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PREFACE

The Sea Grant Program on Marine Corrosion began in the fall of 1980
as a cooperative research project involving eight principal investi-
gators from both academia and industry. An important component of the
Program was the establishment of an Industrial Advisory Panel, whose
primary functions were to keep the investigators aware of developing
industrial problems in the area of marine corrosion, and to assist the
investigators in technology transfer.

The Program was to last for three years, and was viewed by both the
National Sea Grant Office and by the investigators themselves as an
experiment in forging closer ties between a substantial academic re-
search effort and its ultimate beneficiaries in industry.

This report, in four volumes, will serve, not only to document the
technical results fram three years of work by the eight principal
investigators with their associates and students, but also to evaluate
the success of that experiment, and tc recommend whether the structure
of the Program should be continued, and perhaps used as a model in other
fields of research.

Volume One of the report is a stand-alone document, summarizing and
evaluating the results of the entire program, while Volumes Two thraugh
Four present the technical details for each of the major segments of
the program. Volume One is intended to be readable for the general
educated public, whereas Volumes Two, Three and Four are intended to be
reference volumes for those interested in specific areas of marine

corrosion research and engineering.

Stephen C. Dexter
Overall Program Leader

ii
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EXPERIMENTAL

The following sections describe the basic experimental procedures used in both
immersion crevice corrosion tests and mathematical modelling. Additional discussions on

the methods described are included in the References listed at the end of this section.

1.A. Crevice Corrosion Tests

Multiple Crevice Assembly

This device was originally developed for the purpose of providing a convenient and
economical means of screening relative alloy performance in natural seawater. It consists
of two serated washers each with a series of plateaus such that 20 separate crevice sites
are created beneath each washer (Figure Al). Two such washers when attached with a nut
and belt to a test specimen, create 40 individual crevice sites. Figure A2 shows a drawing
of a multiple crevice assembly (MCA) washer.

Surface finish effects were assessed by testing materials in the as-received (usually
acid pickled) condition as well as by wet surfacing grinding (120 SiC) the area where the
MCA washer was affixed. Effects of crevice tightness were studied by controlling the
initial torque applied to the titanjum nut and bolt assembly used to hold the crevice
washers in place. Initial tightening torques of 2.8 or 8.5 Nm were used. [t should be noted
that these torque values do not have any specific engineering design value. Rather they
provide a convenient means of expressing a convenient and referenceable initial applica-
tion of the MCA washers.

Initially, a probability concept was employed to describe crevice corrosion initiation
and propagation behavior since the phenomena appeared random in their occurrence. The
data were thus presented as a probability that a Biven material would be susceptibie,
However, the development of a model of crevice corrosion helped to identify a number of

factors which would affect the occurrence of crevice corrosion. The modelling showed
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that experimental factors such as reproducibility of the crevice geometry could be as
important as metallurgical variables in accounting for the observed crevice corrosion
behavior of a given stainless steel. As such, the probability concept was abandoned since
it implied a material property, when in reality it more likely represented the probability
that a given crevice site was sufficiently severe to initiate crevice corrosion.

Because the crevice corrosion process can be clearly separated into an initiation and
propagation phase, test data were analyzed to determine relative alloy resistance to each
of these stages of the process. The parameter chosen to define alloy resistance to crevice
corrosion initiation was the number of individual crevice sites on each MCA washer where
corrosion occurred. The maximum depth of attack incurred at any of the 20 possible sites
under each washer was selected as the parameter defining the relative extent of crevice

corrosion propagation.

Remote Crevice Assembly

The schematic in Figure A3 shows the difference between a conventional crevice
test specimen and the remote crevice assembly (RCA). By separating the crevice area
from the larger boldly exposed surface, the RCA method enables measurement (through a
zero resistance ammeter) of any current between the larger, boldy exposed cathode
member and the smaller, shielded anode {crevice member}. This offers the advantages of
electrochemical data collection without the uncertainties of electrochemical stimulation
employed by various applied current test methods. The potential of the coupled members
as wel} as other corrosion data can also be monitored and determined.

The primary advantage of the RCA method over some other crevice corrosion test
method is its ability to more clearly identify crevice corrosion initiation and describe the
extent of any subsequent crevice corrosion propagation. The current measurements at

any time provide an indication of the instantaneous rate of crevice corrosion propagation.
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Since previous work has shown good correlations between the corrosion rates determined
from the total current and mass loss, these instantaneous measurements are accurate
reflectors of ongoing propagation rates. Furthermore, changes in the rate of crevice
corrosion for already initiated sites can be detected as a junction of changes in
environmental parameters, e.g., temperature.

The continued use of the remote crevice assembly concept has evolved variations in
the method of forming and contrelling the geometry of the crevice. One fixture (Figure
A4} has been used extensively in the past few years to study alloy behavior in a variety of
natural and synthetic environments. In this case, the crevice member was positioned
between two acrylic blocks to which plastic tape has been applied. The tape provides a
deformable cushion to help enhance crevice tightness. A torque wrench was used when
tightening the constraining bolt to provide some degree of consistency from one assembly
to another. All of the RCA tests described in the present work utilized an assembly
torque of 2.8 Nm (25 in-Ibs). Assembly of the components was performed without any
pre-wetting of the specimen. For the most part, a nominal crevice area of 4.5 c¢m2
(cathode:anode area ratioc ~37:1) was used. Surfaces of the anode members were either
wet ground with 120 grit SiC paper, acid pickled or left with a mil} finish prior to cleaning
(pumice scrub, water rinse, acetone degrease) and weighing, Depending on test
objectives, cathode members were either ground or left in their respective mill finish.
Drilled holes in the stem of both anode and cathode members allowed electrical
connections to be made above the waterjine.

Waterline attack may be a problem for some alloy/environment combinations. The

use of coatings, except for above waterline application, is not recommended as this may

create additional sites for crevice corrosion., Periodic cleaning of the waterline area by

simple swabbing with the bulk environment has been moderately successful. Additiona!l
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improvement in this regard is necessary, particularily for tests involving less resistant
materials.

To further study the influence of crevice geometry control, i.e., tightness,
additional experimental designs have been investigated. Figure A5, for example, shows
one of several air operated crevice loading devices which have been constructed. In this
case, regulated air pressure is used to replace the load screw shown previously. Tests
described herein utilized the same type of cathode and anode members. Loading was

applied at a level of 69000 Pa {*10 psi) to wetted anode members.

Compartmentalized Cell Test

Compartmentalized cell methodologies have been previously used to investigate
general and localized corrosion. The present cell design, as shown in Figure A6, has been
used to study the effects of differences in cathode and anode electrolyte compositions on
propagation and cessation of crevice corrosion. The technique is similar to the RCA tests
in that the respective members are again physically separated but electrically connected.
The ancde and cathode compartments are separated by an agar gel prepared with the
crevice solution and held in place between two fritted glass discs.

The anode member is exposed without a crevice former in a predetermined crevice
solution. Selection of the crevice solution concentrations is based on mathematical
modelling predictions for specific inputs of alloy composition, bulk environment and
known, but frequently uncontrollable, crevice geometries. One of the primary advantages
of this method is that the time factor for development of a critical crevice solution (CCS)
is eliminated. Secondly, it allows for characterization of the polarization behavior of
cathode and anode member under purely spontaneous conditions, i.e., without the

application of external current.
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specimen configuration and preparation were typical of those described for RCA
tests. However, the exposed area (v10 cm?) for anode members, which include wetted
portions of the stem as well as edges, were Jarger. The exposed surface area of the
cathodes was “170 em2. Each cell contained two specimens of the respective size, After
s one hour exposure under freely corroding conditions in the bulk environment and
simulated crevice solution, one set of cathode and anode members were coupled through a
zero resistance ammeter. The remaining uncoupled "cathode” and "anode" members
served as ireely corroding control specimens. Potential data were also collected via
reference electrode connections in both environments. Potentials measured for the

coupled "cathode" member in the bulk environment are analogous to potentials measured

for the remote crevice assembly or any other crevice bearing sample.

Materials
Table Al provides the chemical composition of a number of stainless alloys for

which crevice data are presented.

Environments

Results are presented for tests conducted in a variety of natural and synthetic

solutions. In addition to natural and synthetic seawater, other chloride containing
environments which have been used are given in Table A2, All crevice tests described in

th
© present work were conducted at a controlled temperature as indicated and at

ont i o .
controlled velocity conditions, This was generally <0.01 m/s. Execpt for the natural

seawa i .
ter tests which were continuously refreshed, all other tests were closed loop.



7
Mathematical Modelling

1.B.
The first step in modelling crevice corrosion was 10 identify and organize those

factors that have either been proven, or would be expected, to influence the ogcurrence
of crevice corrosion. Figure A7 summarizes these factors. They can be categorized as
environmental, electrochemical, metaliurgical and geometric factors.

The second step involved the defining of a sequential mechanism by which stainless
steels undergo crevice corrosion in seawater. The initiation process involves oxygen
depletion within the crevice (Stage ), followed by increasing acidity and chloride content
due to hydrolysis of metal jons within the crevice (Stage 11), then breakdown of the passive
film and the onset of corrosion (Stage 1), and finally, propagation of crevice corrosion
{Stage IV).

This generally accepted mechansim provides the basis of a mathematical model
which allows a systematic examination of the various factors which influence crevice

corrosion.

Initiation Model

The initiation model utilizes several inputs to define the times required to progress
through the first three stages of crevice corrosion and to define the nature of reactions

occurring within the crevice environment. The inputs include:

] the oxygen content of the bulk solution which is either known or
measurable
® the crevice gap (width or spacing between the metal surface and the

crevice former) and crevice depth (distance from the mouth to the base
of the crevice)

. the passive current density which is experimentally determined by
potentiostatic polarization of specimens at -106 mV (SCE) for one hour

in the bulk environment (typically 0.1 pA/cmz or less in seawater)
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the bulk solution chloride level and pH which are known or measurable

°

® the chemical equilibria which describe the relevant hydrolysis reactions
for the metal ions considered by the model (i.e., iron, chromium, and
nickel)

. the alloy composition (i.e., iron, chromium, nickel and molybdenum})

. the critical crevice solution in which the passive film breaks down. This

is defined as the pH and chloride level at which a [0 uA/em?2 active peak
height is obtained on the polarization curve. This is determined
experimentally from a series of potentiodynamic polarization curves in

acid-chloride solutions.

The first output of the model yields the time required to deplete oxygen (t4) within
the crevice. Using this calculated time, the distance which oxygen can diffuse into the
crevice is determined from the relationship 64 = (Dtq)? where D is the diffusion
coefficient for oxygen. This parameter defines the crevice depth for a given crevice gap,
which must be exceeded in order for oxygen depletion to occur and for Stage Il of the

crevice corrosion process to begin.

The second stage of the model is the most complex. The key component in this
stage is the calculation of the time required to decrease the pH from its bulk solution
value to the critical value at which the passive film breaks down. This pH reduction is
calculated from the rate of production of the various metal ions. It is dominated by the
rate of chromium ion production since it is the chromium hydrolysis reaction that controls
the pH within the Crevice,

The rate at which meta] ions are produced within the crevice can be calculated by
first determining the portion of the passive current (Ip) that corresponds to the production

of ions of com .
Ponent metal "i", These variables are related by the equation:



1(i) Al) _Bfi)
= n
I Z AG)Y B(j)

j=1

where A represents the molar fraction of metal "i" in the alloy and B represents the
charge of the metal ion.

