the ohmic
resistance so that galvanic coupling is suppressed and by keeping experimental times short.

In contrast, close spaced electrodes are placed in a configuration that allows neighboring electrodes to be
affected by adjacent electrochemical processes that are coupled chemically and electrochemically, such
that behavior is indistinguishable from one continuous electrode. Another advantage of MEAs is the
ability to induce electrochemical processes on specific regions of the MEA, while monitoring their
effect on the remainder of the electrode elements. These control capabilities enable the investigation of
specific corrosion mechanisms (i.e., pitting corrosion, intergranular corrosion, crevice corrosion,
underpaint corrosion, galvanic corrosion and global depassivation). A third advantage is the ability to
separately address individual electrodes and then interrogate the properties of specific electrodes by
- switching a selected electrode out of the array in order to perform detailed electrochemical
measurements. For example, persistent anodes or cathodes can form under open circuit conditions,
Under these conditions, where no potential is applied, the spatial proximity of localized corrosion events
or separation of anodes and cathodes can be monitored under real time conditions. Moreover, the
specific properties of anodes and cathodes may then be examined. It is useful to understand criteria for
coupling between individual electrode elements. MEAs enable the separation of local anodes and
cathodes by measuring the net current from each electrode element through inline ZRAs. Recall that
one desires to match the “size” MEA electrodes to the size of local anodes and cathodes so that separate
behavior of anodes and cathodes can be investigated. However, even on small wire electrodes local
anodic and cathodic reactions occur even when the wire size is reduced to the size of local anodes and
cathodes. For instance, 15-20% of the cathodic reaction occurs within anodic pits on aluminum
alloys.”>® As in all electrochemical systerns operating at some mixed potential (i.e., the corrosion
potential in a corroding situation) the sum of the anodic currents is equal to the sum of the cathodic
currents, '
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On each electrode element in the MEA the measured current, through a ZRA, is either net anodic or net
cathodic. However, on any size electrode elements anodic and cathodic reactions are still possible.
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The current measured on each electrode element is the net current from local sites. Rearranging the
equations gives the actual measured currents in the case of anodic polarization the following equation
applies.
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The quantity in parenthesis is what is actually measured. Therefore, it should be recognized that only
the net anodic and net cathodic currents are measured on each electrode in an MEA.

Coupling of Electrodes Through Potential Fields

Electrical coupling between electrodes is governed by ionic resistance, in the electrolyte, and electrical
resistance in the material between wires. The electrical resistance, between wires, is negligible when
using ZRAs. The ionic resistance between electrodes is dependent on electrode spacing and ionic
conductivity. During the growth of large pits, according to the acid pitting mechanism, metal ion
hydrolysis takes place within the pit, CI" and H" ions accumulate within and around the pit, and currents
flow from the pit.”” As currents flow through the solution, a potential gradient is formed near a pit due
to solution resistance dictated by Ohm’s law. Under potentiodynamic or potentiostatic conditions the
applied potential and true interfacial potential may not be equal. The adjacent electrodes could be
shielded from achieving high interfacial potentials during anodic polarization. If there is a large ohmic
voltage (Vohmic): '
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Where:

EapplieaMeasurea = The remotely applied and measure potential

Enterface = Interfacial potential

Vonmic = Ohmic potential supplied from local electrochemical processes

A large Voumic can lower the interfacial potential. As the distance from the active pits increases, the
ohmic potential (Vonmic} decreases. Therefore, any remotely measured potential is closer to the true
interfacial potential. Lunt, et al. used Newman’s solution®, for a disk in an insulator, to calculate the
ohmic potential drop vs. distance from.a disk in an insulated flat surface.” ® This model is a good
approximation for a pit or any other active sites on a passive electrode surface during net polarization.
Using the equations for Newman’s solution and some experimental values the ochmic potential drop can
be estimated by: :
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Where:

@®=0hmic potential (V)

®,=Maximum ohmic potential (V)

E=Distance from center of disk, in elliptical coordinates (¢m)
n=Second elliptical coordinate (in this case = 0)

r = Normalized distance from center of disk (cm)

[=Total current from disk (A}

K=Solution conductivity ({'-cm™)

r,=Radius of electrode (cm)

Newman’s solution pl'edlCtS that the ohmic potential will decrease rapidly from the current source, as
shown by Figure 1a.* ¢ As the solution conductivity changes, not only does the potential field change
lateral dimensions but the maximum ohmic potential changes as well. The ohmic potential drop causes
a decrease in the interfacial potential, which can affect the driving force for interfacial reactions. For
example, 2 potential distribution is expected to form adjacent to the anodic site for a current denSIty of
0.1 Alem’, simulating a persistent anode, that varies with solution conductivity (K), as shown in Figure
la. Ata dlstance of three electrode diameters (approximately 0.05 cm) from the anodic site the ohmic
potential is predicted to be approximately 10% of the maximum ohmic potential.

Coupling of Electrodes Through Chemical Interactions

Chemical coupling is govemed by overlapping concentration fields from adjacent electrodes. This may
trigger behavior on adjacent electrodes not seen on isolated electrodes or overlooked on large electrodes
where average behavior is assumed. The local solutions in and near active pits are different than the
bulk due to the electrochemical and chemical reactions associated with the acid-halide pitting model.”’
Aggressive ion enhancement near active pits causes a concentration gradient to form laterally.
Measurements of pH gradients around pits have showed a pH gradient change of six pH units that
extended several pit diameters way from the pit cavity.”” Other sources of chemical species include OH
production at strong local cathodes. Lunt, et al. used equations by Carslaw and Jaeger to calculate the
normalized concentration profile lateral to active pits.* According to Carslaw and Jaeger, the normalized
concentration profile is given by: *° ;
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Where:

C, = concentration at a distance r from the pit mouth (Moles/1)
Cp,t concentration inside the pit (Moles/])

a = radius of the pit (cm)

r = radial distance away from the pit mouth (cm)

erfc = complementary error function

D = diffusion coefficient of the diffusion ion (cmzf's)

t = time (seconds)




Equation (9) is the Laplace Solution for a sphere in an insulating surface under stagnant conditions.
More sophisticated solutions exist for the case of stirring with diffusional boundary layer.”’ However,
the results are a fairly good prediction for a pit with a fixed chemical concentration in a passive surface
behaving as an inert surface. Consider the case where pits grow across the entire electrode surface of a
smgle 150 um wire in an MEA. The predlcted concentration field for H" ions with a diffusivity of
1x10”° cm/s at different times, is shown in Figure 1b. The calculated H® ion concentration drops off
rapidly, away from the pit cavity, and has a concentration of less than 50% of the concentration found in
the pit cavity at one pit diameter away, as shown in Figure 1b. At a distance of four or five pit
diameters, the concentration is determined to be less than 10% of the pit cavity concentration. The
concentration field reaches relative steady state, after approximately 1200 seconds, as shown in Figure
1b. Changes in the local solution concentratlon can affect the electrochemical processes that occur
within the range of altered solution.

