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PRELIMINARY INFORMATION

This final technical report presents the work conducted
at The Johns Hopkins University over a two year period
exploring the mechanisms of crevice corrosion in natural and
chlorinated environments. The study concentrated on alloy
625 because of suspected crevice corrosion problems with
this alloy in a highly oxidizing environment. The majority
of the work was conducted by author Barbara A. Shaw who was
at Hopkins on extended term training from the David Taylor
Naval Ship R&D Center during the 1986-87 academic year.
Barbara was able to find sufficient time to pursue this in
addition to completing the coursework she proposed to obtain
the leave. She combined this work with more applied work
that she was involved in at David Taylor to present a Ph.D.
thesis to Johns Hopkins. This report is a summary of that
Ph.D. thesis and includes reference to four manuscripts
which have been prepared from the work which are currently
in review. As the first three manuscripts involved some
aspect of the David Taylor work these were appropriately
cleared with that agency prior to submission. There were no
additional reports issued from this study. Those interested
in obtaining copies of any of the manuscripts referenced
should direct their inquiry directly to Pat Moran at
Hopkins.
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INTRODUCTION

S e
—— Crevice corrosion is considered by many to be the

most deleterious form of corrosion because it occurs on
shielded areas of a metal surface where visual

examination of the underlying metal is difficult, if

not impossible, and unpredicted catastrophic failures
can result; Crevice corrosion has been observed on a
variety of passive film forming metalsl-14 exposed in a
number of different environments ranging from high
purity water2 to the human bodyl5. This type of
corrosion is inherent in metals and alloys that are
easily passivated (e.g. stainless steels, aluminum and
aluminum alloys, titanium and titanium alloys, and
nickel base alloys), but also occurs on iron and mild
steel exposed to highly oxidizing or passivating

- environments. Metal surfaces shielded by gaskets,
washers, bolt heads, o-rings , barnacles or other

surface deposits are typical sites for this type of
corrosion. " . .. - < Cwuf*JJ’“; JVLLf'dg Ehbie

In the early literature the concepts of differential
aerationl®,17, metal ion concentrationl3, inhibitor

concentrationl8,19, and hydrogen ion concentration




cells20 yere proposed to explain crevice corrosion.
Each of these mechanisms advanced the understanding of
the phenomena, but none were sufficient explanations by
themselves. In the mid sixties Fontana and Greene
combined two of these ideas into a unified mechanism2l
in order to explain the crevice corrosion of stainless
steels in neutral pH environments containing chloride
ions. This unified mechanism consists of 4 stages:

1) depletion of oxygen within the crevice, 2) increase
in chloride ion content and acidity of the crevice
solution, 3) permanent loss of passivity for the metal
in the crevice, and, finally, 4) propagation of attack
within the crevice. The first three steps constitute
the initiation phase of crevice corrosion and the
fourth step is propagation. 1Initially, the anodic
reaction of slow alloy dissolution and the cathodic
oxygen reduction reaction occur both inside and outside
the crevice. 1In time, the oxygen within the crevice is
depleted faster than it can be replenished by diffusion
and the cathodic reaction moves outside the crevice
where it can be supported by the higher dissolved
oxygen content of the bulk solution. Slowly metal ions
concentrate in the crevice and Cl- ions migrate into
the crevice to maintain charge neutrality. Hydrolysis

of metal chloride complexes in the crevice leads to the




formation of H+ ions; dropping the pH of the crevice
solution. A point is eventually reached when the metal
in the crevice becomes active and propagation of attack
within the crevice ensues. At this stage, rapid
dissolution of the metal inside the crevice is driven
by the reduction reactions outside the crevice and, if
thermodynamically possible, some hydrogen evolution

inside the crevice.

Mathematical model results22 reveal that step 1,
depletion of oxygen within the crevice, occurs quickly
requiring only a few minutes or less for crevice gaps
on the order of several microns. Step 2 of the
mechanism, increase in chloride ion content and acidity
of the crevice solution, has also been well documented.
For neutral pH bulk solutions, low pH values and high
chloride ion concentrations within crevices have been
reported by a number of investigators23-26, chloride
ion concentrations as high as 6.2 N and pH values as
low as -0.13 have been documented for solutions removed
from artificial pits (actually crevices) on
18Cr-16Ni-5Mo stainless steel?4. o0Oldfield and Sutton
determined that the critical crevice solution which
forms inside alloy 625 crevices at initiation has a

chloride ion content of approximately 6M and a pH of




027 or less28. Using a mathematical model developed by
Gartland2? it has been determined that even higher
chloride ion concentrations and lower pH values are
possible during the propagation stage of crevice
corrosion. Much less has been reported concerning the
third step in the mechanism, permanent loss of
passivity within the crevice. Chloride ion induced
breakdown and acidification are most often cited as the
depassivation mechanisms responsible for the initiation
of crevice corrosion. In this investigation an
alternative depassivation mechanism for crevice
corrosion initiation, involving the IR drop down a
crevice, is presented. The mechanism is applicable to a
variety of metals in a number of environments and
examples utilizing data from the literature will be
presented in the results section in order to explain

the concept.