Using this current, the rate of production of metal ions, R, in a crevice gap, x, can
be calculated from the relationship:

Ii) 1000
R = F B) x

Calculating the total amount of chromium required to decrease pH and knowing the
rate of chromium production allows a calculation of the time required for the pH to fall
by an increment ApH. This process is then repeated for each ApH increment and the basic
- relationship between pH in the crevice and time is determined.

There are three adjustments to this pH-time relationship. Two adjustments to the
time to reduce pH are made to take account of mass transport in and out of the crevice
and a third adjustment is made to correct the pH in the crevice to account for the
chloride present.

Two additional adjustments to the time to reduce pH are made to take account of
mass transport in and out of the crevice. The migration adjustment takes into account
the movement of cations out of the crevice and anions into the crevice as a result of
current flow. The diffusion adjustment accommodates the movement of metal ions and
chloride ions out of the crevice as a result of the concentration gradients which develop
between the crevice solution and the bulk solution.

The net effect of these two factors is that the crevice‘ solution will increase in
acidity and chloride content until the chloride flux out of the crevice due to diffusion

equals the chloride flux into the crevice due to migration. At this point, a steady state
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(i.e., limiting pH) is achieved. If the passive film will break down in this solution, then
crevice corrosion is possible for the particular crevice geometry considered,
With this basic model, a number of calculations can be performed to allow

examination of the relative effects of various factors on crevice corrosion initiation,

Propagation Model Concept

Since the development of the initiation model of crevice corrosion, a plan was
outlined for the development of an extended mode! to encompass the propagation stage of
crevice corrosion.

Crevice corrosion propagation can be conveiently considered in terms of an
electrochemical corrosion cell with an anode, the actively dissolving alloy within the
crevice, and a cathode, usually sustaining oxygen reduction outside the crevice and/or
hydrogen evolution within the crevice. The rate of reaction is determined by the cell
wltage, the electrolyte resistance, the cell geometry and the relevant polarization
relationships for the anodic and cathodic reactions.

The active area within the crevice, generated by the breakdown of the passive fim,
constitutes the anode. The ancde parameters of interest are:

. the nature of the initial active area within the crevice and its location,
i.e., the nucleation kinetics

. the kinetics of growth of the corroding area, both lateral and in depth

® the relationship between the anode potential and the anode current as a

function of electrolyte composition, pH and temperature

In marine environments, for example, in the majority of situations the cathodic
reaction associated with crevice corrosion propagation is oxygen reduction and/or

hydrogen evolution. Oxygen reduction occurs on areas external to the crevice while
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hydrogen evolution occurs within the crevice. Factors to be considered for these two

reactions include:

Oxvgen Reduction -

the relationship between current and potential as a function of solution
flow, temperature and oxygen concentration

the area external to the crevice and the shape of this area

Hydrogen Evolution -

the relationship between current and potential as a’ function of
electrolyte composition, pH and temperature

the area within the crevice available for this reaction

the influence of this reaction on preventing the pH from falling within
the crevice by effectively removing hydrogen ions from within the

crevice

The overall corrosion cell geometry during propagation includes consideration of a

number of factors including:

the crevice gap and depth

the exterior to interior crevice area ratio

the number of crevice sites

the location of the anode with respect to the mouth of the crevice
the available cell voltage

the electrolyte resistance and pH within the crevice

the electrolyte volume within the crevice

the eiectrolyte resistance outside the crevice

the extent of oxygen reduction on the external crevice area
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the degree of hydrogen evolution possible within the crevice
»

In constructing a model of crevice corrosion propagation, the concept of a corrosion

n

cell is linked with the crevice corrosion initiation model. Four separate models are being
[

considered in this process, including a time dependence model. While work is progressing

on developing these models, a preliminary model for determining propagation rates has

already been established.

!, Propagation Rate Calculations

Prior to breakdown of passivity and the onset of crevice corrosion, it is assumed
that the passive current flows over the entire crevice area with an egual oxygen reduction
current external to the crevice, Since this current is small, it is unlikely to be restricted
by IR drop considerations down the crevice. On breakdown of passivity, both of these
assumptions change, First, breakdown occurs over a discrete area within the crevice and
secondly, the current increases by orders of magnitude. Thus, it becomes necessary to
consider the IR drop down the crevice.

There is no simple way to predict the area where accelerated corroston will first
oCcur within a crevice. in practice, it wil] start in a smal] area and increase by some two
or three dimensionai growth mechanism. In the present model, it is assumed that the
breakdown will occyr in the last [ mm of the crevice, furthest from the crevice mouth,
With this definition of the active area and its relative position within the crevice, it is
then possible to calculate the resistance from the mouth of the crevice to the active area.

Figure A% shows 5 schematic illustration of the change in current within the crevice
as a function of Crevice solution PH. The current is assumed to increase instantaneously

from the : )
pasive vajye of typically 0.1 yA/em2 to an active value of 10 pAfcm2. It then

increases accordi . _
rding to a linear relationship between the log peak current and pH as
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determined from polarization data. The pH of the crevice sclution eventually becomes
limited by mass transfer considerations. This can occur either before or after the current
is limited by the IR drop down the crevice. The maximum value of this IR Iimited current
is determined from the resistance down the crevice and the corrosion cell voltage by
simply applying Chm's law.

By definition in the model, the corrosion cell voltage is represented by the potentiatl
difference between the freely-corroding passive potential of stainless steel and the
potential of the anodic current peak on the polarization curves in deaerated acid-chloride
solutions. For austenitic stainless steels in aerated seawater, this value is typically 275
mV, representing the difference between the active peak potential of -250 to -300 mVgcE
in the crevice environment and the passive potential of around 0 mVSCE In aerated
seawater.

This approach to handling the propagation stage requires two additional input
parameters to the model for each alloy considered. These are the slope of the log peak
current versus pH curve and the corrosion cell voltage. This information, coupled with
the value of resistance down the crevice and the previous inputs from the initiation
model, allow calculations of anticipated initial propagation rates within defined crevice
conditions. [t is recognized that as propagation proceeds, several parameters such as the
cell voltage, crevice resistance and crevice geometry will change in some interrelated

fashion.
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TABLE Al

Compositions of Alloys

Evaluated in Crevice Corrosion Tests

Nominal Percent Composition {wt.)

Alloy Cr NI Mo Cu Other
Type 430 lé l - - -=
Type 304 13 8 - - -
Type 316 18 10 2.5 - -
18Cr-2Mo 1% -- 2 - 0.1 Ti, 0.4 Nb
Type 317 19 15 A5 -— --
317 Plus 19 16 4.5 — -—
alloy 904L 20 25 4.5 1.5 --
alloy G 22 45 6.0 1.3 2 Nb+Ta, 0.3 W
26Cr-1Mo 26 0.1 | . - 0.1 Nb
23Cr-4Ni-2Mo 28 4 2 - . 0.3 Nb
alloy 254SMO 20 18 6 0.8 0.2N
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TABLE A2

Summary of Environments Utilized in Multiple
Crevice Assembly, Remote Crevice Assembly, and Compartmentalized Cell Tests

Non-Marine Simulated Crevice Solutions
1,000 mg/L Cl- at pH=3 and pH=-6 Synthetic Seawater
10,000 mg/L Cl- at pH=3 and pH=6 (0.5 M CI-) + 3.5 M CI-
15,000 mg/L Cl- at pH=3 (0.5 M Cl-) + 4.0 M Ci-
{(above prepared with NaCl (0.3M Cl~) + 4.5 M CI-
and HCI) {0.5MCl-) + 3.5 M CI-
3.5% NaCl (neutral) {above prepared with NaCl
and HCI)
Marine

Natural (filtered) seawater
19,000 mg/L. Cl-
35,000 mg/L TDS (salinity)
pH=3, dissolved oxygen
80% saturation
Synthetic Seawater
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129 plateau

< >

25.4 mm

Figure 1 Drawing of multiple crevice assembly washer (not to scale).

Two washers are held in place with an insulated, corrosion
resistant fastener.
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S T L S S e

Figure 2 Completed multiple crevice assembly.
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Ra.Rc=Reference Electrodes
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IL=Instrumentation
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Figure 6 Schematic identifying various components of the
compartmentalized cell.
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ABSTRACT

Crevice corrosion has often been regarded as a highly unpredictable occurrence.
Recent research has begun to identify the relative influence of several factors which
impact crevice corrosion resistance of stainless steels in natural seawater. Results
utilizing several experimental methods will be presented to desccibe the effects of
metallurgical and geometric factors.

INTRODUCTION

A wide varjety of stainless steels exist from which an engineer may select for a
given application. A number of factors will influence this selection including availability,
cost, mechanical and physical properties and corrosion resistance of the stainless steel. In
seawater applications, resistance to crevice corrosion is of primary concern since it is this
k:m; of corrosion which will generally limit the range of application of a given stainless
steel,

Considerable research has been conducted in recent years to investigate the factors
which can affect the crevice corrosion process. A significant aspect of this research has
been the development of a model of crevice corrosionlZ which organized the critical
factors as enviconmental, metallurgical, electrochemical and geometrical in nature. For
stainless steels in seawater, several of the more critical factors include the salinity,
temperature, dissolved oxygen level and velocity of the seawater, the chromium and

molybdenum content of the stainless steel, the electrochemical behavior of the passive
film and the crevice geometry.

Given the number of factors and the possible interactions between factors, it
?eonmu apparent that reliably defining the expected behavior of a given stainless steel is
ndeed difficult. Identification of proper experimental methods and critical tests to
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assess crevice corrosion behavior in the laboratory is important to enable credible
selection of stainless steels which will yield satisfactory field service performance.

Recent research at the LaQue Center for Corrosion Technology, Inc. has been
organized to both enhance the understanding of the crevice corrosion process itself as
well as characterize relative alloy behavior. This activity includes exposures in natural
seawater using a variety of crevice formers and use of a computer-based mathematical
model. The fresent paper summarizes the status of this on-going research.

NATURAL EXPOSURE TESTS IN SEAWATER

Crevice corrosion tests in natural seawater have primarily utilized two types of
crevice assemblies, the multiple crevice assembly? and the remote crevice assembly
(Figure 1). The multiple crevice assembly is a washer with a series of plateaus such that
two washers fastened to a test specimen will result in %0 individual crevice sites. The
remote crevice assembly utilizes a physically separated, but electrically connected, pair
of specimens with the smaller of the two specimens "sandwiched" between two non-
metallic plates which create the crevice. The measurement of current between this
creviced anode and the larger uncreviced cathode provides an indication of time to
initiation and rate of propagation of corrosion in the crevice.

Multiple Crevice Assembly

Two sizeable data bases have been previously generated on a series of stainless
steels with the multiple crevice assembly test technique.’® While each data set was
analyzed and conclusions about relative alloy performance were stated by the respective
authors, the apparent scatter in the data precluded a definitive alloy ranking based on
either crevice initiation or propagation resistance.

Since the multiple crevice assembly technique offers a convenient, economical
means of conducting crevice corrosion tests in the natural environment and a large data
base exjsts in the literature, there is some motivation to develop an acceptable means of
data analysis and presentation. This analysis and presentation should be as simple as
possible to facilitate practical use, theoretically credible, consistent between data bases
and consistent with known field experience for comparable conditions.

The identification of such a data reduction method has been the object of recent
activity. The data base includes a portion of the previously reported tests 16 as well as
additional tests conducted to complement the earlier multiple crevice assembly tests.
The experimental procedures utilized in the conduct of the addtional tests were identical
to those reported previously.»® The combined results allow an assessment of relative
alloy performance (see Table I for nominal alloy compositions) and an identification of the
effects of Crevice test parameters such as test duration, torque utilized in attachment of
the multiple crevice assembly and alloy surface condition.