As described above, far spaced MEA configurations are designed to ensure chemical and
electrochemical isolation from neighboring electrodes. Thus, each electrode can be assumed to act
independently of one another. For example, if a far-spaced MEA, constructed from 150 ym wires with a
inter-electrode spacing of 3 mm, is used in a pitting experiment and a single electrode undergoes pitting
across its entire surface area, then C/Cp; will be equal to 0.003 after 1800 seconds at the edge of the
nearest nei ghbormg electrode, 3 mm away. At 3 mm away from the pit cavity it is possible to have a pH
of 4.5 assuming that the test solution is initially near neutral and a pH of 2 exists within the pit cavity. It
also assumed that there are 1o other transport mechanisms that will disrupt ion diffusion. Simple
calculations using 1=(Dt)""?, where 1 is the length and D is the diffusion constant, in one dimension, are
_ also useful. If timegyperiment < t= lsz, then chemical interactions are unlikely in this one dimensional
case. Thus, short experiments and large distances between clectrodes ensure chemical isolation of
electrodes in far spaced MEAs. The text that follows provides background on each application discussed
here.

Interplay between Water Chemistry and Electrochemical Properties of Copper

Copper tubes account for more than 80% of all tubes in potable water distribution systems in the U.S.A.
Rates of copper pinhole leaks have reached crisis levels, because “pinhole” pitting corrosion accounts
for more than 60% of the failures that occur.”” Furthermore, this phenomena is on the increase. Pitting
corrosion is an insidious form of corrosion that can lead to premature failure of copper tube. During
pitting corrosion the anode and cathode areas on the pipe surface are separated to a high degree. The
ratio of cathode/anode areas is high, and anodes are persistent. There also exists a necessary but not
sufficient electrochemical condition for pitting susceptibility. That is, if the open circuit potential rises
above a critical pitting potential value, which depends on the materials and environment, pitting
corrosion occurs. This phenomenon occurs under specific water chemistries ***or material conditions.*?

Literature reviews have compiled lists of selected waters that cause cold water pitting, but specifics
governing initiation and propagation, as ‘a function of water chemistry variables are unclear.”
Moreover, such pitting is hard to reproduce in laboratory experiments even when water chemistries are
replicated. In the context of this paper, the focus is to examine the development of persistent local
anodes as a function of water chemistry. MEAs provide an opportunity to study this phenomenon.




Corrosion Spreading in Concrete

Reinforced concrete structures are susceptible to damage from chloride and/or carbonation induced
corrosion of the embedded reinforcement.*® Corrosion product accumulation at the concrete/rebar
interface eventually results in a stress state that is sufficient to cause cracking of the surrounding
concrete.”® Concrete cracking leads to mechanical degradation of the structure and provides a more
direct channel] for aggressive ion transport to the rebar surface.

The lifetime of a concrete structure can be considered as the sum of the time required to initiate
corrosion and the duration of the corrosion propagation period sufficient to cause concrete cracking.”
To extend the lifetime of reinforced concrete structures, new higher corrosion resistant rebar alloys are
being considered as a replacement for conventional carbon steel.”® For example, various stainless steel
rebar alloys and stainless steel clad over carbon steel are under consideration. The potential extension of
concrete structure lifetimes afforded by new candidate rebar alloys depends not only on their corrosion
initiation but also on their corrosion propagation characteristics. It is theoretically possible that a
candidate rebar that 1s better from the initiation perspective is worse from the propagation perspective.
To justify the higher cost of stainless steel rebar alloys, it is necessary to perform relevant laboratory
and/or field-testing to characterize the corrosion behavior (initiation and propagation) prior to
implementation. To qualify new rebar materials, the chloride threshold for corrosion initiation, radial
and lateral propagation rates, and Pilling-Bedworth ratios (ratio of the relative volume of an oxide and
its parent metal) must be determined. These factors play a significant role in determining how corrosion
of specific rebar alloys will affect concrete structure lifetimes.

The corrosion propagation behavior as well as the morphology of attack directly affects the propensity
for concrete cracking. In one study on carbon steel bars, it was found that the critical depth of attack
required to crack concrete, X, was a function of the specimen radius, r, concrete cover thickness, C,
and the length of anodic region along the axis of the bar, L.** Specifically, X is proportional to the
first power of [C/2r] and to a higher power of [C/L +1]. Hence, as the length of anodic region of
corrosion propagation, L, increases, X.: decreases. Given such a dependency on L, X would be
expected to be very large if a material can be selected such that L is kept at minimum. The implication
is that use of a stainless steel or material that limits L by forming high aspect ratio pits with limited
lateral spreading offers the opportunity to extend the life of concrete structures in addition to any benefit
attributed to increased chloride thresholds. Hence, the lateral spread of corrosion is important to the
ultimate performance of new rebar candidates. MEAs provide the opportunity to study this phenomenon
by providing spatial and temporal measurements of corrosion initiation and propagation.

Crevice Corrosion

Traditionally, the study of crevice corrosion has been conducted using two methods. The first involves a
qualitative method consisting of multi-crevice former that is applied on the surface of the sample using a
set torque.”” Specimens are immersed in a standardized solution over a long period of time. Alloys
susceptible to crevice corrosion are compared by determining the number of sites that initiated under a
multiple crevice former. Very little eléctrochemical information is provided although open circuit
potential may be monitored if an electrical connection is provided and crevice current may be monitored
if the specimen is polarized. A second method, investigating the electrochemical behavior and providing
quantitative results, uses either a sample under a crevice former or in a model crevice solution.*’ A
potentiodynamic scan is performed giving E-log(i) behavior and the critical initiation potential and




repassivation potential can be determined. Even though these techniques offer a wide range of important
information, many questions about crevice corrosion remain unresolved. The multi-crevice test provides
the depth, morphology, and area of the attack as well as giving the probability of crevice corrosion
attack. Unfortunately, the current density 1s not homogeneous over the crevice area, and the exact
crevice area is unknown. Therefore, the exact crevice corrosion initiation position, growth of breakdown
sites and their propagation rates are uncertain. Techniques for spatially and temporarily resolved crevice
corresion are limited. Using an optical transparent crevice former (glass) and a confocal laser scanning
microscope or other non-contact profilometry equipment, the ‘spatial distribution of crevice corrosion
has been addressed.” Of course, scanning probe methods discussed above are thwarted by the physical
presence of the crevice former, -

Using an electrochemically coupled, yet separately addressed multi-electrode setup, it is possible to
position the electrodes along a line perpendicular to the crevice mouth and monitor the current over the
different points of the attack. A cross section of the setup indicates the relative locations of the crevice
former and MEA, as shown in Figure 2. This is a flush mounted system that gives us similar results to
macroscopic observation possible with multi-crevice former assemblies. The main advantage of using
MEAs is that they give lateral resolution of the initiation, metastable, and propagation current under the
crevice.