Crevice corrosion occurs most often in neutral pH
environments containing chloride ions. Seawater is
such an environment and the majority of cases of
crevice corrosion described in the literature are
concerned with the crevice corrosion of stainless

steels in this environment. Initiation of crevice

corrosion in seawater, or more precisely the




depassivation step in the initiation mechanism, is
normally attributed to either chloride ion induced

breakdown30-33 or acidification34,35,

For the chloride ion induced breakdown mechanism to
be operative, the metal in the crevice must be
polarized to a value where passivity is locally broken
down; in other words, the breakdown potential, Epq, for
the metal in the aggressive crevice environment must be
exceeded as shown in Figure 1. This is indeed a
possibility in natural seawater where bacterial slime
films form on metal surfaces and catalyze the oxygen
reduction reaction; often shifting the open circuit
potential for the metal several hundred millivolts in
the positive direction over the course of a few days or
weeks36-40, pepassivation of the metal within a
crevice by a kreakdown mechanism is also a distinct
possibility in oxidizing environments such as chlori-
nated seawater. The oxidants present as a result of
seawater chlorination have also been found to shift

open circuit potential by several hundred milli-

volts40-42,

In order for the acidification mechanism to be

operative the passivating potential, Epp, for the metal
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in the aggressive crevice environment must shift enough
so that the mixed potential for the crevice couple is
in the active nose of the anodic polarization curve as
shown in Figure 2. A detailed description of the
mechanism has been presented by Pickering35. 1In this
report an additional depassivation mechanism, an IR
induced mechanism, applicable to very corrosion
resistant materials in neutral pH environments
containing chloride ions will be presented and

discussed.

Recent emphasis on using higher strength, more
corrosion resistant alloys, such as highly alloyed
stainless steels, nickel base superalloys and titanium
in seawater handling systems for offshore applications
and in marine cooling water systems has raised the
issue of increased susceptibility of these materials to
crevice corrosion in chlorinated seawater. Tradition-
ally, copper based alloys have been used in these
applications because of their inherent toxicity to
marine biofouling. Unfortunately these more corrosion

resistant materials possess no inherent toxicity to
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marine biofouling and some means of controlling fouling
is required if these materials are to be used in
cooling water systems, firemains, and other piping
systems where fouling control is essential. A number
of oxidizing species are produced when seawater is
chlorinated43. 1In low level chlorinated seawater (a
few mg/l total residual oxidant or less) brominated
species, primarily HOBr and OBr~, predominate. In
addition to the inactivation of marine micro and macro
organisms, these oxidizing species are also responsible
for the oxidation of metals. The oxidizing capability
of chlorinated seawater has raised concern over
increased susceptibility to localized corrosion
especially, crevice corrosion, in these environ-
ments32,40,42, 1ncreased incidences of crevice corro-
sion initiation have been observed for both stainless
steels32 and alloy 62544 with chlorination. Chloride
ion induced breakdown in the oxidizing chlorinated
seawater has been speculated to be responsible the the
increased incidences of crevice corrosion observed in
chlorinated environments32,45., 1In contrast to this it
has also been reported that crevice corrosion
propagates at low rates in low level chlorinated

seawater.
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If crevice corrosion initiates relatively quickly,
then it is the rate of propagation that determines the
useful life of a material. The 4 step unified mechanism
for crevice corrosion leaves the impression that
initiation occurs by a breakdown mechanism (which is
only one possibility) and that propagation is sustained
by the maintenance of a high enough potential in the
crevice to exceed the breakdown potential. However,
there is considerable supporting evidence that crevice
potentials are very low relative to the outside
(cathode) potentials and that propagation actually
occurs in the active nose of the anodic polarization
curve. Negative potentials (with respect to those
measured outside the crevice) have been measured inside
iron, steel, stainless steel and titanium crevices.
Greene et al.46 documented potentials of less than
-300 mV (vs. SCE) in a crevice formed on a 10CrilONiFe
alloy in 1N H3S04 when the outside of the specimen was
polarized at a potential of 1.6V. Pickering and
Frankenthal4’ measured potential as a function of depth
into an artificial pit/crevice on an iron specimen in a
HyS04 - NaySO4 bulk environment (containing a small
concentration of C1~) and measured potentials as low as
=210 mV (vs. SHE) near the bottom of the crevice when