Because the crevice corrosion process can be clearly separated into an initiation and
a propagation phase, the test data were analyzed to determine relative resistance to each
stage of the process. This involved an assessment of the number of individual crevice
sites of each multiple crevice assembly washer where corrosion occurred as the parameter
defining initiation resistance. The maximum depth of attack incurred under each multiple
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crevice assembly washer was selected as the parameter defining the relative extent of
crevice corrosion propagation. The data presented in Figures 2-7 represent the mean
values (plus and minus one standard deviation) of these two parameters from replicate

tests.

To examine the effect of surface [inish on crevice corrosion behavior, results of
tests on alloys common to both earlier studies?+é can be compared. _ Figures 2 and 3 show
initiation and penetration data for 11 alloys exposed for 30 days with crevice asgembhes
affixed with a torque of 8.5 Nm. The specific ranking or sequence of‘ alloys in Figures 2
and 3 is based on an increasing number of sites initiated or increasing depth of attack
measured in the tests on as-received material (open bars). For comparison, the results an
120 SiC surface ground material {surface ground in the area of the crevice assembly only)
are shown by the solid bars.

A review of the initiation data (Figure 2) clearly reveals that the ranking of alloys
based on initiation resistance is affected by the surface grinding. In all cases where
crevice corrosion occurred except alloy SC-, surface grinding increased the incidence of
crevice corrosion. The magnitude of the increase varied from quite significant for
Nitronic 50 to a very slight increase for Ferralium. These differences can likely be
attributed to variations in surface layer chemistry relative to the bulk alloy chemistry.
These variations could include relative enrichment or depletion of critical elements such
as chromium and molybdenum as well as removal of surface inclusions such as manganese
sulfides from acid pickling of the as-received surfaces. Surface grinding could also serve
to enhance contact with the crevice former thus creating more severe conditions.

In the case of crevice corrosion propagation behavior (Figure 3), the alloy ranking is
much more consistent when comparing the two surface finishes. As with the initiation
data, some increase in depth of attack is noted with the 120 SiC surface ground material
when compared to as-received material. This increase can be attributed to some degree
to the earlier observed times to initiation documented® for the surface ground materials
and hence the longer times possible for crevice corrosion propagation.

A comparison of the relative alloy rankings shown in Figure 2 versus those in Figure
3 reveals differences when using the data from either type of surface finish. This
confirms the importance of treating the two phases of the crevice corrosion process
separately when ranking alloy resistance as well as when considering the effect of a
variable such as surface finish.

Another variable which would be expected to affect crevice corrosion is the
duration of the exposure. Figures 4 and 3 summarize the number of sites and depth of
attack, respectively, for 16 alloys which were surface ground with 120 SiC paper and
exposed for 30 days in 300C seawater. The relative alloy ranking shown in each Figure is
based on these 30 day data. For comparison, data from 60 day tests are shown for 6 of
the alloys and data from 32 day tests are shown for 4 alloys which were resistant to
ceevice corrosion in the present tests. As can be seen in Figure 4, an increase in exposure
time did not increase the number of initiated sites for SC-1 or Ferralium but did result in
a s!ight increase in number for alloys G, 20 mod and 6X. Anomalous behavior was
exhibited by 2545MO with the panels exposed for 60 days exhibiting fewer sites initiated
than on companion panels exposed for 30 days. Except for this 2545MQ behavior, the

Elati.ve alloy ranking of initiation resistance can be seen to be unaffected by the test
ration.
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Increased exposure time consistently increased the maximum depths of attack for
all 6 of the susceptible alloys tested for the two time periods as shown in Figure 5. As
with the initiation data, the relative alloy ranking of resistance to crevice propagation is
not altered except for a slight repositioning of alloy G. Again, the ranking of the alloys

based on initiation criteria is different from that based on propagation criteria (Figure 4
versus Figure 5).

Finally, the effect of relative crevice tightness can be examined from the data in
Figures 6 and 7. The crevice tightness is varied by using different levels of torque to
affix the multiple crevice assembly. A torque level of 2.8 Nm was used in one series of 60
day tests which established the relative alloy ranking. For comparison, data are also
shown for 6 alloys which were exposed with an assembly torque level of 8.5 Nm. As can
be seen, the relative alloy rankings are not changed if these latter data are the base.

The initiation data in Figure 6 show an increase in number of sites initiated for all 6
alloys with the tighter crevices created at the higher torque level. As will be discussed in
a later section, this is consistent with the theoretical predictions of the mathematical
model. In the case of propagation resistance, an increase in assembly torque resulted in
an increase in depth of attack for the 3 alloys that were susceptible to corrosion in tests
at both torque levels.

Remote Crevice Assembly

Using the remote crevice assembly test method, a data base is being developed to
evaluate the relative effects of factors such as crevice geometry, material surface finish,
anode/cathode area ratio, seawater temperature and seawater velocity the rate of crevice
corrosion propagation. These data will estabish a baseline for defining optimum
conditions to minimize the extent of crevice corrosion likely to be incurred by a given
alloy in field service applications. It will also provide critical feedback in the verification
and refinement of the mathematical modelling.

The data derived from a remote crevice assembly test are quite extensive and can
be analyzed in a variety of ways. Figure 8 graphically depicts the typical current and
corrosion potential data obtained with this test technique. The data are from tests on
Type 316 stainless steel in 309C seawater at a constant Crevice geometry {torque used to
affix crevice formers was 2.8 Nm) and anode/cathode area ratio (1/35). In these tests, the
effect of surface finish was examined by the use of 120 SiC surface ground, nitric acid
pickied and electropolished surfaces. The experimental procedures are described in more
detail elsewhere.”

The rapid increase in current evidenced in Figure 3 after approximately two days of
test is indicative of the onset of crevice corrosion and can be confirmed by visual
observation of staining of the crevice Secimen. A slight enobling of the corrosion
potential followed by a shift to more active potential coincident with this increase in
current is also seen in Figure 8. This is consistent with the expected effect of an active
anode in the acid-chloride environment of the crevice controlling the potential of the
specimen assembly.

The magnitude of current after initiation provides a measure of the relative rate of
propagation of crevice corrosion at any time. An analysis of these current data'and post-
test physical measurements of mass loss and depth of attack on the crevice anode
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specimen provide the basis for comparing and assessing the effects of factors such as
surface finish as shown in Table Il. All of the data related to propagation of crevice
corrosion, i.e., maximum current, total charge, weight loss and maximum attack depth,
consistently show the lowest propagation rates for the electropolished surface and the
highest propagation rates for the nitric acid pickled surface.

These results appear, at first glance, to contradict the earlier conclusions about
surface grinding based on the multiple crevice assembly data. However, the remote
crevice assembly tests were performed with both anode and cathode surfaces prepared in
the given surface conditions. This is contrasted to the multiple crevice assembly tests
where surface grinding was performed only in a 50 mm diameter area of the crevice
assembly and the remaining cathode surface was in the as-received condition. That the
nature or kinetics of the reactions occurring on the uncreviced, cathode areas clearly
influence the rate of propagation can be deduced by comparing the two sets of data.

MATHEMATICAL MODEL ANALYSES

The second major focus of recent crevice corrosion research involves use of a
mathematical model of crevice corrosion.}»2 The computer-based model is based on the
commonly accepted mechanism of crevice corrosion of passive materials involving

1. deaeration within the crevice

2. decrease in pH and increase in chloride concentration
of the crevice environment

3,  breakdown of the passive film on the metal surface
in the crevice area

4.  propagation of corrosion

The model separates the first three steps into the initiation phase of crevice corrosion
with the fourth step as the propagation phase. This systematic method provides an
organized approach to investigating the predicted effects of the multitude of factors
which can influence crevice corrosion. This medelling serves to provide guidance in the
design of crevice experiments as well as providing a predictive tool for relative alloy
performance.

In the case of experimental design, the model can focus attention on the critical
variables which will influence the crevice corrosion process and thereby influence the test
results. It is this approach that has defined the criticality of crevice tightness in
assessing the observed initiation behavior of a given stainless steel. This is demonstrated
by the data in Figure 3 which rank a series of alloys based on the range of crevice gaps
where crevice initiation could be expected. This modelling exercise was performed
assuming a tixed crevice depth of 0.1 ¢m which is nominally the width of one plateau on a
mult_lple crevice assembly. It can be seen that Type 430 stainless steel would be prone to
crevice corrosion initiation at crevice gaps that range two orders of magnitude larger (up

to ;}-5 pen) than the gaps necessary for crevice corrosion initiation of alloy 625 (<0.005
pml.

The data also demonstrate that if a range of crevice gaps exist with a given crevice
former then a range in relative alloy performance would be evident.8 For example, at a
gap of 0.005 um {metal to non-rpetal gap), the differentiation in initiation times for Type
%30 and for alloy 6X would be minimal. However, at a metal to non-metal gap of 0.01 um,
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a much greater time to initiation of crevice corrosion would be expected for alloy 6X.
Similarly, the variation in crevice gaps over a very small range, which would be expected
in any real—l:lfe‘ situation, would yield a range in performance for a given alloy. For
example, variations in gap between the individual plateaus of a single multiple crevice
assembly could be expected to result in some sites initiating quickly while some individual
sites may take longer to initiate or never initiate. This concept helps to explain the often
observed large variability in initiation behavior for seemingly replicate test conditions
yet, in the case of the multiple crevice assembly, provides the basis for its utility as an
effective screening tool.

Characterization of the actual crevice gaps observed on crevice test assemblies
then becomes a key component of the feedback circuit necessary to correlate and verify
the model predictions with observed natural exposure data. To this end, analysis of
typical crevice gaps present on the remote crevice assembly and multiple crevice asembly
have been carried out as shown in Figure 10. A range of crevice gaps in the specific area
photographed is evident with both crevice formers. This range is typically from 0.1 pm
to as great as 2-3 um. Numerous such measurements have been made and the data base
provides valuable input into the mathematical model. The magnitude of gaps observed
and the impact of this parameter as shown by the model help to explain the variability as
well as the difficulty in practically achieving a uniformly reproducible crevice gap.

A second manner in which the model can be utilized incorporates variations in both
crevice gap and crevice depth. As shown in Figure 11, a range of depths which are
greater than the value used in Figure 9 and a range of crevice gaps have been modelled to
depict the relative performance of several alloys. In this situation, the limiting
combinations of crevice depth and gap have been plotted to delineate the boundaries
between geometries which would be expected to result in initiation of crevice corrosion
{(below and to the right of the curves) as contrasted to those geometries where crevice
initiation would not be expected (above and to the left of the curves).

This approach allows one to establish a relative order of expected performance
based on the percentage of geometries where crevice corrosion might occur. Table 11
summarizes such a limited ranking based on the modelling results shown in Figure 11. As
can be seen, alloy 625 is predicted to be resistant to crevice corrosion in most instances
as is consistent with the cbserved experimental results presented earlier in which no
crevice corrosion occurred. The subsequent ranking of the other alloys is generally
consistent with the observed experimental data shown earlier, Refinements to the
assumptions made in the modelling process and the logic sequence of the model itself can
be made to enable a closer correlation with the natural exposure data and enhance the
credibility of the model as a predictive tool.