Furthermore, by using recently developed Electrochemical Impedance Spectroscopy (EIS) capable
multi-electrode array testing equipment, it is possible to use the same multi-electrode setup to monitor
the earliest stages of the breakdown or depassivation process by monitoring the evolution of the
interfacial impedance at every position. Kehler found that stable crevice corrosion occurred at a critical
distance from the crevice mouth for Ni-Cr-Mo alloys 22 and 625.* Crevice corrosion initiation and
propagation occurred by passivity breakdown at a row of metastable pits resulting in localized change in
the composition of the crevice solution. :

Using an array to study crevice corrosion requires the rescaling of the crevice. It is possible to relate the
crevice gap to the position of maximum attack using a geometric scaling factor. The scaling factors, or
scaling laws, describe the effect of the crevice geometry on the corrosion behavior inside the crevice.
Two factors are usually used, L/G or sz'G, with L being either defined as the length of the crevice or the
distance between the crevice mouth and G defined as the crevice gap. Scaling laws derived from
experimental data will return an Xeni/G ratio (G: crevice gap, Xqqe critical distance between initiation
line and crevice mouth). Using these scaling laws, a rescaled creviced array can be used to monitor the
spatial evolution of the current during the initiation of crevice corrosion. The addition of EIS capabilities
should permit the real time observation of the passive film characteristics, enabling changes in oxide
film properties to be correlated with initiation of crevice corrosion. '

Spreading of Intergranular Corrosion by Cooperative Interactions

Microscopic investigations of surfaces in solutions that do not typically support intergranular corrosion
(IGC), have found that IGC initiates at the bottom of pits that are already formed.” *® These studies
have hypothesized that the highly aggressive solution found at the bottom of pit cavities plays an
important role in the initiation of IGC.** However, the mechanisms for IGC triggering by pitting were
not investigated. Additionally, the processes that trigger rapid lateral IGC spreading across entire




electrode surfaces along the highly susceptible continuous network of grain boundaries have not been
investigated.

Stainless steels are particularly susceptible to intergranular corrosion when they are heated in the range
of 538-927°C, either during improper processing or welding.”’ Precipitates ([Fe,Cr],Cs) tend to form,
when Cr diffuses to the grain boundaries, leaving immediately adjacent regions Cr depleted and more
susceptible to dissolution than the unchanged grain interior matrix.¥” This process is known as
sensitization. Preferential dissolution takes place at the grain boundaries, while the interior remains
passive under specific conditions when: (a) grain boundaries are sensitized, (b) the environment is
aggressive enough to enable intergranular attack, and (c) certain regions of the material are in a potential
range where it is active. Similar phenomena are also caused by Cu depletion in Al-Cu and Al-Cu-Mg
alloys.®

- In highly acidic environments, stainless steels have an active-passive behavior characterized by an
ancdic current peak on E-I polarization curves associated with the transition from active to passive
behavior. The Flade potential (Epage) (a.k.a. activation potential) marks the point where a steep rise in
dissolution current occurs, when approached from positive potentials. The Flade potential is strongly
dependent on the Cr concentration in Fe-Cr alloys, where materials with lower Cr concentrations have
higher Flade potentials.*”*' Additionally, the passive current density increases with decreasing Cr
concentration.”” Intergranular corrosion occurs when the interfacial potential is lower than the Flade
potential -of the grain boundaries (Eeriace < Ernge). Additionally, a Cr concentration gradient along
grain boundaries may occur, resulting m a range of Flade potentials and earlier initiation of certain grain
boundary regions.” MEAs provide an opportunity to study this phenomenon.

METHODS

Multi-¢lectrode arrays are typically constructed in two different configurations from the desired material
(i.e., wire, foil, or electrodeposited dots). The electrodes are typically coated with an insulating coating
allowing electrodes to contact one another, in close packed arrangements, while ensuring electrical
isolation. The first configuration is far-spaced MEA with spacing that far exceeds the size of the
electrodes, as shown in Figure 3a. The far-spaced electrode arrays are used for high throughput type
experiments, where large quantities of data are desired, as described above. Additionally, far-spaced
electrodes ensure that chemical and potential fields originating from electrodes do not affect adjacent
electrodes. Therefore, specimens are chemically decoupled from one another. Large electrodes may be
- used but small electrodes are easy to contain in one cell yet remain decoupled.

The second configuration is a close packed simple cubic array where all the wires are carefully arranged
to ensure the wires were touching in the rectangular orientation, as shown in Figure 3b. Close packed
MEAs are used to simulate planar electrodes, as described above. The size of the electrodes, in the close
packed array, is often matched to the size of anode or cathode regions or some other significant
corrosion feature. ' '

Both types of arrays are flush mounted in epoxy resin and polished with grinding paper and polishing
slurry to the desired finish. Electrodes are placed in a custom electrochemical cell containing a
platinum-niobium counter electrode, a remotely placed standard calomel electrode (SCE), and a water
circulation coil for solution heating, if needed. The cell can be modified to allow any of three different




orientations: horizontal face up, horizontal face down, or vertical. One method of potential control can
be conducted using a Model 900 Multichannel Microelectrode Analyzer (MMA) (Scribner Associates,
Inc.). The MMA has 100 individually measured zero resistance ammeters (ZRA) that measure the
current of each of the coupled electrode elements individually, The MMA has the capabilities of
controlling the applied potentiostatic or potentiodynamic potential in ten groups of ten electrodes each.
Specific groups of electrodes can be controlled at a desired potential, while monitoring the remaining
electrode elements. For instance, rows of electrodes may be initiated or forced to corrode at a high
potential or proximate anodes or cathodes may be simulated. -The system also has the capability of
utilizing local reference electrodes, pH sensors, or ion selective electrodes to monitor local processes.
Additionally, a Model 910 Multichannel Microelectrode Analyzer’ (MMA-Z) can conduct Electrical
Impedance Spectroscopy sequentially on 100 element MEAs.