the outer surface of the specimen was held at +840 mV
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(vs. SHE). 1In both of these cases the potentials
measured in the crevice corresponded with the active
"nose" of the anodic polarization curve for these
materials. Additional proof that crevice corrosion
propagation occurs at active potentials has been
reported by Kain and Lee32 who observed negative shifts
in the open circuit potentials of 316 and 18Cr-2Mo
stainless steels with the onset of crevice corrosion.
These results were obtained using a remote crevice
configuration, of the type described by Lee48. sharp
increases in the current between the boldly exposed
cathode and the shielded anode were measured coinciding
with the electronegative shift in potential; confirming
the initiation of crevice corrosion. Pickering and
Frankenthal4? and later Pickering and Valdes49,50-52
documented the formation and evolution of Hy in
crevices, when thermodynamically impossible outside the
crevice, providing further confirmation that a
potential gradient exists within a crevice and is
responsible for sustaining active dissolution. The
results presented in this report provide additional
support that crevice corrosion propagates at low
potentials in the active nose of the anodic

polarization curve.
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The anodic dissolution of metal within the crevice
is sustained by the cathodic reduction reactions
occurring outside the crevice and possibly some
hydrogen evolution within the crevice. In seawater the
cathodic reaction of interest is oxygen reduction. If
other oxidants are present, as in the case of
chlorinated seawater, then the reduction of these
species are also of interest. In seawater chlorinated
at levels of a few mg/l or less total residual oxidant
(TRO) it has been reported that crevice corrosion
propagates at a lower rate than those observed in
seawater32,41, This report identifies the role that
chlorination plays in altering crevice corrosion

propagation rates.

The objective of this investigation is to identify
the mechanism responsible for crevice corrosion of a
Ni-Cr-Mo-Fe alloy, alloy 625, in natural seawater and
to determine the role that chlorination plays in
altering crevice corrosion propagation. 1In order to

accomplish this goal a three fold approach was taken:

1) simulated environments corresponding to those

present during the initiation and propagation
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stages of crevice corrosion were chosen based
on mathematical model predictions, information

in the literature and actual measurements:

2) steady state polarization behavior for alloy
625 in environments corresponding to those
found inside and outside an active crevice was
ascertained. Anodic polarization curves were
generated in these simulated crevice environments
and cathodic polarization curves were generated

in natural seawater;

3) mixed potential theory, including the effects of
IR drop down a crevice, was applied to the
polarization data in order to identify the the
crevice corrosion mechanism in natural seawater
and to determine the role that chlorination plays

in crevice corrosion propagation.

This investigation resulted in the compilation of
four technical manuscripts. The major results of this
work are presented and discussed in the following
section. Following the results and discussion section
is a section that details the overall conclusions of

the research.
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The first manuscript entitled "The Role of Ohmic
Potential Drop in Crevice Corrosion - Part I: IR
Induced Mechanism®" and authored by Shaw and Moran (in
review by Corrosion Science) addresses the concept of
IR induced crevice corrosion and describes three
distinct cases of how the IR drop down a crevice can
initiate crevice corrosion using examples from the
literature. The second manuscript entitled "The Role
of Ohmic Potential Drop in Crevice Corrosion - Part II:
Support for the IR Induced Mechanism" and authored by
Shaw, Moran, and Gartland (in review by Corrosion

Science) presents specific experimental results

confirming an IR induced depassivation mechanism for
crevice corrosion initiation on alloy 625 in a natural
seawater environment. The third paper entitled
"Resistance of Alloy 625 to Breakdown in High Chloride
Crevice Environments" and authored by Shaw, Moran, and
Gartland (in review by Corrosion Science) dispels the
possibility of crevice corrosion initiation in
chlorinated seawater as a result of chloride ion
induced initiation. The fourth paper entitled "Crevice
Corrosion Susceptibility of a Nickel Base Superalloy in

Natural and Chlorinated Seawater" and authored by Shaw,
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Moran, and Gartland (in review by Corrosion Science)
examines crevice corrosion propagation for alloy 625 in

natural and chlorinated seawater.
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SUMMARY OF RESULTS AND DISCUSSION

IR Induced Mechanism for Crevice Corrosion Initiation

The majority of the literature concerned with crevice
corrosion is unclear as to the exact depassivation
mechanism involved in crevice corrosion initiation. 1In
fact, the'idea of IR induced depassivation has received
little attention even though it may be the most common
mechanism of crevice corrosion initiation for very
corrosion resistant materials, for materials that
exhibit high passive current densities, and for
anodically polarized specimens. The concept of IR
induced crevice corrosion will be presented in this
section using examples derived from the literature.
Specific experimental support for the mechanism in a

bulk seawater environment will be presented and

 discussed in the next section. The importance of IR

drop in crevice corrosion has been alluded to in the
past33:54 and a mechanism for pit/crevice propagation
based on IR drop has been presented by Pickering and
Frankenthal48,55,56, put IR effects have not received
focused attention as a predominate factor in crevice
corrosion initiation. Wwhile Pickering49,50 and valdes

and Pickering51,52 nave recently demonstrated the role
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of IR in initiating and maintaining crevice corrosion
on anodically polarized iron specimens, this section
examines the importance of IR effects in crevice
corrosion on a broader scale and includes a discussion

of the results obtained by Pickering and Valdes.