The second phase of the model assesses propagation resistance of alloys. The
preliminary model can again be used? to define the relative influence of crevice geometry
on predicted alloy performance as shown schematically in Figures 12 and 13, Figure 12
represents behavior of an alloy which demonstrates relatively “"poor” resistance to
propagation of crevice corrosion as evidenced by the rapid increase in propagation current
as the pH in the crevice decreases. The horizontal lines reflect limiting propagation rates
which would result from IR restrictions. Limiting rates for three different assumed
crevice gaps are shown.

The data show that the propagation rate in this IR limited condition increases with
increasing crevice gap. This is opposite to the effect of crevice geometry on CreviCe
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initiation where a tighter crevice is more severe. In this particylar case, however, the
large gap results in a large volume of electrolyte in the crevice ar}d hence a lower
resistance. This lower resistance results in a higher allowable maximum current for

propagation.

This particular effect of increasing gap allowing a higher propagation rate is often
counteracted, however, by the effects of mass transport on tf\e_ crevice solution
composition. As the effective crevice gap is increased, either in original design or as a
result of on-going crevice corrosion, an increase in propagation rate can be.expecte_d onl.y
to the point where diffusion of chloride and hydrogen ions from the crevice confines s
enhanced. At that point, the pH within the crevice may increase with the net result of a
decrease in overall propagation current. This can be seen in Figure 12_ where an ordero of
magnitude decrease in propagation rate is observed with an increase in crevice solution
pH of less than one unit.

An opposite effect of crevice gap is shown in Figure 13 which demonstrates the
same type of data for a stainless steel with the same initiation resistance as before but
with a more shallow log propagation current peak versus pH slope (by definition, a greater
resistance to propagation than in the previous case). With this ally, the IR limited
conditions are not reached for the gaps considered and the limiting crevice solution pHis
reached as a result of mass transfer restrictions. In this situation, the tighter crevices
result in the development of a lower pH crevice solution and a resultant higher
propagation rate. Referring back to the experimental data shown in Figure 7, it can be
seen that the maximum depth of attack was decreased for alloys G, 6X and 20 mod when
the less tight crevice gaps created by the lower assembly torque of 2.8 Nm were used.
For all 3 alloys, propagation resistance behavior as depicted in Figure !3 has been
measured.

SUMMARY

Accurately assessing the relative crevice corrosion resistance of iron and nickel
base stainless alloys requires a recognition of many factors. It has been shown that in
seawater, metallurgical, environmenta! and design factors are important. With an
understanding of the operative mechanism of crevice corrosion, a combination of
theoretical treatments and natu-al seawater exposures can be utilized ts define the
influence of many variables.
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TABLE 1

Nominal Alloy Compositions for Several
Iron Base and Nickel Base Stainless Alloys

Aoy Cr Ni Mo Cu Other
2%.4C 28 0.8 4 0.6 Ti
alloy 623 22 61 ¥ 3.5Cb+ Ta
allay C-274 15,3 53 15.% 4w, 20Co
MONIT 25 4 4
SC-1 25 P4 1 0.5 Ti
Ferralium 26 5.3 ] 1.3 0.2N
alloy G 22 47 6 1.8 2Chb, 0.3W, 1 Co
alloy 20 mod 22 25 b]
alloy 6X 20 23 6
235M0 20 13 6 0.8 Q2N
Type 316 18 ] 2.5
alloy 825 2z 4 3 .3 0.7 Ti
alloy 9041 20 2% 4.5 1.3
alloy 760 20 25 4.5
alloy 777 20 23 4.5 2
Nitronie 50 21 14 2 4 Mn
TABLE 1l

The Effect of Surface Finith on Remote Crevice Assermbly
Test Results on Type 316 Stainless Steel in MOC Seawater

_ Maximum
Time 1o Maximum Total Wei
_ _ ht A
S;r!_a;‘e Initiation Current Charge Lnfs cht:tc: At?:cf:ed
ini {Days) WA/cm?}  (Coulfem?) {mg/cm2) {mm) (%)
Electropelished 2.0 180 HH] 24 1.35 13
1205iC 1.5 440 §63 162 1.68 73

HNOy 2.0 7
10 988 240 2.00 90
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TABLE 11

Mathematical Mode! Prediction of
Relative Alloy Resistance to Crevice Corrosion Initiation

Parcent of Geometric Conditions®

Alloy for Crevice Injtiation
alloy 625 16
2345MO 24
alloy 6X ral
alloy S04L 38
Type 316 54
Type 304 30

» Geometries include:
0.2 pm < metal-to-metal ceevice gap < 10 pm
0.3 cm < crevice depth < 6.5 cm

Number of Sites Initiated
0 4 8 12 18 20

1 - 1 L

L 3

29-4C
MONIT
FERRALIUM

. D As Received
RESISTANT

I12081C

30days B.5Nm
254 SMO

alloy BX

alloy 904L T pea——
alloy 20mod.

SC-1
alloy 777 F—— emmm
NITRONIC §0  —1— _J

alloy 700 e ———

2. Summary of number of initiated crevice
sites beneath a multiple crevice
assembly washer for a series of alloys
tested in natural seawater. Bar graphs
represent the mean values (plus and
minus one standard deviation) for
replicate tests conducted for 30 days on
as-received surfaces and 120 5iC surface
ground material using an  assembly
torque of 8.3 Nm.

1. Muitiple crevice assembly {top) and
remote crevice assembly anode (bottom}
utilized in natural seawatsr Crevice
corrosion tests at LCCT.
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3. Summary of maximum depth of attack

beneath a multiple crevice assembly
washer for a series of alloys tested in
natural seawater, Bar graphs represent
the mean values (plus and minus one
standard deviation) for replicate tests
conducted for 30 days on as-received
surfaces and 120 S5iC surface ground
material using an assembly torque of 8.5

Nm.

Number of Sites lnitiated
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alloy 625

alloy C276
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sSC-1
FERRALIUM
alloy G
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alloy 825
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{30482 days)

30 60
days days

i1

8.5Nm
120 SIC

alloy 904L 1 “

alloy 700
alloy 777 -
NITRONIC 50

. Summary of number of initiated crevice
sites beneath a  multiple crevice
assembly washer for a series of alloys
tested in natural seawater. Bar graphs
represent the mean values {plus and
minus one standard deviation) for
replicate tests conducted f{or 30 days {16
alloys) or 60 or 82 days (10 alloys} using
an assembly torque of 8.5 Nm.
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MAXIMUM DEPTH,mm
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5. Summary of maximum depth of attack

beneath a multiple crevice assembly
washer for a'series of alloys tested in
natural seawater. Bar graphs represent
the mean values {plus and minum one
standard deviation) for replicate tests
conducted for 30 days (16 alloys) or 60 or
82 days (10 alloys) using an assembly
torque of 8.5 Nm.

Number of Sites Initiated

o 4], 8 12 18 20
1 1
29-4C —{s(02d) 1 s0deys
alloy 625 {«i82d
alloy C276 —{~(e2d} z_slmn '-g"m
MONIT (824} 120 SIC
sC-145° RESISTANT
FERRALIUM 25 {8.5hm)
254 SMO ¢ **RESISTANT
alloy G {2.04m)
alloy 20mod. ==, —
alloy BX =P ———
.||°' 700 — T ———
alloy 825 S —T————
alloy 904L - ————
alloy 777 T ——— ————
RITRONIC 50

6. Summary of number of initiated crevice

sites

beneath a

assembly washer for a serie

tested
represe
minus

using an as

Nm Il

in matural seawater.

multiple

crevice
s of alloys
Bar graphs

nt the mean values {plus and
one standard deviation) for
replicate  tests conducted for 60 days

sembly torque or either 2.3

alloys} or 8.5 Nm (10 alloys}.



0 0.5 1.0 1.5 2.0
29-4C —j s(824) l
&0 days
alloy 625 —]=te2d N
alloy €276 —=la2d) 7:::!:-::" I D
MONIT ] +{324} 2.8Nm B.5Nm
PN P 120 SIC
FERRALIUM —H°° ¢ sisranr
254 SMO j T (2.8Mm)
alloy G Y -
alioy 86X -1 " ——
alloy 20mod. ey .,
alloy 9041 e
NITRONIC 50 - T——
alloy 825 TE—
.“o, 77T - Y
alloy 700 | S

MAXIMUM DEPTH, mm

7. Summary of maximum depth of attack

beneath a muitiple crevice assembly
washer for a series of alloys tested in
natural seawater. Bar graphs represent
the mean values (plus and minus one
standard deviation) for replicate tests
conducted for 60 days using an assembly
torque of either 2.8 Nm (1] alloys) or 8.5

Nm (10 alloys).

e e
i

£ g

POTENTIAL,Voits (Ag-AgCl)

0 i3 20 25 30 35
TIME,Days

CURRENT,Ampa
3

i L L "

0 [} 10 1.5 20 F 2

ET Y
TIME ,Days

8. Corrosion potential (top) and current

{bottom) from remote crevice assembly
test on Type 316 stainless steel in 300C
seawater. Specimen surfaces were 120
SiC surface ground.

39

0.05 r v
initiation predicted
up to 0.5um gap
[« 8
< 0.04
)
-
<
5 002
=
i
=
o
< p02
Q
it
- T-3 178skoy 504L
'.q_ L
w 0.01 ~slioy 6K
=
— - ulioy 825
0.1 1 10 100 1000
TIME TO INITATION (hours)
9. Typical mathematical model prediction

of effect of crevice gap {constant
crevice depth of 0.1 cm) on time to
crevice corrosion initiation for several
alloys in seawater.

remote  crevice

10.Croas  section of
assembly (top) and multiple crevice
assembly {bottom) showing typical range
of crevice gaps which can exist.



40

-
e
Q
Qo
Q

~

100

METAL-METAL CREVICE GAP, pm
- -

PROPAGATION RATE (pA/cm?)

‘ b
r 10 |
%I
21 0:
=,
. Ei
1 E|
o
1 1 I L
0 2 1 (4] -1

CREVICE SOLUTION pH

It. Effect of crevice gap and depth on 12, Predlcted crevice corrosion propagation

initlation of crevice corrosion. The gaps
and deptha below and to the right of the
curve Jor each alloy define geometries
whete crevice lnitiation is predicted.

rate as a function of crevice solution pH
for a stainless steel showing initiation of
crevice corrosion at pH 2 and with a
propagation rate slope (PRS) of 1.5.

~ 1000 v
g 2)0.1pym
b}0.2ym
S ¢)0.5um
100
-
« PR3=0.4
3 z,\/’
= 10}------ P < S
a {9 i
g i
% | ! | Limiting pH
& Ll ,
2 1 0 -1
CREVICE SOLUTION pH

13. Predicted crevice corrosion propagation
Tate as a function of crevice sokition pH
Ior a stainleys steel Inftiation of
Crevice corrosion at pH And with &
Propagation rate slope (PRSY of 0. -



)

I1.B. ANALYSIS OF CREVICE CORROSICN DATA FROM TWO
RECENT SEAWATER EXPOSURE TESTS ON STAINLESS ALLOYS

By
Michael A. Streicher

Presented at
CORROSION/83, Paper No. 70
Anaheim, California, April 1983

Department of Chemical Engineering
University of Delaware
Newark, Delaware 19716



PER NUMBER

E 0 The International Corrosion Forum Sponsored by the

National Assoclation of Corroslon Engineers
Ancheim Conventlon Center, Anahelm, California
April 18-22, 1983

ANALYSIS OF CREVICE CORROSION DATA FROM TWO
RECENT SEAWATER EXPOSURE TESTS ON STAINLESS ALLOYS

Michael A. Streicher
Department of Chemical Engineering
University of Delaware
Newark, Delaware 19711

abstract

publications on two concurrent series of crevice corrosion

tests on a total of 46 stainless alloys have recently become
available. These tests were made at the Francis L. LaQue Center
for Corrosion Technology, Wrightsville Beach, NC, using filtered,
essentially quiescent seawater heated to 30°C. The same 46 alloys
are being used for a laboratory investigation of crevice corrosion.
In order to compare the results of the laboratory tests with those
obtained in natural seawater, a detailed analysis of the data from

both series of seawater tests has peen undertaken.