Interplay between Water Chemistry and Electrochemical Properties of Copper

Electrode arrays are ideally suited for the study of persistent anodes and cathodes. In this study, 5x20
MEAs were constructed from 150 um diameter copper wires with a nominal separation distance of 30
pum. Arrays were flush mounted to simulate a planar copper electrode surface. Separately addressable
and therefore local galvanic currents, OCP and local AC currents responding to local EIS excitation
voltages on a single wire can be separately inventoried and analyzed from each wire in the array. In this
way, the factors contributing to potential rise whether associated with significant anode passivity or high
cathodic reactivity can be elucidated.

These wires of 150 pum diameter are suitable for study when millimeter or micro-millimeter scale
separation of anodic and cathodic regions occurs. Each wire is galvanically coupled to the remainder of
the wires in the array through a MMA. Therefore, the wire array behaves as one planar electrode
simulating the inner diameter of a copper pipe. Since each wire in the array is coupled and the ability
exists to Inventory total and electrode specific galvanic currents in real time, this method provides the
capability to identify formation of persistent anodes (pits) versus switching anodes (uniform attack) as a
function of water chemistry variables. The local galvanic current flow, at each wire, can also be
assessed as a function of water chemistry and exposure time. This technique is thus able to uniquely
study the effects of water chemistry on the development of persistent anodes and cathodes. Single or
dual wire electrochemical potential, small amplitude cyclic voltammetry, and EIS experiments can also
be conducted on selected groups of wires as a function of water chemistry variables to interrogate their
individual properties. Chronoamperometry may be conducted to identified anodes and cathodes to assess
local ability to support cathodic reaction kinetics during a single potential step.>” ** Thus, a thorough
assessment of spatially resolved anode and cathode development and properties may be obtained as a
function of water chemistry. Specific water chemistries that promote uniform corrosion (i.e., switchable
anodes and cathodes) can be distinguished from those that promote development of persistent anode
sites, using this approach. The factors contributing to potential rise may also be elucidated by obtaining
detailed understanding of the electrochemical properties of the anodes compared to the cathodes.

Recent research has discovered that higher pH (pH=8 to pH=10), higher chlorine (5 ppm Cl,) and higher
aluminum (2 ppm Al) concentration in synthetic potable water could act together to create the conditions
to form pits on copper pipe.”® To test this hypothesis, closed packed arrays of 100 copper wires of 150
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microns in diameter have been set up in flat cell to simulate the vertical inside of copper surface.
According to the reported potable water recipe that promotes pitting, 2 ppm of aluminum in the form of
AOH); is added into the synthetic drinking water, and pH is adjusted to 9.2.”” Under these conditions
Cl; reacts to form hypochlorite ions.

Corrosion Spreading in Concrete

The traditional approach to assess lateral spread of corrosion damage is determination of a pitting
factor.”® The pitting factor is the ratio of the maximum pit depth to the average corrosion penetration
depth. A pitting factor of 1 is defined as general corrosion and increasing values above 1 indicate
increasingly localized attack. However, the pitting factor does not provide the rate of corrosion
spreading unless testing is conducted over time. MEAs provide a new technique to examine the lateral
corrosion spreading behavior of new rebar alloys compared to conventional carbon steel in an electrolyte
that simulates concrete pore solution chemistry. In this manner, insight can be gained into the expected
corrosion propagation behavior of new candidate rebar alloys when embedded in concrete. 100 wire
(5x20) MEAs were constructed from carbon steel and AISI 316L (UNS S31603) stainless steel to
directly observe surface corrosion propagation in both a freely corroding system and surrounding an
electrochemically induced active site. In addition, pitting factors were also determined to further
characterize the active corrosion morphology of different rebar materials by comparing maximum pit
depth to gravimetrically determined uniform corrosion rates from samples where corrosion was
galvanostatically propagated.”

Crevice Corrosion

MEAs, with a configuration of 5x20, were constructed from 250 um diameter AISI 316 (UNS S31600)
stainless steel wire. For the study of crevice corrosion, typical MEAs had to be modified. First, the
array needs to be fitted to support the attachment of a crevice former. Second, the covered metal
area/crevice area must be large enough to develop an aggressive crevice solution necessary for the
crevice corrosion initiation. To obtain a large covered metal area/crevice volume ratio, typical of actual
crevices, the grooved plastic, epoxy, or glass encasing usually used to mount the close packed electrode
array ® was replaced by a 2.54 cm cylindrical metallic encasing, providing a continuous metal surface.
The metal was chosen to be the same as that of the electrodes. In this case, the encasing was AISI 316
stainless steel. The 5x20 array was set inside a machined groove, in the metallic casing, using heat-cured
epoxy. As shown in Figure 4b, the resulting electrode mimics a planar metallic specimen except that the
array enables regions of the crevice to be separately addressed for detailed electrochemical information.

Two methods for ¢ontrolling the crevice gap have been used. The more traditional approach is to apply a
set torque to a crevice former.”>*® The higher the torque the tighter the crevice gap.”' The crevice gap
can also be controlled by either inserting thin films, as shims, between the sample surface and the
crevice former (crevice gap above 25 pm)* or by using micro-fabricated crevice formers using
semiconductor device manufacturing techniques (crevice gap lower than 10 um).* In this study, torqued
Delrin (trade name) crevice formers were used. The setup eventually can be used with shims as well.
The cross section of the crevice former setup used and a picture of the configuration of the MEA, in the
solid encasing, are shown in Figure 4. The Delrin crevice former is supported by a threaded rod,
screwed into the array encasing. A coupled concave-convex assembly permits compensation for any
difference in perpendicularity between the surface and the rod (due to polishing and machining) and
ensures that the crevice former was parallel to the MEA surface, as shown in Figure 4.




With the dimensions used (250 pm diameter wires, encasing 2.54 cm diameter and 2.5 mm wide groove
and crevice former of 2.54 cm diameter) the metal area/crevice volume ratic was calculated and
compared to that of a conventional planar electrode and an array with no metal encasing. For a crevice
gap of 1 um, the ratio is 9.5x10° cm™ for the experimental crevice setup compared to 10* cm™ for a
conventional crevice sample and 211 cm™ for a similar setup without metallic encasing. This confirms
that an array encased in a similar material to the electrodes of the dimensions used will provide a
reactive geometry extremely close to that of a conventional planar electrode.