Consider the example of a creviced iron specimen in
a oxidizing acid such as concentrated HNO3. Initially,
the reduction of HNO3 is responsible for the
passivation of the metal surfaces inside and outside
the crevice. The anodic and cathodic polarization
behavior for the iron in the concentrated HNOj is
presented in Figure 3a. In comparison to stainless
steels, iron exhibits a high passive current density,
on the order of 1 mA/cm?, in 1 N H3S0457. The dotted
curve in Figure 3a reveals the underlying Evans diagram
for the anodic polarization curve. Passivity of the
metal outside the crevice is maintained by a fresh
supply of HNO3 to the metal surface. Inside the
crevice, however, the supply of HNO3 to the metal
surface is impeded by the geometry of the crevice. 1In
time, the HNO3 within the crevice is reduced to HNO,
and ultimately to NO58; diminishing the oxidizing
capacity of the solution. As the oxidizing capacity of

the crevice solution is reduced, the potential of the
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iron in the crevice shifts in the negative direction as
illustrated in Figure 3b. When the oxidizing power of
the solution in the crevice is diminished to a value
below the passivating potential, the iron in the
crevice becomes active. This transition from passive
to active is observed because of the loss of oxidant
and the corresponding cathodic polarization of the
metal in the crevice and not because the polarization

characteristics of the metal have been altered.

The differences in the oxidizing capability of the
solution inside and outside the crevice result in the
formation of a "crevice couple" which can be evaluated
using a mixed potential approach. Analysis of the
"crevice couple" is made based on the current (I)
rather than the current density (i) because the
cathodic and anodic areas in a crevice situation are
seldom equal. Superimposing the cathodic polarization
curve in the bulk concentrated HNO3 from Figure 3a on
the anodic polarization curve for iron in the
non-oxidizing concentrated acid environment within the
crevice results in Figure 3c. If no crevice was
present, the current at the cross-over point would

represent the corrosion rate of the iron. Wwhen a
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crevice is present, the high resistance of the narrow
electrolyte path results in an IR drop along the length
of the crevice. As long as the IR drop remains < IR¥
crevice corrosion is not initiated. When the geometry
of the crevice is such that IR>IR*, the IR drop can no
longer be accommodated in the passive region of the
curve. The only region where the IR drop can be
accommodated between the anodic and cathodic curves is
in the active nose of the anodic curve. Thus, the IR
drop is responsible for shifting the potential of the
metal in the crevice to a region of active dissolution,
initiating crevice corrosion. Once initiated, the IR
drop maintains the potential of some portion of the
crevice in the active nose of the anodic curve. The
dimensions of the crevice will change with time and the
region of the crevice with the highest rate of attack
will shift depending on whether the crevice gap is

widening or becoming clogged with corrosion product.

Another example of IR induced crevice corrosion
involves crevice corrosion which occurs when an
active-passive metal is anodically polarized. This
form of crevice corrosion is sometimes referred to as
"electrolytic crevice corrosion"59:60, practical exam-

ples of electrolytic crevice corrosion include: crevice
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corrosion which occurs when a metal is anodically
polarized as a result of anodic protection®l, galvanic
coupling, an electrolytic process or electrochemical
experimentation46. 1In contrast to the case already
described, crevice corrosion occurring under anodic
polarization can occur instantaneously when current is
applied to the specimenl5. The only requirement for
this form of crevice corrosion is a significant IR drop

along the length of the crevice.

A crevice corrosion mechanism for this case has
been described by Pickering49:50, and valdes and
Pickering3®1/52, 1In their investigation, creviced iron
specimens were potentiostatically held in the passive
region at 600 mV (vs. SCE) and a clear acrylic plate
was used to form a 10mm X Smm X 0.5mm crevice over a
portion of the iron specimen. The acetic acid
electrolyte (pH=4.6) used in their experiments was
buffered in order to discourage pH changes. Prior to
anodic polarization the entire specimen was cathodical-
ly polarized in order to remove any air formed oxide.
Once the specimen was anodically polarized, potential
measurements were recorded along the length of the

crevice. Increasingly negative potentials, with re-

spect to the polarization potential, were recorded with
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increasing depth into the crevice. Pickering and
Valdes observed stable crevice corrosion without any
further acidification of the crevice solution and
without the presence of an aggressive species. Since
the iron surface inside the crevice had already been
activated prior to anodic polarization, deaeration of
the crevice solution, while possible, was not a
necessary condition for the establishment of stable
crevice corrosion in these experiments. The only
condition needed to establish and maintain stable
crevice corrosion was the presence of a narrow
electrolyte path resulting in an IR drop > IR* along
the length of the crevice, as illustrated in Figure 4.
In addition to increasingly electronegative potentials
in the crevice (with respect to the potential outside
the crevice), visual observations of hydrogen formation
within the crevice when it is not thermodynamically
favorable outside the crevice, crystallographic
morphology of attack in the crevice, and the presence
of an active passive boundary inside the crevice
provided proof that IR drop alone could be a necessary
and sufficient condition for establishing crevice

corrosion.
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Crevice Corrosion in Natural Seawvater