For the analysis, 2 Crevice Corrosion Index (CCI) consisting
of the product of the number of panel sides showing any attack (S)
and the maximum depth of attack in mm (D) was calculated for
all of the alloys. With this Index the 46 alloys were ranked in
order of increasing values. The resulting tables were then used
to derive information on the effect of testing time, torgue on
the crevices, surface finish and alloy composition. In addition
to the major effect of chromium and molybdenum, copper, manganese,
nitrogen and niobium were found to have a significant effect on
crevice corrosion of stainless alloys in seawater. The results
have been used to derive improved testing procedures for crevice
corrosion tests, as well as suggestions for new test series.
Applications and limitations of rankings based on the Index are
discussed.
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INTRODUCTION

Testing Conditions

The completion in 1980 of two series of crevice corrosion
tests in natural seawater has provided us with comparable data
for a large range of stainless alloys. Both tests were carried
out at the LaQue Center for Corrosion Technology, Inc., Wrights-
ville Beach, NC, under the supervision of R. M. Kain. For both
series of tests, three panelg, 10 x 15 cm, were exposed for each
test condition with Delrin™  crevice devices on the front and
back of each panel, Fig. 1. Each Delrin device (1) had 20 "teeth®
or plateaus ground to a 600-grit finish (SiC). The ratio of un-
shielded to creviced area was 150:1. Both tests were made in
filtered seawater heated to 30°C. Filtration eliminates the
growth of marine organisms on the test panels. The normal wvelocity
through the test section in the 400-liter troughs was less than
0.1 m/sec. There were 6 to 7 camplete changes of water daily.
Some details of the properties of the test solution are given in
Table I. It is shown below that these test conditions are severe
and have provided a wide range of crevice corrosion on a total of
46 alloy campositions.

Data on the two series of tests have been reported in detail
by R. M. Kain (2) and H. P. Hack (3). The report by R. M. Kain
contains a separate page of data for each alloy tested. One such
page is given in Table II. For each side of every test panel the
following data have been provided: a) time to initiation of
corrosion as detected by discoloration from corrosion products
near the crevice devices, b} number of sites ("teeth" or plateaus)
on each side at which there was attack, and c¢) range of depth of
crevice attack for each crevice device. The publications by
H. P. Hack (2) do not contain such tables of data. However, he
has made the tables, provided on the Navy tests by R. M. Kain,
available to the author for this analysis, Table IITI.

Even though the two series of tests were carried out simul-
taneously and under almost identical conditions, the objectives of
each program were different. The tests reported by R. M. Kain were
made to obtain data to aid in the selection of materials for heat
exchangers for the Ocean Thermal Energy Conversion (OTEC) program.
This series included 12 commercially available alloys and one
experimental alloy {Carpenter Exp. 58), with various mill finishes,
Table IV. Microscopic examination of these surfaces showed clear
evidence of pickling on all alloys except on Monit, which had a
mechanically ground finish. The tests were run for 30, 60, and
some even 90, days, Table II.

The 12 commercially available alloys from the OTEC series
were also included in the Navy series reported by H. P. Hack (3}

*
Delrin™” - Trademark, E. I. du Pont de Nemours & Co., Inc.
Wilmington, DE.
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cially available alloys. All the Navy
along with i3 othir §gm2§rs. A{so; all specimens in the Navy
tests were for only I?0:5¥It finish on that part of the surface

series were given 2 jed {Fig. 2). An overview of these

e appl ; X
:o :T:;hp:?:mgzziiciz ;E:e“ Eﬁ Pable IIXI. The objective of the
es

;de comparable marine corrosion data on a
Navy tests ":’mggygégzém—beargng alloys which have greater resis-
wide range O on than Type 316 stainless steel, but

rrosi
:;22; zg.;;;::ietﬁgn certain nickel-base alloys, such as Inconel

alloy 625
differences in objectives and testing conditions,
. iti 3 i to make it
are enough similarities in the two test series _
;2::;b10 to usz data fram both for an analysis of such factors as
surface finish, testing time, torque on the crevice devices, and,

to some extent, alloy camposition.

Despite these

Alloys Tested

Chemical analyses for the 13 alloys in the OTEC series are

given in Table IV. The chromium contents are in the range of 20

to 29%, with nickel fram 0.5 to 26% and molybdenum from 1.4 to 6.5%.
Other alloying elements include copper, manganese, titanium and
nitrogen. Of the 13 alloys, three are completely ferritic (29-4C,
Monit and SC-1l), two have a duplex, austenite-ferrite structure
(Ferralium and T¥ﬁg 329) and the remainder are completely austen-
itic. The 29-4C alloy, produced by the Allegheny Ludlum Steel
Corp., is a titanium stabilized argon-oxygen decarburized (AOD)
modification of the high purity, vacuum—-induction melted Fe-293%Cr -
4%Mo alloy (4,5,6,7). Because of the higher nitrogen contents

of the 29-4C AOD melts, titanium is added to prevent precipitation
of chromium nitrides during welding. Such precipitates would make
the alloy subject to intergranular attack in acids and also impair
:hc :Ililtance to attack by chlorides. Both the interstitial
tzgu;ﬂ:'cl.tc and N, and the stabilizing element, Ti, reduce the

. dq : 8 of this alloy as compared with the high-purity vacuum-—
nductlon melted 29-4 version. For this reason the thickness of

Thie iatihed lcondenser) tubes is limited to 0.028 in (0.75 mm).
the Navy series. - of the panels tested in both the OTEC and

Analyses for the allo

Tables V and VI. The alloyys in the Navy series are given in

materials in thi :g:gents of the 36 wrought and 9 cast
saries. Ch even wider ranges than the OTEC
0.07% to 63??Tiuzngarifd from 12 to 29.6%, nickel from a "sesidual®
alloying additio molybdenum from "residual® to 17.6%. Other
stabilizers (Ti ::di;g}udeghc°Pper, manganese, nitrogen.and

given by H. P. Hack (3). € groupings in Table V follow those

*
inconel alloy 625
» Trademark, Tp . ]
‘"““tiﬂqton. wv, e International Nickel Ca.,

Trademark, Allegheny Ludlum Stee] Corp
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Prior Evaluations

R. M. Kain (2) has not used the test results to "rank"™ the
alloys or to discuss the role of alloying elements. He summarized
his conclusions as follows:

"Except for stainless alloy 29-4C which was found to
be resistant to initiation under these test conditions,
the remaining 12 materials exhibited some degree of
susceptibility. For these, attack ranged from only a
few shallow penetrations to numerous sites which in
some cases resulted in perforation of the specimens.”

"While several alloys responded favorably to changes
in the level of applied torque, others were apparently
unaffected. In general, extending the test duration
from 30 to 60 days had nc pronounced effect on initia-
tion and penetration behavior."

H. P. Hack (3) has concluded that, because of the large
variability of the data, a detailed ranking of the alloys is not
possible. However, he has divided the 45 alloys into four groups
on the basis of the number of sites per side. He has described
these four groups as: "No attack (0 sites/side), minimal attack
{0 to 7 sites/side), variable attack (0 to 20 sites/side), and
heavy attack (at least 12 sites/side). H. P. Hack has added:

"It is recognized that in some applications the depth
of attack may be the more important consideration,

and this would affect the grouping. This grouping is
not meant to suggest that all materials within a group
will behave similarly in service, only that their
behavior could not be separated with any confidence

in this study."™

H. P. Hack ({3) has also drawn some conclusions on the
effect of alloying elements, "The austenitic alloys studied
required 8%Mo to prevent crevice corrosion in these exposures,
while the ferritic alloys required 25%Cr and about 3.5iMo to
prevent localized attack. The effect of other alloying elements
on localized corrosion in thlS study was insignificant compared
to-the data scatter."

DEVELOPMENT OF A CREVICE CORROSION INDEX

Several recent investigations in which laboratory studies
{4,5,6,8) on crevice corrosion were combined with tests in marine
environments have indicated that there may be some correlation
between the temperature at which crevice corrosion occurs in 10%
ferric chloride solution and the performance of the same alloys
in natural seawater under crevices. This finding has led to an
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igation (9) almed at the development
revice corrosion tests fo; correlgtlon
ater. Both the ferric chloride
test in synthetic seawater are

i i :on to determine “critical" crevice

in this investigation cre

bcinglggzdtemperatures, CCCT, 1.€.» the.temigraturihztdgzicfrom

co:ri corrosion is initiated. For this effort, |

c;.voggc and Navy programs are now available, as well as materia
§r;m the same heats of alloys which were used in the OTEC and

Navy programs.

boratory invest
nworatory ©
in natural seaw

extensive la
of accelerated la

with performance _
lolut?on and an electrochemlcal

the comparison of the laboratory results

with the data from the OTEC and Navy programs, an attempt Eas been
made to provide additional analysis of the extensive data from
these two test series. The objectives of this effort were to
find a means for ranking the alloys which would make 1t 90551b1e
to derive conclusions on the effect of torgue, testing time,
surtface finiah and alloying elements. 1f successful, the results
were to be used to guide the research on accelerated laboratory
tests. In combination, the findings from the field and labora-
tory tests are intended to assist in the assessment of alloys
for use in marine environments, the improvement of alloy composi-
tions, specifications for new tests in natural seawater, improved
procedures for standard (ASTM) tests in natural seawater and for
a better understanding of crevice corrosion.

In preparation for

The current dilemma for persons attempting to rank the
results of crevice corrosion tests in chloride environments is
filustrated by the following precautions provided in connection
with procedures (10} for & crevice corrosion test in seawater
and other chloride-containing environments: “Alloys should not
be ranked by the specific number of specimens or sites showing
crevice corrosion,”™ and "-maximum depth of corrosion may be an
important parameter to caonsider. However, caution must be

exercised in ranking alloys solely on th i i
penetration mnnSurements.X ! ¢ basis of maximum

Definition of an Index

As in the case of chloride i i
pitting attack (11), crevice
cg:::;ianT:an be divided into two components, initiaiion and
g@zc a;d Na:.'tOttthe measurements made on the test panels in the
Y teats, Table II, the time (hr.) to initiation of

::::ig: :::::;1;"?M§§§ ::??er of gigsg.of attack in each multiple
depth of attack is an indicect initiation of corrosion, while the

ation of .
growth. Thus, there progress or rate of crevice
relatively little depﬁguéﬂ :e many points of break-down with

as has been found to be the rent effects on initiation and growth,
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tentatively be assumed that there may be a correspondence between
susceptibility to initiation and susceptibility to growth of crevice
corrosion.