Stepped potentiostatic experiments have been used, to study the initiation, stabilization, propagation, and
stifling of crevice corrosion. Experiments were performed in 0.6 M and 1 M NaCl under aerated
conditions at ambient or elevated temperature. At first, short steps (a few hours long) of 50 mV or more
were applied. Potentiostatic steps evolved towards longer steps (1 day) at lower potentials (as low as
25 mV), Longer steps are expected to help in reaching crevice stability, at each potential. With smaller
potential steps, crevice corrosion should be observed to develop gradually. Long potentiostatic step
experiments were preceded by initial exposure at QCP. This was done to permit the creation of a
. passive film that would be stable during the potential steps, therefore, reducing the effect of the passive
film aging during crevice corrosion. The stainless steel encasing was kept at low anodic potentials to
provide a passive current, which contributes to the formation of a critical crevice solution. The current
for each wire was monitored during the course of all experiments. In certain cases, EIS was conducted
on certain wires.

The influence of the proximate cathode on crevice corrosion initiation and propagation is also under
investigation. In this case, all or a selection of the wires outside the crevice were kept at a low cathodic
potential {-400 mVscg) simulating cathodic polarization and associated OH™ production when a cathode
is nearby.

Spreading of Intergranular Corrosion by Cooperative Interactions

MEAs were constructed from 150 pm AISI 304 (UNS S30400) stainless steel wires that were heat
treated at 1030°C for 1 hour to solutionize the material and 621°C for 48 hours to sensitize the material *
The chemical composition of the 304 SS used was: 0.055% C, 18.09% Cr, 1.54% Mn, 0.09% Ni,
0.027% P, 0.53% Si, 0.012% S, and the balance Fe. For comparison, as-received material that did not
undergo any heat treatment was used. The non-sensitized wires had an average ASTM grain size of 14
while the sensitized wires had an average ASTM grain size of 7.6. The degree of sensitization (DOS)
for both the non-sensitize and sensitized materials were determined by ASTM G108 in 0.5 M H,S0, +
0.01 M KSCN at 30°C. The DQS for the non-sensitized material was determined to be 0.164
coulombs/cm® while the sensitized material had a DOS of 56.5 coulombs/em®. Both far spaced (3x4)
and close packed (5x20) MEAs were constructed from the sensitized 304 SS material.

Cooperative interaction experiments were conducted in 0.06 M HCI + 0.01 M KSCN at 60°C (pH 1.22)
to simulate the environment that is enhanced in both H' and CI ions produced adjacent to actively
pitting sites. It is hypothesized that both IR potential drop and solution enhancement are required for
cooperative growth of IGC along Cr-depleted grain boundaries. '




Cooperative growth experiments were conducted on close spaced MEAs constructed from sensitized
304 SS 5x20 MEAs in 0.06 M HCI + 0.01 M KSCN at 60°C. The first two rows of the close packed
array were held at a potential (+1 Vgcg) high enough to cause stable pitting. The remaining electrodes
{rows 3 to 20) in the MEA were potentiostatically held at E = -0.29 Vgcg in the passive range (E >Epyqe).
During the duration of the 20 minute potentiostatic hold under these conditions, the current was
monitored for all 100 wires on the MEA. The anodic charge passed was calculated from current-time
curves for each wire of the MEA that was held in the passive range. Charge density was also used to
detect the onset of IGC behavior with time. A limited number of experiments were conducted where all
the electrodes were potentiostatically held for 20 minutes at a potential in the passive range (-0.29 Vgcr)
(Eapptied > Ertade) and no electrodes were initiated. These experiments were conducted to show that
interactions do not occur without pitting and associated ohmic potential drop, as well as possible
solution enhancement.

RESULTS AND DISCUSSION
Key Advantages of High Throughput Testing

One of the key uses of MEAs is the ability to conduct high throughput testing. This is particularly
useful in Materials Science when materials informatics is desired or when a property is governed by a
statistical distribution of flaws.** A good example is the pitting potential of engineering alloys which is
often governed by the statistical distribution of flaws on the surface area tested. Therefore, often
variations in the distribution of flaws from one electrode to the next exist. Large numbers of E-log i
curves can be obtained in reasonable time periods using MEAs. Instead of reporting single values, such
as the average or median, to represent a complex population, the entire data set can be presented by
cumulative probability curves. Such curves can elicit information about the population distribution
behavior (i.e., normal, skewed, or bimodal) of specific electrochemical parameters. Through the type of
distribution, such a plot can reveal whether there are single or multiple underlying causes for such
electrochemical behavior.** Such population distributions can also give important information in the
underlying microstructure effects on specific electrochemical behavior. For example, the pitting
potential of AISI 316 stainless steel in 1 M NaCl solutions at.47°C is statistically distributed and
depends strongly on the pH, as shown in Figure 5. Here, over 50 E-log i curves were acquired with far
- spaced MEAs for each pH condition. At low pHs, the data set is approximately normally distributed,
indicated by the straight line behavior. The wide distribution in E; reflects the statistical differences in
inclusions from one electrode to the next that govern the pitting potential. However, a second
population distribution emerges as the pH decreases. The population distribution shifts to non-normal
behavior at pH 3 and more prominently at pH 1.8. A clear bimodal distribution is observed at pH 1.8.
Clearly two distinct populations of flaws exist, each with their own statistical variation that governs
pitting potential. The shift in cumulative probability curve, at pH 3, to lower pitting potentials can be
explained by the thermodynamic stability of MnS inclusions which begin to dissolve at pH 4.8. The
dissolution of MnS inclusions leads to easy pit formation on the subset of electrodes with many large
MnS inclusions. The unaffected portion of the bimodal distribution can be attributed to a second
population of initiation sites that is more resistant to low pH, such as CrS or TiS. The difference
between these two distributions in flaws is much more prominent at pH 1.8. In fact, a small population
of TiS inclusions was found in this alloy. High throughput testing can elicit valuable information about
the material’s microstructure that would otherwise be hidden by low numbers of samples or by the use
of single statistical values. This approach also has the benefit to corrosion mitigation where it is useful




‘to uncover whether a pretreatment or inhibitor has the greatest effect on the entire population of flaws or
on a certain subset.