Alloy 625 is a high strength, corrosion resistant
material that is being used increasingly by the
chemical and power industries in environments where
stainless steels suffer severe localized corrosion.
The excellent uniform corrosion resistance of this
alloy in seawater is well documented62-66., alloy 625
also exhibits excellent resistance to pitting62,67, put
has been found to be susceptible to crevice corrosion
in seawater31,41,68,69 yhen tight crevices are present.
A crevice corrosion initiation mechanism for alloy 625
in natural seawater, involving the IR drop down the
crevice, will be presented in this section and crevice
corrosion propagation will be discussed thereafter.
Mixed potential theory will be used to illustrate the
crevice corrosion mechanism. Anodic polarization
behavior in two simulated crevice solutions will be
used in the analysis. The first solution corresponds
to the chemistry within the crevice when crevice
corrosion first initiates. Artificial seawater satu-
rated with NaCl ([{Cl~)] 6M), acidified to a pH of -0.25
and deaerated with nitrogen was chosen based on

mathematical model results of Oldfield and Sutton.
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During the early stages of propagation the acidity and
chloride ion content of the crevice solution continues
to increase and finally after a period of time steady
state conditions are established. The chemistry of the
second solution corresponds to one that would be found
at some time during the propagation stage. An 8.18 M
chloride solution with a pH of -1.2 was chosen for
these experiments. The cathodic polarization data was
generated both before and after long term exposure of
crevice free specimens in natural seawater. Additional
details on the experimental procedure and supplementary
background information are available in the

manuscripts.

Several investigators 36-40, have reported positive
shifts in the open circuit potentials for metals
exposed to natural seawater. The positive shift in
open circuit potential with time has been attributed to
bacterial slime films which form on metal surfaces in
natural water environments. The exact mechanism by
which the slime film enhances reduction kinetics of
dissolved oxygen in seawater is still under investiga-
tion39, but it has been hypothesized that either an
increase in the exchange current density for the oxygen

reduction reaction or a decrease in the cathodic Tafel
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constant are responsible. An open circuit potential
versus time curve for alloy 625 in quiescent, natural
seawater (Wrightsville Beach, NC, temperature ranged
from 16 to 18 C) is presented in Figure 5. Additional
experimental details are available in the second
manuscript. The potential shifts positively in stages
with the first plateau occurring at approximately 50 mV
(vs. SCE) and a later plateau occurring at 150 to 200
mV. In a related investigation?0, Kain observed
initiation of crevice corrosion on creviced cylindrical
alloy 625 pipe specimens after 18 to 20 days of
exposure to flowing natural seawater (Wrightsville
Beach, NC, flow rate = 1 m/s, mean water temp. 14.8 C).
This time coincides with the first plateau in potential
observed on the open circuit potential vs. time curve
at 50 mV (vs. SCE). Kain's data establish that 18 to
20 days are necessary in order to develop a crevice
solution aggressive enough to initiate crevice
corrosion. From the open circuit potential measure-
ments obtained under almost identical conditions it can
be see that the open circuit potential for alloy 625 in
natural seawater is approximately +50 mV (vs. SCE) at
the time of initiation. cCathodic polarization curves
generated after 2 hours, 13 days and 25 days of

exposure to natural seawater (temperature ranged from
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16 to 13 C) are presented in Figure 6. Again, these
specimens were exposed in the same location and at the
same time of year as the ones used in Kain's study.
These curves clearly illustrate the positive shift in
open circuit potential with slime film formation and
also reveal that the slime film does not effect the
diffusion controlled portion of the reaction. It will
be shown that this positive shift in potential plays a
significant role in both the initiation and propagation

stages of crevice corrosion.