Initiation

The next step is the selection of a measurement ©or indicator
for both initiation and growth of attack. The time {hours} to the
first sign of crevice corrosion could not be used as a primary
measure of initiation because this requires the detection of
visible corrosion products adjacent to the crevice devices without
disturbing or removing the panels from the seawater. Both R. M.
Kain {2) and H. P. Hack (3) have reported tests in which no vis-
ible corrosion products were detected even though, upon removal
of the cravice device at the end of the test, there had been
measurable attack. Visual inspection was about 80% effective
because of limited accessibility of the specimens and the inspec-
tion schedules. Thus, it is necessary to select a measurement
of the number of breakdowns of the surface. Some possibilities
are the actnal number of sites attacked (per crevice device, oOr
the total for all three specimens tested simultaneously) or the
total number of sides, or even panels, attacked, regardless of
the number of sites per side. Three panels were used for each
test condition (torque, time). Thus, the total number of sides
available for observation for each test condition was six.

However, both R. M., Kain and H. P. Hack found that the large
variations in results limited the conclusions which could be drawn.
To minimize the problem of the variations in test results, the
data on all nine panels (18 sides) of each of the 13 alloys tested
in the OTEC series were grouped together. This procedure could be
used because, with only a few exceptions, the test program (length
of testing times, torque) was the same for each of the 13 alloys.
The only exceptions to the test schedule shown in Tabkle II were
29-4C, Monit and SC~l. These three alloys were tested for 30, &0
and 90 days with a torque of 75 in-1b on all panels. Thus, in
place of the 60-day test with a torque of 25 in-lb, these alloys
were tested under the more severe conditions of 90 days at 75 in-lb.
The 29-4C alloy showed no attack on any specimen. Monit was attacked
only on the S0-day panels and SC-1 showed attack on some panels
under all three test conditions. Therefore, the impact of these
somewhat different test conditions on the comparison of these three
alloys with the ten other alloys is negligible. -The grouping pro-
vided a larger data pool for each alloy.

Minor differences were also minimized by the selection of the
number of sides rather than the number of sites as the measure of
ipitiation of crevice corrosion. This choice eliminated or mini-
mized any differences in the number of sites resulting from varia-
tions in the sizes or geometries of the 20 individual "teeth"™ or
plateaus, and from any effect which the formation of one point of
crevice attack might have in retarding or promoting the initiation
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" " in the same device. The flatness and
of attack at Othe;f giighthe metal surface and the Delrin crevice
surface flnLShe:ermore, when there is attack under one crevice
may vary. F“fzad must be redistributed to other plateaus on which
plateau, its is increased, thereby increasing the crevice condi-
the presauret;e remaining plateaus. Attack on one crevice device
tions “"deifect the pressure on the device on the reverse side of
e alsola 1t is of interest that even on the least resistant
ol P‘?e the OTEC series, Type 329, there was one side out of 18
’ﬁigﬁ ui; campletely free of all attack. Another factor which may
:ncrease the variation in test results is the change with time in
pDelrin during immersion in seawater at 30°C. In laboratory tests
in synthetic seawater we have found (9) that the torque decreases

from 75 in-1b to 45 in-1b in four hours.

Nevertheless, the available limited information on the length
of time to initiation and also the number of sites of attack has
been used below to supplement the analyses based on the number of
sides as a measure of initiation of crevice corrosion. Because of
the larger data-pool available for each of the 13 alloys from the
OTEC teats and the greater range in testing conditions (time and
torque), the first phase of this analysis was focused on the OTEC
data.

Growth

For each crevice device, i.e., side, the range of depth of
attack in millimeters was reported, Table II. Thus, this range,
Or an average value, or the maximum depth of attack or even a rate
of attack based on the testing time, could be used as an indication
of growth of crevice corrosion. Ideally, a rate measurement would
probably be most useful. However, for a meaningful measurement,
it would be necessary to know exactlv when crevice norrosion was
initiated and to know the effecc of resting time on the rate of
growth, This rate can be assumed to vary with time because the
crevice geometry and chemistry change as corrosion progresses.
Pecause a direct, rather than average, measurement was desired,
:“g because frequently a single perforation of a heat exchanger

ube or vessel terminates its usefulness, the direct measurement

of maximum depth of atta Ind i
of crevice attack. ok ues selected as an Inication of ot

Index

The ; . ,
of all Ofn:::e§0°f6§£g2§ out of all 18 test panels, a combination

Or 3D-day tests at 25 or 75 in-1lb of torque,
g;:e?::g zigzteghi" Fig. 3 against the maximum depth of attack
validity to tge hese 18 Sides. It is apparent that there is some
initiation ang rYPOﬁhes;s that there is a relationship between
alloys of the Ogngt of crevice corrosion in most of the 13
band in rig, 3 plserles. A large number fall within the shaded
T ots of average depth of attack vs. number of
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sides, maximum depth of attack vs. number of sites or the average
number of sites, result in a greater scatter of data. Only when
the maximum depths are plotted against the number of panels
attacked is there a similar concentration of data as in Fig. 3
for which the number of sides was used. The use of the number

of panels minimizes the potential effect of attack under one
device on the tightness of the crevice device on the reverse side
of the same panel. If a direct relationship between initiation
and growth applied to all alloys, a list of alloys ranked in
increasing order of initiation (number of sides attacked) would
be identical to a list based on maximum depth of attack. When
these two types of lists are made and the alloys in Fig. 3 which
fall cutside the band are noted, it is apparent that the two
ranking criteria do not result in identical rankings. This may
lead to attempts to adjust rankings based on initiation by moving
alloys with "unusual” growth of crevice attack down in this list.
In the case of the rankings based on maximum depth of attack
attempts may be made to find places lower down in the list for
alloys with attack on an "unusually" large number of sides.

The above considerations led to the use of a Crevice Corrosion
Index based on the product of the number of sides attacked, S, and
the maximum depth (in mm) of attack, D,: CCI = § x D. This Index
is a combination of initiation and growth of crevice corrosion. A
given value may, therefore, be a result of several combinations of
§ and D. However, for a particular test the range of the number
of sides, 8, is fixed and the range of the maximum depth is limited
by the smallest depth measured (0.0l mm in these tests) and the
thickness of the test panel. Because there are crevice devices on
each side of a panel and because in cases of rapid crevice growth
it has been found that there may be perforation resulting from
attack on both sides, the largest possible penetration is some-
times 1/2 the thickness of the panels.

The justifications for combining results on all nine panels
of the OTEC series and for applying the Crevice Corrosion Index
for an analysis of the OTEC and the Navy test series depend on
results derived from these procedures. Can the alloys be ranked
in a meaningful way by means of this Index? <Can conclusions be
drawn about the effects of torque, length of time of testing and
surface condition? Does the Index provide a tool for detecting the
effects of alloying elements? Do the results provide leads for
better test procedures and for new research?

The Index is intended to facilitate the analysis of data on
crevice corrosion. Comparisons of Indexes can be made only for
tests carried out with identical crevice devices, panel numbers
and sizes, seawater conditions and test programs (time and torque).
Obviously, this Index is not a unique property of the alloy, such
as its melting point or density.
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1t is shown below that the conditions for both the OTEC and
Navy tests, Table III, are very severe. In ac?ual use of gtalnless
alloys in marine environments there may be unf:lte?ed. rapidly
flowing seawater at temperatures other than }0 C with gmall ‘
(cathodic) areas outside the crevices, and with cathedic protection,
perhaps, resulting from contact with carbon steel structural com-
ponents. Any of these factors may have a strong gffect in reducing
the severity of attack at crevices (12, 13). Additional uses and
1imitations of the crevice corrosion Index are discussed below.

ANALYSIS OF OTEC TESTS

The number of sides attacked, $, and the maximum depth of
attack, D, are listed for each of the 13 alloys in Table VII,
together with the Crevice Corrosion Index, CCI. The alloys have
been ranked in ascending order of Index values. Only the 29-4C
alloy was completely immune to crevice attack on all 9 panels,
i.e., the Index is 0.00. Three of the panels were tested for 90
days to verify the findings from the 60-day test. The Monit alloy
was also resistant for 60 days, but during the 90~day test, three
sides showed scme attack. On the 12 alloys which suffered various
degrees of attack, the CCI ranged from 0.03 to 27.54. Note that
even on the least resistant alloy (Type 329) there was at least
one side out of a total of 18 which was completely immune to
attack, i.e., not even one crevice site ocut of 20 was attacked
on that side. :

On the basis of the CCI, the 13 alloys can be divided into
five groups, Tables VII and VIII: total immunity (I), a group of
relatively high CCI values (V), and three intermediate groups.

It is shown below that these groupings aid in the analysis of
factors such as length of testing time, torque and svrface finish.
A comparison of the S, D and CCI colunns shows that if either the
"S" or "D" values had been used for ranking, different sequences
would have resulted. The two alloys whose entire thickness was
penetrated by crevice attack from the front and back of the panel
were left in the ranking order. Both are in the group of most
severely attacked alloys and one, Type 329, already has the highest
CCI. The total thickness of Nitronic 50 was 1.3 mm and that of
Type 329 was 1.8 mm.

The Effect of Length of Testing Time

The effect of length of testing time was investigated in the
OTEC series in two ways, a) by testing all 13 alloys for 30 and
60 days, and b) by testing the two most resistant alloys for 90
days. All tests were made with a torque of 75 in-1lb. A summary
of the data is given in Table VIII. WNote that these data are
based on only three panels per test or a total of six sides.
Nevertheless, to maintain the groupings, the ranking based on
all tests (1B sides), as shown in Table VII, was used to list
the alloys for the table on the effect of time.
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Increasing the testing time increases the number of sides
attacked, S, for alloys in Groups III and IV {Table VIII), except
for alloys 904L and SC-1. O©On the latter there actually was. an
increase in the total number of sites from 7 to 12, even though
there was no increase in the number of sides. The 904L alloy
contains 1.6%Cu. As might be expected, the effect of time up to
60 days is less important both for the more resistant alloys
(Group II) and for the least resistant, Group V. Jessop 777 with
attack on only 3 sides is somewhat of an exception in Group V. It
too contains copper, 2.0%. Ferralium 255 is another alloy which
contains copper, 1.8%. On this alloy too, there is no effect of
time. The remaining copper-bearing alloy is 254 SMO, but its
copper content of 0.8% is only one-half of that of the alloy whose
content is nearest that of 254 SMO. The above observations on the
effect of time on crevice corrosion of copper-bearing alloys indi-
cate that copper in excess of about 0.8% imparts superior resistance
to attack of alloys with a mill finish.

The effect of time on the maximum depth, D, of attack is
similar to the changes in initiation, S. There generally is an
increase in D for alloys in Groups III and IV. Alloys in the more
resistant Group, 1I, show that these testing times up to 60 days
are too short for meaningful results. Also, on the least resistant
alloys, Group V, the attack is so severe that extending the testing
time from 30 to 60 days does not increase significantly the maximum
depth of attack. For two of these alloys the attack resulted in
complete penetration of the thickness of the panels. These results
on alloys in Group V suggest that there is a decrease in the rate
of crevice growth with time. As the crevice grows because of
corrosion, the volume of solution in the crevice increases and
there is more opportunity for diffusion and flow from and into the
crevice to make the composition in the crevice more like that in
the bulk solution. The chloride content is reduced, the pH and
the nxygen content are increased from the values which led to
breakdown of the passive film in the original, small crevice. The
result is a progressively less severe environment for growth of
crevice attack.

in general, the time to initiation of crevice corrosion as
measured by the appearance of corrosion products decreases with
increasing values of the Index of the alloy, Table IX. TwO excep-
tions are 254 SMO which is relatively resistant, but on which
corrosion products were visible after only 72 hr, and sC-1 on
which either no corrosion products were detected or it took 703 hr
to detect them. Attack on this alloy was relatively shallow with
a maximum depth of 0.11 mm. Thus, corrosion products may have
diffused away before they could be detected. The finding that
visible corrosion products are formed on 254 SMO after only 72 hr
may indicate that, while more than 0.8% copper (1.6% in 904L and
2% in Jessop 777) may retard break-down of the passive film, the
smaller concentrations weaken the resistance of protective films.
This finding (Table IX) applies to both the overall OTEC tests
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(9 1s} and the 30-day tests on 3 panels in the OTEC and Navy
pane

tests.
- d Monit alloys derived from 90-d§y tests
Rnnult; °2033a;ct:2t period is not long enough to differentiate
show th.:htl: two alloys. The 29-4C alloy was resistant, but the
b.t::.illo; showed susceptibility to attack in the 90-day panels
:ﬁ?ch was not revealed in 30 and 60-day tests. There was some
attack on 3 out of 6 sides.