Interplay between Water Chemistry and Electrochemical Properties of Copper

Starting from O ppm, free chlorine was increased by 1 ppm per day to 5 ppm by adding reagent grade
NaOCl into test drinking water and tested by N N'-Diethylphenylenediamine (DPD) colorimeter,
Results show that before 5 ppm free chlorine is added in the test drinking water, only uniform passive
dissolution of copper occurs with a current density less than § pA/em’®. After 5 ppm free chlorine is
added, the OCP gradually increases above a critical level, which is about 100mVgcr within a certain
time (Figure 6). Then it suddenly drops to a very low level {about 75 mVscg) in very short time (less
than 1 minute). The pitting potential of copper in potable water has been historically defined as 100
mVscp.*” The current maps corresponding to these two times (denoted on OCP figure) show that before
the OCP reaches the critical level, only uniform passive dissolution of copper occurs. However when the
OCP drops to a very low level, a dark square in the current maps indicates a current density about 70
pA/cm? averaged over the entire wire (if the pit area is 1/ 10" of wire surface the current density is 700
nA/em?). The high current density confirms that a strong anode is forming. The current versus time
curve for the strong anode wire during the whole test is shown in Figure 7. Corresponding to the
potential drop of OCP, an abrupt increase of current density occurs from 5 pA/em’ (uniform attack) to
about 50 pA/em’ (localized attack). This strong anode lasts to the end of the test, 12 hours, although the
magnitude decreases over time, while the currents on other passive wires remain between -5 and +5
pA/em?®, We interpret this result as evidence that persistent anode is forming on one single wire in this
water chemistry. In total, 9 wires form persistent anodes one after another dunng the 24 hours test but
only at the Sppm CI, level.

Corrosion Spreading in Concrete

It was seen that corrosion spread rapidly across the surface from active sites on carbon steel, while
stainless steel demonstrated complete resistance to spreading from preferentially initiated sites. An
example of corrosion spreading behavior on carbon steel and AISI 316L stainless steel (UNS S31603)
100 wire (5x20) MEAs is shown in Figure 8. Carbon steel held at 0.2 Vscg displayed active corrosion
that initiated quickly and spread rapidly over the entire MEA surface in less than 2000 seconds. 316L
stainless steel showed no corrosion spreading from preferentially active sites (held at 1 Vscg) on to
surrounding electrodes (held at 0.2 Vscg) despite a considerably more aggressive testing environment.
Moreover, the preferentially active sites resisted initiation and did not fully activate until approximately
11000 seconds. It can be seen from these results that the length and spreading of corrosion along the
electrode surface is greatly influenced by the material composition. The length (L) and depth (X) of
corrosion attack both must be considered to assess the impact of rebar corrosion on concrete cracking.”
Electrochemical testing on MMA’s provides the ability to discretely assess the length of corrosion
spreading at the electrode surface. Studies indicate that when L is small X must be large in order for
XX - Therefore, stainless steel rebar should be much less likely to spall and crack concrete if
corrosion is initiated.

Crevice Corrosion




The initiation and spreading of crevice and pitting corrosion occur with time, as shown in Figure 9. The
current for each individual electrode under the crevice former, in the MEA, was monitored during the
course of the experiment, as shown in Figure 9. Even within the scope a single simple test, the array
provides a wealth of information. The critical crevice initiation current can be found as well as the
location of crevice initiation, the propagation rate and the depth of attack (as detailed below),

It is possible to include localized electrochemical variation, such as proximate cathode, that would exist
on a real electrode where the cathode was nearly. The initiation and spreading of two electrochemical
variations is compared, as shown in Figure 10: a) the entire MEA was held potentiostatically at 100
mVgce and b) the inside of the crevice is kept at 100 mVgcg while the outside acts as a proximate
cathode (-400 mVgscg). We can observe in Figure 10a. and b. that the crevice corrosion initiates close to
the crevice mouth and spreads into the crevice. At the same time, pitting corrosion initiates outside, A
proximate cathode inhibits the propagation of the attack, presumably due to the OH" production, as
shown in Figure 10b. At t=0, only a few wires are initiated and, after one hour the number of wires that
have initiated increases for the case with a proximate cathode. In the absence of a proximate cathode the
crevice is fully initiated after 1 hour. Existing crevice corrosion investigation methods (non-multi-
electrode experiments), described previously, would only have allowed proximate cathodes to be
introduced by changing the size of the external cathode. Furthermore, it is possible and easy to change
the size, position and potential of such a cathode to replicate electrochemical conditions,

The evolution of the calculated average depth of attack with time, is shown in Figure 11. MEAs were
potentiostatically stepped at 50 mV per day, after being aged for 3 days at OCP (final Ey value was
-75 mVsgg) so the passive film would not evolve dramatically during the measurement. The attack depth
is calculated using equation 6, with [d(t) the depth variation at a time t, Q(t) being the charge at a time t,
EW the equivalent weight of the alloy, F the Faraday constant, Othe density of the alloy and A the area
of the electrode.

& 10
ad(ey = QO EW | (10)
F*p*4 '
The charge is derived from the current measured over time. The plotted average depth of attack for one

column is the average of the derived depth of attack of the five rows at that particular column, as shown
in Fi 1gure 11.

As was suggested by Kehler and Scully **, stable crevice corrosion initiates at a critical distance from the
crevice mouth. This critical distance was found to be between 0.5 mm and 0.8 mm from the crevice
mouth depending on crevice gap. The crevice attack depth increases at a faster rate close to the mouth
than at the end of the crevice. The maximum depth reached is 0.45 mm afier 7.5 hours at 100 mVgcg.
The attack did not initiate until 5 hours into the test giving a rate of 0.18 mm-hr'. The slowest rate was
found at the deepest end of the crevice with a maximum attack depth of 0.22 mm, equivalent to a rate of
0.9 mm-hr'l, half of that at the crevice mouth. Such information wou_ld be difficult to obtain with the
use of multi-electrode arrays.

Spreading of Intergranular Corrosion by Cooperative Interactions




In the study of intergranular corrosion of sensitized stainless steels, it is hypothesized that both potential
drop and concentration changes could trigger intergranular corrosion on adjacent surfaces, prone to
intergranular attack, in concentrated acids. During pitting corrosion, the potential drop prevents further
pitting (i.., inhibits pit activity) in the immediate vicinity of an active pit site. The resulfing
concentration and surface damage effects enhance the formation of new pits.>® In contrast, intergranular
attack is expected to spread from initial pit sites in specific patterns related to the local acid
concentration and potential drop. In this case, both potential drop and electrolyte concentration are
expected to trigger attack. Intergranular corrosion is expected to be triggered if: (a) grain boundaries are
sensitized, (b) the environment becomes aggressive enough to enable intergranular attack and (c) an
ohmic potential drop occurs such that the potential across the double layer drops below the Flade
potential for the particular grain boundary composition.