The steady state anodic polarization behavior of
alloy 625 in a solution representative of “he chemistry
present at the time crevice corrosion initiates is
presented in Figure 7. Additional experimental details
of these experiments are available in the second
manuscript. For comparison the anodic polarization
behavior of alloy 625 in deaerated artificial seawater
(pH=8.2, [Cl-]=0.5M), generated in the same manner as
the curve in the simulated crevice environment, is also
shown in this figure (dashed line). 1In seawater alloy
625 is self passivating and exhibits two regions of
passivity before the onset of transpassive dissolution

at potentials greater than +800 mV (vs. SCE). In the
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simulated crevice environment (pH=-0.25, saturated with
NaCl, o=4.5 ohm-cm) a small active passive "nose" is
observed in the anodic polarization curve. The active
nose is visible in the simulated crevice solution and
not in the neutral pH artificial seawater because the
passivating potential shifts positively as the pH of
the solution decreases’1:72, A broad range of
passivity was noted between -100 mV and 900 mV in the
simulated crevice solution before the onset of
transpassive dissolution at approximately 900 mV. The
passive current density was found to be potential
dependent, increasing a little more than half an order
of magnitude over the 1 V passive range. This
dependence of ipagg on potential is commonly observed
in nickel?3 and nickel containing alloys. Note that
the passive current density in the simulated crevice
environment is 1 to 1.5 orders of magnitude higher than

the passive current density in seawater.

Figure 8 shows the cathodic polarization curve for
alloy 625 after 13 days of exposure to natural seawater

(from manuscript 4) adjusted for an area of 100 cm? and
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superimposed on the anodic polarization curve in the
simulated crevice environment. This cathodic curve was
chosen because it coincides most closely with the
potential at the time crevice corrosion initiates?.
This analysis assumes that the slime film shifts the
open circuit potential positively prior to the
development of the anodic curve pictured in Figure 8.
This assumption is supported by Kain's observation that
18 to 20 days were required for crevice corrosion
initiation of alloy 625 when the mean water temperature
was 14.8 C. Analysis of the "crevice couple" is based
on current rather than current density because the
anodic and cathodic areas are not equal. If the IR
drop down the crevice is negligible, the cross over
point for the two curves would represent the corrosion
rate in the crevice at the time of initiation. In most
cases however, the IR drop associated with the
restricted geometry of a crevice is not negligible and

must be accounted for in the mixed potential analysis.

8 In the second manuscript cathodic polarization
behavior after 25 days instead of 13 days was used
because at the time the manuscript was written it was
unclear exactly when initiation occurred. Subsequently
13 days was determined, as mentioned previously, and
is, therefore, presented here. The mechanism is the
same regardless of whether the 13 or the 25 day data
are used.
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In order to demonstrate how IR drop induces
depassivation of the metal within the crevice and
initiates crevice corrosion, consider a crevice 1 cm
long by 1 cm wide with a 0.2 u gap between the metal
and the crevice former. This gap is typical of the gap
that exists when a deformable material, such as an
o-ring, is pressed against a metal surface’4. A
225,000 ohm resistance is calculated using the
4.5 ohm-cm resistivity measured for the simulated
solution and the dimensions listed. Recall that the
passive current density in the simulated crevice
solution at the time crevice corrosion initiates is 1
to 2 orders of magnitude higher than the passive
current density in seawater. Combining the 225,000 ohm
resistance of the crevice and the cross-over current
density for the anodic and cathodic curves results in

an IR drop of 180 mV. This IR drop is larger than IR*,

- the IR drop which can be accommodated between the two

curves in the passive region of the anodic polarization
curve as illustrated in Figure 8. As a result, the IR
drop causes the metal within the crevice to reside at a
potential in the active nose of the anodic polarization
curve. At this potential the passive film is no longer
stable and active dissolution of the metal initiates

crevice corrosion.
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After initiation and before steady state propagation
the acidity and chloride ion content of the crevice
solution continue to increase29. The aggressiveness of
the crevice solution used in the propagation
experiments was altered by increasing the chloride ion
content to 8.18 M and decreasing the pH to -1.2; these
values where chosen based on results from a
mathematical model developed by Gartland?9. Figure 9
illustrates the evolution of the anodic polarization
curve with increasing chloride ion content and
decreasing pH. This figure shows that in the 8.18 M
chloride solution with a pH of -1.2 a very large active
nose is present in the anodic polarization curve. The
active nose extends over the first 600 mV of the
polarization curve and current densities as high as

1 X 10°2 A/cm? are observed.

Again, a mixed potential approach will be utilized
to evaluate the role that the cathodic reactions play
in driving crevice corrosion propagation and also to
estimate the crevice corrosion propagation rate.
Figure 10 shows the "crevice couple" formed by the
cathodic polarization curve in a bulk natural seawater

environment after 25 days and an anodic curve generated
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in a simulated crevice solution corresponding to the
more aggressive conditions present during crevice
corrosion propagation. Specific details of this
experiment are in manuscript 4. A cathode to anode
area ratio of 100 to 1 is, again, considered. This
figure shows that the diffusion limited portion of the
cathodic oxygen reduction reaction crosses the large
active nose of the anodic curve at a current of
approximately 1 X 10-3 A/cm2. The cathodic hydrogen
evolution reaction in the crevice environment crosses
the anodic curve at a current several orders of
magnitude lower than the cross over current for the
oxygen reduction reaction and, therefore, does not play
a significant role in crevice corrosion propagation.
During the propagation stage the IR drop down the
length of the crevice is beneficial and propagation
would be reduced with increasing depth into the
crevice. Figure 11 illustrates the effects of IR drop
on crevice corrosion propagation; using a crevice
solution resistivity of 4.5 ohm-cm( see manuscript 2),
crevice width of 1 cm and a crevice gap of 1 u. As the
depth into the crevice is increased from 0.01 cm to