IX also shows that the surface finish affects the time
to inzziizion. This effect is discussed in the section on Surface

Finish.
The Effact of Torque

On the basis of observation and theoretical considerations
it may be concluded that the severity of a crevice increases as
the volume between the two surfaces of the crevice is decreased.
Oxygen is more readily depleted in the smaller crevice and the pH
will drop more rapidly when there is some corrosion. Thus, it
might be expected that crevice attack increases with the magnitude
of the torgue on the crevice device. Table X shows the effect of
increasing torque from 25 to 75 in-1lb in 60-day tests. Again, as
in the case of the effect of time, an effect of torque is observed
only on the alloys in the intermediate groups, III and IV. For
obvious reasons there is no effect of torque on completely resis-
tant alloys. In the case of 60-day tests on only 3 panels this
includes both Groups I and II.

In Group III (Table X), the increase in torque increases both
initiation and growth. On the alloys in Group IV the increase in
torque only increases the maximum depth of attack. The data show
that the expacted effect of torgue applies only to crevices for
which the maximum depth does not exceed 0.5 mm. Such a limit might
be expected because, as sogn as there is some crevice attack, the
'p.Cizg betwesn the Delrin™ device and the metal surface is in-
::';:1n l:: the severity of the crevice is decreased. This probably
roflnta;t 3;11.Ck of 3 consistent effect of torque on the least
This alioy b oYs in Group V. The only exception is Jessop 777.
exceapt to¥ t:: ;:E:ntially the same composition as Jessop 700
of all other all in the 777 alloy. Examination of the analyses
coppar-bearin (:{! in Table VII shows that none of the other
suffered an g il) materials (Ferralium 255, 904L, Jessop 777)

25 in-1b szlrﬂz Ce attack in the 60-day tests at a torque of
’ & X. With the exception of SC-1l, these were the

only alloys which w
Crevices are less !:re hot attacked. Presumably the 25 in-1b

the findings aboe 0vere than the 75 in-1b crevices. This, and

h the effect of tj
may retard initiat - ime, suggest that copper
finishes. ion of crevice attack on alloys with mill



53

When same of the "plateaus" in the crevice device no longer
are in contact with the metal surface the total load is redistrib-
uted among the other "plateaus.” It might be expected that they
now produce a narrower crevice and, therefore, the severity
increases under these "plateaus.” Thus, one or more points of
attack might promote attack at the remaining crevices, a form of
self-acceleration. However, we have found in our investigation
{9} that "DelrinTi" is affected by exposure to agueous solutions
and by temperature. In some cases, initial torgue values of
75 in-1b decrease to 45 to 50 in-1lb in 4 hr at 30°C. Thus, there
are opposing factors operating on the crevice which make it diffi-
cult to maintain constant and reproducible crevice geometries
during these tests. The above factors, in addition to the problems
of maintaining constant and reproducible flatness in the metal
surface and the crevice device, as well as the difficulties in-
volved in producing reproducible surface finishes on the metal
and the DelrinTM, probably are the major factors which cause the
large variations in crevice attack on a given alloy and make it
necessary to combine data on 9 panels (18 sides) for analysis of
the effects of various test parameters.

The data on the effect of torque support ranking by means of
the Crevice Corrosion Index. The less severe crevice at 25 in-lb
leaves alloys of rank one through six unattacked. As might be
expected, increasing the severity of the crevice to 75 in-lb,
reduces the unattacked ranks from one through four (Table X). At
25 in-1b the only exception to this progressive trend to initia-
tion with increasing position in the ranking order is the copper-—
bearing Jessop 777 which resists attack even though its overall
ranking puts it in Group V.

The Effect of Surface Finish

Twelve of the 13 alloys used fnr the OTEC tes:s were ailso
included in the Navy program. Only the Carpenter EXp. 58 alloy
was not included in the Navy tests. Because the OTEC tests were
made on mill finishes and the Navy tests on 120-grit surfaces, 1t
is possible to examine the data for effects produced by this great
difference in surfaces, Fig. 4. The data for both series of tests
given in Table XI are for 3 panels, for 30 days at 75 inle. Note
that the ranking seguence used for the OTEC alloys in this table
is based on only three panels per test. Therefore, this ranking
is different from that in Table VII, which is based on all 9 panels.
For 7 of the 12 alloys available for comparison, the material for
both series was from the same heat. For the 5 remaining alloys,
material from a second heat was used for the Navy tests. These
have been identified in Table XI. In each case, the analyses for
the two heats were very nearly identical (Tables IV, V and VI).

alloys that were completely resistant with a mill finish in
the 30-day test were also resistant with a 120-grit polish, Table
XI. On the other alloys both the maximum depth, D, of attack and
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¢ for the 120-grit suriacis than for mill
inishes wi ceptions. One of these is Type 329 on
finishes with onlzmtiztgxpeﬁetration in both tests making it

which there was i rgine the effect of surface finish. The other
impossible to ﬁe ?erritic' sc-]l alloy with 2.3%Ni, for which the
exception is ¢t eas lower for the 120-grit than for the mill finish.
Index actually w is not a decrease in D, but a significant

da:r::::O?nfgietgs;ber of sides attacked from four to one {and
from 7 to 1 in the number of sites).

gsibility that this singular performance is a
rauulzhg;en;;e:tgge removal of chromium in a thin layer at the
surface during mill processing of the hot alloy in oxidizing
atmospheres (air). Such a case of chromium-depletion has been
described by R. V. Trax and J. C. Holzwarth (14) on Type 430
(Pe=168Cr) stainless steel sheet. The chromium content at Fhe
surface was reduced from 16 to 10% in a layer which was 10 micro-
inches (2.54 x 10”* mm) thick. If a similar chromium-depletion
has taken place during processing of the SC-1 alloy (mill finish),
then the removal of this depleted layer by peolishing to a 120-grit
finish might restore the chramium content at the surface to that
of the bulk analysis and, of course, provide greater resistance
to initiation of crevice corrosion without a significant effect

on growth.

the Index are highe

Initiation, S, is increased in all the other alloys by the
120-grit finish. In two alloys the number of sides was the same
in both tests, but for these alloys {Haynes 20 Mod. and Jessop
700) the number of sites increased, Table XI. The number of sites
was particularly large for the alloys in Group IV. The greater
maximum depth, D, observed on the series with the 120-grit finish
is at least in part related to the more rapid break~down cof the
crevices in the Navy tests as compared to the tests with the mill
finish. Data in Table Iz show that the reduction in time is
particularly large for the alloys in Groups II and III and that
thies difference in time essentially vanishes on the least resis-
tant alloys, i.e., Group IV in the 3-panel ranking in Table XI.

As might be expected, the creation of a fresh, new surface
by mechanical grinding and polishing to a 120-grit finish removes
piotective oxide films formed during processing of the alloys at
:i::?ﬁed temz;raturea and, perhaps, in chemical pickling and
layersg p?:cadgigg and also removes chromium~depleted surface
sharp ;dges whose og, the mechan@Cal finish creates ridges with
greater corrosion g emical reactivity has been found to lead to
also introduces ates ln acids (15). The polishing operation

2 new finish for the cathodic reactions which take

place outside the crevices, Fig. 2 on the 50 mm diameter circle.

There are then two kingd : .
grit surface nearcst ths of cathodically active surfaces, a 120-

@ crevices and a surface with a mill finish
on the r
reactionzsir:fpzzzogaNEl. There is a possibility that cathodic

ed by the sharp edges of the 120-grit finish.
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The result is more rapid crevice attack on the fresh surfaces.
The flatter, more reproducible surfaces formed by machining to a
120-grit finish also may result in more naxrow crevices and a
further intensification of the crevice conditions.

Note that the copper-bearing alloys (Ferralium 255, %04L,
254 sMO and Jessop 777), Table XI, stand out with somewhat higher
increases in the number of sides or sites developed by application
of the 120-grit finish than the alloys near them in rank. This is
especially the case for Jessop 777 which can be compared with its
copper-free counterpart, Jessop 700.

The above results on ground surfaces show that the protective
effect of copper in retarding crevice corrosion on mill finishes,
as described in the sections above on torgque and length of testing
time, is probably a result of the effect of copper on the protec-
tive gualities of the film formed during mill processing. The
data in Table VII based on all nine panels with mill finishes
support this concept. The number of sides attacked is lower for
the copper-bearing Jessop 777 than for the 700 alloy, but the
depth of attack is greater for the 777 alloy. This also applies
to the number of initiation sites in the 9-panel tests. For the
700 alloy this number was 45 as compared with 22 for the 777 alloy,
pg. 73 and 76 in Ref. (2).

The Effect of Composition

It is apparent from the results on the A.L. 29-4C ferritic
alloy that complete immunity to crevice corrosion can be obtained
in the OTEC tests which were run as long as 90 days on this alloy.
Thus, a concentration in iron of 28.5%Cr and 3.8%Mo provides
this level of corrosion resistance without any other essential
alloying additions. The somewhat lower levels of chromium {25.3%)
and molybdenum (3.1%) ir the SC-1 alloy made it subject to crevice
corrosion. In the case of Ferralium 255 (26.15%Cr, 3.20%Mo)} the
effect of chromium and molybdenum may be somewhat impaired by its
copper and its higher nickel contents as compared with SC-1.

Several alloys had considerably more molybdenum than the 3.8%
in 29-4C, but it appears that, at least in the presence of signif-
icant amounts of nickel (24.6%), this additional concentration of
molybdenum in 254 SMO (6.1%), and A.L. 6X (6.5%) is not sufficient
to make up for the lower (20%)} chromium content. The low resistance
of Nitronic 50 (21%Cr) and Type 329 (26.73%Cr) is largely a result
of their very low molybdenum contents, 2.3 and 1.4%, respectively.

COEEBI

The role of copper can be summarized as follows. 1In Fig. 3,
the copper-bearing version of the Jessop alloy, 777, falls outs;de
the main band. There are two reasons for this. Copper a} reduces
initiation, §, by enhancing the protective properties of oxide films



56

11-processing, and b) increases the growth, D, of
formed during mill-p alvanic action in the acid chloride environ-

:‘“‘cg';hﬁrg';:ﬁgeﬁf’ qSupport for these conclusions is derived
f:g; gmparinons with copper-free alloys.
i i - i lloys with
time on copper b?arlng a :
Incnu::gut?:aie;;z:g 60 days did not increase either the '
Tore than 0. This is contrary to the behavior

I.
initiation or growth, Table VIIThusr the oxide film on copper-

imilar ranking. :
ﬁ:.:ﬂ:y:lﬁy: with more thgn 0.83Cu appears to be more resistant

than the film on comparable alloys without this copper content.

latively milder crevice (25 in-1lb) was applied to
any o'tm:;..c;;por-beai{ing alloys with a mill finish (OTEC series),
there was no attack within 60 days on any of them (Table X). _All
of these alloys are attacked when 75 in-lb crevices are app11ed‘
for €0 or more days, Table VII, and VIII., (Note that on Ferralium
235 there was initiation only on the 30-day and not the 60-day
tests. That is why it is not shown as subject to attack in Table

X.)