Local accumulation of aggressive species assoclated with the acid/halide model has been shown to cause
enhancement of pitting adjacent to previously active pit sites.”® *° As hydrolysis takes place during
intergranular corrosion, the local H and CI ion concentrations increase. The local decrease in pH
causes an increase in the Flade potential (as discussed above), causing the material to be more
susceptible to intergranular corrosion at potentials typically in the passive region.* ** > 5 % If the CI’
ion concentration is increased due to accumulated aggressive species, then the pitting potential may fall
near the Flade potential, resulting in pitting instead of or concurrently with intergranular corrosion.

The active-passive behavior of the grain boundary sensitized AISI 304 SS material, shown in Figure
12a, indicates the potential range where intergranular corrosion occurs. A closer look at the active
passive transition region of the E-I curve indicates the specific region where IGC is expected, as shown
in Figure 12b. If the applied potential is within the passive range, the chmic potential can reduce the
interfacial potential below the potential for IGC initiation {Eterfacial < Erade for the grain boundaries), at
grain boundaries adjacent to active pit sites. A drop in the local potential (Ejyerfaciai < Erlade) Would be
expected to trigger intergranular corrosion. Newman'’s solution predicts that ohmic potential drop will
reduce the interfacial potential into a range where intergranular corrosion can occur, as shown in Figure
13.* Using the calculated interfacial potential and the true E-I polarization curve expressing the true
interfacial kinetics (Figure 12), the resulting current can be predicted, as shown in Figure 13. Ignoring
aggressive species effects, a region of intergranular corrosion can be predicted, as shown in Figure 13.
As the distance from the active row increases, the ohmic potential drop decreases placing different rows
at different points along the active passive nose (Figure 13) triggering intergranular corrosion.

The trigger and cooperative growth of IGC was observed in induced interaction experiments, as shown
in Figure 5. In these experiments, the first two rows of the electrode (rows 1 and 2) were held at a
potential where pitting was induced (+1Vgcg). The remainder of the electrode elements were held in the
passive range (-0.29 Vgcp). A distinct intergranular corrosion pattern was observed, in optical
photomicrographs, after 1200 seconds (Figure 14). Corrosion is observed in five distinct zones of
intergranular corrosion damage: 1) row 3-minimal damage, 2) rows 4 to S-intermediate damage (Figure
15a), 3) rows 5 to 10-significant damage (Figure 15b), 4) row 11-intermediate damage (Figure 15¢), and .
5) rows 12 to 20-minimal damage (Figure 15d). This distinct IGC damage pattern closely matches the
zones of damage predicted by calculations using Newman’s solution and E-I kinetics {calculations were
based on i=1.25 A/em2 and K= 0.027 Q"'-cm™"). The ohmic potential drop, induced by actively pitting
electrodes, shifts the true applied potential of the 1* row below the active passive nose (Figure 3b) to a
potential where the dissolution current is significantly lower than the maximum active current. The




ohmic potential drop decreases, as the distance from the actively pitting rows increases, placing different
rows at different points along the active passive nose. As a result, different levels of IGC are.observed
that are dictated by the active passive nose behavior. Farther away from the active rows, the
accumulated intergranular corrosion damage decreases. The applied potential, far-from the active rows,
has a negligible contribution from ohmic potential (Egpplied/measored = Ennterfaciat) Tesulting in minimal IGC
damage, charactenistic of passive dissolution.

The current associated with intergranular dissolution of each electrode was monitored during the course
of the 1200 second experiment.- The accumulated charge due to intergranular dissolution of each
electrode element was determined as a function of distance, from the active pitting row, and time, as
shown in Figure 16. The accumulated charge corresponds well with the accumulated damage, observed
in optical photomicrographs (Figure 14). It is evident that the region of high accumulated anodic charge
broadens and shifts with time indicating that the accumulated IGC damage region spreads across the
electrode surface. The spread of IGC damage can also be observed in stationary current maps, which
signify the current value at an instant in time by color, of individual electrodes, at specific times, as
shown in Figure 17. Low stationary currents are observed, at early times (60 seconds), which extend
from 3 to 7 rows away from the active rows. The amount of stationary anodic current increases, as
indicated by darkening of the red current scale, as time progresses to longer times (120 seconds). After
120 seconds, not only does the stationary current increase but the region of high anodic current spreads
further from the actively pitted rows. These results clearly indicate that intergranular corrosion can be
triggered by pitting. Additionally, after initial triggering, intergranular corrosion was found to spread
beyond regions of suspected ohmic potential drop affects, due to accumulated aggressive species that
further increase the susceptibility of Cr depleted grain boundaries. These results confirm that
cooperative interactions, caused by pitting behavior, can trigger a transition from pitting to IGC and
continued IGC spreading when: a) the material was sensitized, b) there was IR drop, and ¢} solution
enhancement occurred.

SUMMARY

Multi-electrode arrays are powerful tools in the investigation of local behavior of corrosion sites of
global corrosion phenomena. The ability to measure the current for individual electrode elements allows
spatial and temporal measurements to be conducted simultaneously. The ability to interrogate each
electrode, under open circuit conditions, allows the identification of persistent anodes on Cu surfaces.
These persistent anodes can develop into aggressive pitting sites that cause premature failure of copper
pipes. It is demonstrated that MEAs allow the investigation of the effects of small changes in solution
chemistry on anode development. '

The investigation of carbon steel in simulated concrete pore solution near or at the critical chloride
concentration indicates that a limited number of sites initiate at first and trigger global depassivation of
the entire electrode surface. In contrast, 316L stainless steel, once pitted at local sites, fails to trigger
global depassivation or corrosion growth even under much more aggressive conditions. These findings
support the replacement of standard carbon steel rebar, in concrete, with more corrosion resistant alloys.
According to these results, a finite anode length will reduce the propensity for concrete spalling.

It is demonstrated that MEAs can also be used in the investigation of crevice corrosion. MEAs allow
the monitoring of regions of electrode surfaces that are located within the crevice and outside the




crevice, It was found that, under conditions where the potential inside and outside the crevice were
equal, crevice corrosion initiates near the crevice mouth and grows into the crevice. If the region
outside the crevice is forced to be a proximate cathode, simulating a nearby cathode, such as in real
world situations that lack a potentiostat, then only a few anodic sites grow within the crevice area and
the majority of the crevice remains non-corroded.