0.4 cm the current in the crevice is found to decrease

from a value of 3 X 104 to 2 X 10-5 aA.
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In a related investigation?0 Kain estimated a
propagation current density of 21 uA/cm2 for a creviced
alloy 625 specimen ( crevice gap approximately 1 u)
after 40 days of exposure to natural seawater flowing
at 1 m/s using a remote crevice specimen configuration.
The actual attacked crevice area in Kain's investiga-
tion was 3.2 cm and a cathode to anode area ratio of
3.9 to 1 was used. The mixed potential analysis
estimate can be compared to this data once the effect
of flow on Kain's data has been established and
subtracted out. This estimate can be made by comparing
Kain's current density with the limiting current
density for the oxygen reduction reaction under static
conditions from Figure 6. Based on a limiting current
density of 1 X 10~5 for oxygen reduction under static
conditions it appears that the 1 m/s flow is
responsible for approximately doubling the limiting
current density. Reducing Kain's current density by
one half and multiplying this value by the area and by
a factor of 25, to account for the larger cathode
considered in the mixed potential analysis, results in
a current of 8.37 X 10”4. This value is in fairly
close agreement with the mixed potential estimates

presented in Figure 11. If a cathodic curve generated
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in artificial seawater had been used instead of the
cathodic curve generated in natural seawater the
crevice couple presented in Figure 12 would have
resulted. In the artificial environment the activation
controlled portion of the oxygen reduction reaction
crosses the anodic curve instead of the diffusion
controlled portion of the curve resulting in an large

underestimation of crevice corrosion propagation rates.

Mixed potential analysis of the anodic and cathodic
polarization curves representative of those found
inside and outside an actively propagating crevice
revealed the importance of acidification and increased
chloride ion concentration in establishing the large
active nose in the anodic polarization curve. Crevice
corrosion is driven by the diffusion of oxygen to the
outside (cathodic) surface, but the development of this
large active region establishes the possibility for
very high propagation rates if the cathode area is
increased or if flow to the cathode is increased. IR
drop plays a beneficial role in the propagation stage
of crevice corrosion because it limits propagation
rates with increasing depth into the crevice. If truly
representative environments are chosen to model the

solutions present inside and outside the crevice, then
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crevice corrosion rates can be estimated using mixed
potential theory. Finally, this analysis emphasizes
the need to use a biologically active environment when
evaluating the oxygen reduction reaction or determining

corrosion rates in a seawater environment.

Crevice Corrosion in Chlorinated Seawvater

The use of nickel base superalloys in chlorinated
seawater cooling systems of power plants, oil
refineries and offshore o0il platforms has raised
concern over the susceptibility of these alloys to
crevice corrosion in oxidizing chlorinated seawater
environments. Of specific interest are the possibility
of crevice corrosion initiation by a chloride ion
induced breakdown mechanism at the high potentials
generated in chlorinated environments and the effect of
low level chlorination (1 mg/l) in reducing crevice
corrosion propagation rates32,40,42, geawater chlori-
nation results in the production of a number of
oxidants the composition and concentration of which
depend on temperature, pH and chlorination level. A
review of seawater chlorination chemistry is presented

in the third manuscript. The primary oxidants present
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in open ocean water at low chlorination levels (a few
mg/l or less total residual oxidant) are HOBr and OBr-.
Chlorination levels of a few mg/l total residual
oxidant (TRO) or less are typical in fouling controlled
seawater systems. Higher chlorination levels (65 to
100 mg/1 total residual oxidant) can be encountered as
effluent from an electrolytic chlorinator in a fouling
controlled seawater piping system. At these higher
chlorination levels HOCl and OCl™ are present in
addition to the HOBr and OBr~. In either case these
oxidants are responsible for high open circuit
potentials measured on alloy 625 in chlorinated

seawater. Open circuit potentials of approximately

300 mV (vs. SCE) are quickly established in seawater
chlorinated to a level of 1 mg/l TRO and potentials of
800 mV are quickly established at chlorination levels
of 100 mg/1l TRO. The crevice solution chemistries at

. initiation and during propagation are assumed to be the
same as those presented in the natural seawater
section. The small amount of oxidant present within
the crevice is assumed to be quickly reduced and the
resulting additional chloride ions are insignificant in

comparison to the 0.5 M chloride solution initially

present within the crevice. The reader is referred to
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manuscripts 3 and 4 for additional background
information and specific details of the experimental

procedure.