MEAs play a critical role in the investigation of the trigger and spreading of intergranular corrosion on
sensitized stainless steels. Piiting corrosion was found to trigger intergranular corrosion on adjacent
regions if: a) the material was sensitized, b) ohmic potential drop occurred, and ¢) solution enhancement
occurred. Once IGC was triggered, IGC spread from regions of intense accumulated IGC damage to
regions that were predicted not to support IGC based at electrochemical conditions without interactions.
This spreading is believed to occur due to mechanisms associated with active dissolution of Cr depleted
grain boundaries.
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Figure 1. a) Ohmic potential field distribution in solution just above an electrode surface for a
flush mounted circular electrode of 150 um with 0.1 A/em’ current density using Newman’s
solution. Solution conductivity (K) are in units of Q'-em™. b) H' ion concentration field
calculated using Carslaw and Yaeger equations.™

Figure 2. A schematic diagram of the cross section of a multi-electrode array in conjunction with
a crevice former. The crevice former can be placed anywhere along the MEA allowing different
regions, of the MEA, to be exposed to the bulk solution with the remainder to be located within
the crevice area.




(a) (b)
Figure 3. Arrangement of a multi-electrode array in a (a) 5x5 far spaced configuration and (b)
close spaced 5x20 configuration.
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Figure 4. a) Cross section schematic of the crevice former setup showing the ball and socket joint
to ensure a flush crevice former on the surface of the MEA and b) Planar view of the MEA used
in crevice corrosion experiments. As shown, the solid metal encasing was grooved to allow the
MEA to be mounted in the center of the encasing. Additionally, the threaded hole for crevice
former attachment is shown.




99,99 mpmymmpmyp—pp———p————y———
999 = o
Y -
s 9t "
1 :
a Y i
g 80 o ] -
S 70 X R
o 50 b 4 y
2 RE F ]
5 10} ¢ — -
S 5k, w1 M NaCl (pH 6.8) | =
E . A= 1 M NaCl (pH 5) )
(3] ) == 1 M NaCl (pH 3)
Ak -=¥=~1 MNaCl (pH 18) | =
'01 2 a a B a2 & 2 B 2 &2 2 8 2 a2 2 | a & 2
0 0.2 0.4 0.6 0.8 1

Pitting Potential (VSCE)
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Figure 6. OCP vs. time for Cu MEA after a second 5 ppm free chlorine was added in the synthetic
drinking water. Stationary current maps are shown immediately before and immediately after free
chlorine addition. Immediately following free chlorine addition, one electrode begins pitting actively,
as shown by the dark color with a plus sign, indicating high anodic dissolution rates. Eight current
peaks for different wires in the right figure correspond to the eight potential drops in the left figure
at different times.
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Figure 7. Current density vs. time plot for the wire corresponding to the dark black square in
Figure 5. As shown, this wire became a persistent anode following free chlorine addition. Typical

current density of copper wire in 0 ppm chlorine water is also shown for comparison, which is
indistinguishable from the non pitted wire in 5 ppm chlorine water.
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Figure 8. The spreading of depassivated surfaces on carbon steel and 3161 stainless steel under
potentiostatic control. In the left column are results from testing conducted on carbon steel, all
electrodes held at 0.2 V vs. SCE, in saturated Ca(OH); + 0.2 M NaCl. In the right column are
results from testing conducted on 316L in a considerably more aggressive electrolyte (H;0 + 3 M
NaCl) with the 2 middle rows of electrodes held at an elevated potential. A shaded box in the
grid represents iy > 2x107 Ampsfcmz.
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Figure 9. Stainless Steel 316 wires in aerated 0.6 M NaCl neutral solution at 50°C. Propagation
of crevice corrosion under a crevice as well as pitting corrosion outside the crevice is observed at
100 m\’g(-;.;.
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Figure 10. Evolution of the current with time on an array partly covered with a crevice former
(not to scale). Stainless Steel 316 wires in aerated 1 M NaCl neutral solution at 47°C. Every
square represents one electrode, scales are shown for both series: a. anodically polarized array at
100 mVgce b. proximate cathode with anodic crevice, outside wires at -400 mVgcg and inside
wires at 100 mVscg.
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Figure 11. Calculated average attack depth profile under crevice former from measured net
charge at different times at 100mVgcg after 3 days at OCP, 1 day at OmVgep and 1 day at
50mVgeg in aerated 0.6M NaCl at 50°C. Array mounted in polymer encasing with 85

inch.pounds torque applied on the crevice former.
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Figure 12. (a) The polarization curve of sensitized 304 SS in 0.06 M HCI + 0.01 M KSCN at 60°C.
(b) The active/passive behavior region of the E-I curve indicating the region of expected 1GC.
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Figure 13. Calculated ohmic potential drop
caused by actively pitted electrodes and the
resulting Vopmic and ljyertace @8 a function of
electrode rows. Intergranular attack is
expected to reach a peak between rows 3 and 11
as seen in Figure 14.
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Figure 14. Optical micrograph of the MEA
surface after (1200 sec) initiated 1GC
interaction experiments in 0.06 M HCI + 0.01
M KSCN at 60°C. The two rows at far left
were pitted while intergranular corrosion
occurs at right.
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Figure 15. Photomicrographs of individual sensitized 304 stainless steel electrodes from (a) row
3, (b) row 6, (¢) row 11, (d) row 19 after induced interaction experiments for sensitized 304 SS in

0.06 M HCI + 0.01 M KSCN (pH 1.22) at 60°C.

Micrographs indicate the level of damage from

induced interactions experiments after 20 minutes.
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Figure 16. Integrated charge as a function of distance and time for sensitized stainless steel
electrodes exposed to induced interactions experiments. The amount of integrated charge is
directly related to the amount of IGC damage of electrodes. The shape of the damage zone
closely matches the shape of the polarization curve due to ohmic potential drop and solution
enhancement regions.

Bt ] 1 ‘ T : £l lhn |. _. Current Deasity (Alem?)
. . - . + - . . - . -
. - = S ol e lE |l 1] Anodic Taxto-
(a) = = . slefele]e .!. . .i
E I BT [« =1¢]
: Rl i 1] Il Tl ] Ehl] ol | |
- !‘; - . - » - . - - . . . - - - - . . . . . a;..-. a
Bl e e de oo ool ] - I+ . v;i»l o I S KRS ‘|
(C) b+  EEODENDERORS  BE S BonoDoD
<791 B ——— BT Cathedie Txrod
— . [ 5] % it Al S : -l 0 S e R
(€) S oo oRnD (H : aanoRank ;..[:__:_

Figure 17. Current map of 5x20 sensitized 304 SS MEA in 0.06 M HCI + 0.01 M KSCN at 60°C
acquired at given times: (a) 60 seconds, (b) 120 seconds, (¢) 300 seconds, (d) 600 seconds, (e) 900
seconds, and (f) 1200 seconds. Note: Two electrodes located in rows 5 and 7 do not show any
electrical signal most likely due to loss of electrical contact. The data obtained from these
electrodes were not included in any data analysis.