Potentiodynamic polarization curves generated in the
simulated crevice solution at initiation revealed no
signs of chloride ion induced breakdown for alloy 625.
These curves were generated at a very slow scan rate,
0.005 mV/s, requiring approximately 3 days for the
generation of each curve. In order to confirm that
breakdown did not occur with long term exposure to high
chloride solutions eighteen day potentiostatic polar-
ization experiments were conducted in an 8 M C1~
solution at the highest possible potential attainable
at the chlorination levels investigated in this
research ,+800 mV. Low steady state current densities
of 0.7 to 3.4 uA/cm? were observed over the course of
the 18 days and SEM analysis of the specimen surface at
the end of the test revealed no breakdown of the
passive film; proving that crevice corrosion of alloy
625 does not initiate by a breakdown mechanism. Mixed
potential analyses of the crevice couples formed in
both high and low level chlorinated seawater point to
initiation of crevice corrosion by either an IR induced

mechanism or an acidification mechanism.
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Since crevice corrosion of alloy 625 in
chlorinated seawater initiates relatively quickly
(a number of hours to a number of weeks depending on
the bulk environment’5) the propagation stage is of
much greater engineering significance than the
initiation stage. As was stated earlier, crevice
corrosion propagation is driven by the reduction
reaction(s) occurring in the bulk environment and
possibly some hydrogen evolution within the crevice.
Cathodic polarization curves generated in low level
chlorinated seawater reveal that the primary cathodic
reactions in the potential range of interest from +300

to -300 mV result from the reduction of HOBr and OBr~

formed by the cathodic polarization curve in low level
chlorinated seawater, adjusted for an area of 100 cm2,
and the anodic polarization curve generated in the

aggressive propagation environment is presented in

Figure 13. This mixed potential analysis reveals that
the diffusion controlled limiting current density is,
again, the driving force for crevice corrosion
propagation. The hydrogen evolution reaction crosses
the anodic curve at a current approximately 1 order of
magnitude lower than the HOBr/OBr~ limiting current

density and, therefore, contributes little to crevice

' (see manuscript 3 for details). The crevice couple
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corrosion propagation. In the chlorinated case the
limiting current density for the reduction of HOBr/OBr~
is 2 orders of magnitude lower than the limiting
current density for dissolved oxygen in the natural
seawater environment (dashed line Figure 13) and is
responsible for the lower crevice corrosion propagation
rates observed in low level chlorinated seawater.
Again, the IR drop down the length of the crevice would
serve to decrease crevice corrosion propagation rates
with increasing depth into the crevice. The lower
limiting current density in the chlorinated case is
attributed to the lower diffusion coefficient for HOBr
in comparison to dissolved oxygen, to the fact that 2
electrons are transferred in the overall reduction of
HOBr instead of the 4 electrons needed for dissolved
oxygen, and to the lower concentration of oxidant

(1 mg/1l) in the potential region of interest in the
chlorinated case than in the natural seawater case

(8 mg/1).
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CONCLUBIONS

1. An IR induced mechanism €or crevice corrosion
initiation has been characterized. Three distinctly
different cases of this mechanism were identified and

supported.

2. In natural seawater it has been shown that crevice
corrosion initiates on alloy 625 by an IR induced

mechanism.

3. The open circuit potential for alloy 625 shifts
positively in natural seawater as a result of the
formation of a bacterial slime film on the surface of
the metal. This slime film effects the kinetics of the
oxygen reduction reaction resulting in much higher
crevice corrosion rates in natural versus artificial
environments and emphasizes the importance of using
natural seawater in lieu of artificial seawater for

determining corrosion propagation rates.

4. After crevice corrosion initiation and before
steady state propagation the acidity and chloride ion
content of the crevice solution continue to increase,

resulting in the formation of a large active nose in
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the anodic polarization curve. It is the intersection
of the diffusion controlled portion of the cathodic
curve in the bulk environment and this active
nose(incorporating the effects of IR) that drives

crevice corrosion propagation.

5. Polarization experiments in a highly concentrated
chloride solution rule out the possibility of crevice
corrosion initiation on alloy 625 in chlorinated
seawater by a breakdown mechanism. In this environment
crevice corrosion initiates either as a result of an IR

induced mechanism or an acidification mechanism.

6. A mixed potential analysis of the crevice couples in
natural and chlorinated seawater reveals that the
diffusion controlled portion of the HOBr/OBr~ reduction
reaction has a limiting current density 2 orders of
magnitude lower than the limiting current density for
oxygen reduction in natural seawater; thus explaining
the lower propagation rates observed for this alloy in

low level chlorinated seawater.
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