When the oxide film formed during mill-processing is removed
by the application of a 120-grit finish, there is a marked increase
in initiation and growth. Also, when panels with mill-finishes are
cut or sheared, the protective oxide film is ruptured and new sur-
faces are created. It might, therefore, be expected that copper-
bearing slloys might be vulnerable to edge attack and tunneling
when the unusually protective oxide film is removed and the growth
of the resulting "pit" ig promoted by the galvanic action of copper.
This has been the case with two of the three copper-bearing (>0.8%)
alloys, $04L and Jessop 777, The other alloy with more than 0.8%Cu,
Ferrallum 255, has 26.2%Cr with 3.2%M0 and is basically more
rasistant than the other two copper-rich alloys. Da%“a on the per-
formance of cast alloys in the Ju-day Navy tests show that three
out of the foyr alloys which had attack away from the crevices
contained between 1.6 and 3,2%Cy. The fourth alloy, which had
N0 copper, contained only 124Cr, 8%Ni ang no molybde;mm Among the
wrought alloys, Incoloy 825 with L.7%Cu (448Ni- -2, :
hed attack outside th 0 u ENi-22%Cr-2. 78Mo) also

o Ccrevice areas-: gravity assistegd tunneling.

Manganese (with Nitrogen)

al Alloy S8 has 5.43Mn. None of
te than 1.7%. Because all of these
here jig a pPossibility that manga-

g N, e th alloys have a relatiyas, SLo"ePt in reducing crevice

Nganese-rich ‘alloys are located

attack 18 reduced by manqen * 3 is that the maximum depth of
e -
they would, Presumably, gaveszeenwiggout the manganese addition

ated higher on the graph,
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somewhere within the band. It should be noted that all of the

high manganese alloys also contain deliberate additions of nitrogen
to promote the formation of austenite. Nitrogen (0.2%) has been
found to increase resistance to chloride pitting (11,16) and to
crevice corrosion (17,18).

Ssurface Effects

The position of SC-1 so far outside the band in Fig. 3 is
most likely the result of chromium-depletion of the surface during
mill-processing in a very thin layer {0.00025 mm). Because it is
so thin, it is without effect on the max imum depth of attack.

This is almost the same for the specimens with the mill finish
{0.04 mm) and the 120-grit finish (0.05 mm), Table XI. Removal

of the depleted layer greatly reduced the number of sides attacked
(4 vs. 1) in the 30-day tests of Table XI. Im his report, R. M.
Kain (2) states that in addition to the 30-day Navy tests on ground
specimens in which one site or side was attacked, another test was
run with a 120-grit finish on 3 panels for 60-days and again there
was attack on only one site. If we extrapolate and assume that in
a third test of 90-days on 3 panels there would again have been
attack on only one site, we now have “data" on nine surface ground
panels for comparison with data in Fig. 3. There would then he
attack on 3 sides out of 18 with a maximum depth of 0.05 mm. Such
a point would fall within the band in Fig. 3.

Analysis of Rankings

A comparison of similar pairs of alloys provides some reasons
for the positions of alloys in the ranking order of Table VII.

1) The two ferritic alloys, 29-4C and Monit, have the same
molybdenum content, but 29-4C has 28.5%Cr as compared with only
25.3% for Monit. This 3% difference in chromium cortent is
probably the reason that Monit is in second place.

2} Even though Ferralium 255 has about 1% more chromium than
Monit, it ranks below this alloy because of its somewhat lower
molybdenum content (3.2 vs. 3.8%) and its copper content of 1.8%.
The Index for Ferralium 255 is high because of its relatively large
max imum depth, D, which is probably a result of the copper content.
Its S value is actually lower than that of Monit (1 vs. 3). This
also appears to be a function of the copper content in Ferralium
255, i.e., its beneficial effect in increasing the resistance of
the oxide film in the mill finish.

3) Perralium 255 and 5C-1 have almost identical compositions
except for the 1.8%Cu in the 255 alloy, Table IV. The 0.19%N in
the 255 alloy can be expected to contribute to resistance (11, 16,
17, 18). Yet the 255 alloy is in the third position and SC-1 in
the sixth position. As described above, in the mill-finish condi-
tion, SC-1 is probably impaired in its resistance to initiation
by depletion of chromium while the protective properties of the
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are improved by its copper conten?
o;i:n filmhon :ﬁ:i:léiﬁ iiioys arePSQrface ground to a 120-grit
;1.1\). : en two factors are essentially eliminated and they are
nish, t e;e4 (Table XI) with the SC-1 alloy actually having the
ranked 3 an he Navy tests, see below, suggest that

t L)
éﬁ:eﬁ §?d§?£anf2;t;nf§gfl and, perhaps, its lower nickel content
enhance its resistance to attack.)

chromium from more than 25% to about 20%
4) The drop 12nough jump in the Index to define two new

results in a large The only exception is 5C-1, which

roups of alloys, II and III. . " .
gas gs.s.c: ang 3.1%Mo. When this alloy is given a 120-grit

~-depleted surface
finiah, which apparently removes a chrom%u@ P

layer, its ranking is increased from position 6 to 3, Table XI.
It then even out-ranks Ferralium 255, whose ratlng in th? ml}l—
finished condition may be a result of the protective action in

the oxide film by its copper content.

$) Haynes 20 Mod and Jessop 700 have very similar composi-
tions. The lower Index of the Haynes 20 Mod allcy can be attributed
to its slightly higher chromium (0.9%) and molybdenum (0.5%)

contents,

6} The compositions of Haynes 20 Mod (position 9) and 904L
{position 4) are also very similar, except for the 1.6%Cu in
904L. Chromium and molybdenum are actually slightly higher in
the alloy which is the less resistant {Haynes 20 Mod, H-20). The
reason for the lower Index for 904L is that the copper in the
protective oxide film reduced initiation from 8 sides on H-20 to
3 sides on 904L. As expected, the time to initiation on the 904L
alloy was much longer, 388 hy, than for H-20, 48 hr, Table IX.
When the 304L is given a 120-grit finish the time to initiation
is reduced to 51 hr and the wmaximum depth of attack is greater on
9041 (0.74 mm) than on H-20 (0,46 mm), Table XI.

ANALYSIS OF NAVY TESTS

The method developed for the analysis of the results of the
STEC tests has been applied to the 45 alloys in the 30-day, 3-panel
avy tests. All specimens in this series had a 120-grit finish
oﬁ tze ngg serles it was found that the 30-day period is too
:1?; la:nd tga?gla {¥e too few to sort out the more resistant
Py t{e vis, tentify_v the alloys having total immunity to attack
or more are need:;ts in filtered seawater at 30°C. Ninety days
alloys. Also. at 1to differentiate among the most resistant
to distinquisﬁ diffgzzt 60 days and 9 or more panels are reguired
Only for the least r 7ces among alloys of intermediate resistance.
enough to rank th fslstaﬂt alloys is the 30-day test period long
e alloys, Nevertheless, the 30-day, 3-panel Navy

series can provide hel f .
derived fram the more gx:in:gszlg$ggt:iri:§ormation for the tindings
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It has.already been shown above in the section on The Effect
of Surface Finish that the removal of the mill finish by polishing
to a 120-grit finish can result in several opposing effects. 1In
most cases, there is a reduction in time to initiation, especially
in the case of alloys with more than about 0.8%Cu, and on certain
alloys there may be an increase when a surface layer, which has
been depleted in chromium during high-temperature mill-processing,
is removed. In addition, the severity of the crevice may be
increased by the greater flatness of the machined, 120-grit finish
and the creation of sharp edges, which may have greater chemical
reactivity, not only for the anodic reactions in the crevices, but
also the cathodic reactions outside the crevices.

 Twelve of the 13 alloys from the OTEC series were also tested
in the Navy program. A comparison of the results has already been
given in Table XI and in the section on the Effect of Surface
Finish. Data on the number of sides attacked and the maximum
depth of attack are given in Table XII for all wrought and in
Table XIII for all cast alloys in the Navy tests, along with the
Crevice Corrosion Index. As before, the alloys have been listed
in the order of increasing Index values. Note that for these
compilations separate listings were made for alloys which were
completely perforated and for alloys which had attack outside
crevice areas. These groupings represent subdivisions of the
least resistant alloys.

First Group - Six alloys were completely resistant in the
30-day Navy tests and have all been ranked "1" in Table XII. This
group includes the AOD-melted 29-4C alloy and its two vacuum-induc-
tion melted antecedents, 29-4 and 29-4-2. Bastelloy C-276, also
known for its very high resistance to crevice corrosion in marine
environments {(5,12), is also in this highest ranking group in
Table XII. Another nickel~-base alloy, Inconel 625, with chromium
and molybderum, along with Monit comnlete this grou». However,
from the OTEC tests it is known that during a 90-day exposure
Monit is attacked even with a mill finish. Thus, available
information on long-time performance in this test is in doubt
only for Inconel 625, which has been described (12) as "approaches
Hastelloy C in total resistance"” to marine environments. The two
nickel-base castings, Table XIII, whose campositions are similar to
Inconel 625 and Hastelloy C, were also completely resistant.

Second Group - The second group in Table XIZI, ranked from 2
through 5, fall just short of immunity to attack in the 30—day,
j-panel Navy tests. Only one or two sides ocut of a possible 6
are attacked and the depth does not exceed 0.50 mm. However, the
longer tests on 9 panels in the OTEC series show that there are
major differences. among these four alloys. The relatively low
chromium contents in Haynes 20 Mod (21.6%) and in SC-1 (25.6%)
made these alloys subject to additional attack during these tests,
while Ferralium 255, with 26.2%Cr and 3.2%Mo, retains its position
near the top of the list.
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. osition, rank 4, of Hastelloy G-3 (22.8%Cr) ag
cmpﬁi’i 3i§§e§a§t§uoy G (22.2%Cr), rank 12, appears to be a
result of its higher molybdenun content, 7.0 vs. 5.8%. This js
supported by the high Index for Incoloy 825, which has only
2.7%Mo and the same chromium, nickel and copper contents as

Hastelloys G and G-3.

Third Group - The third group contains alloys on which 3 or
4 sides are attacked in 30 days. Two have relatively low (1%)
concentrations of molybdenum, but have 25% or more chromium, Taple V.
EB 26-1 is a vacuum-induction melted, low-carbon and low-nitrogen
alloy (C+N = (0.0080%), with 0.1%Nb to prevent susc_:eptibility to
intergranular attack by even these low concentrations of c¢arbon
and nitrogen. The more resistant 26-1S alloy contains almost 1%
less chromium, 0.054%C and 0.009%N, but also has 1.06%Ti to tie
up these interstitials and is melted by the less costly AOD pro-
cess. These differences may be related to the presence of the
stabilizing elements. It has been reported (19,20) that niobium
decreases and titanium increases resistance to chloride attack.

Chromium % 20% - When the chramium content is about 20% or
less, the effect of the concentration of molybdenum is reduced and
appears more variable. This is shown in a number of ways.

® The chromium, nickel and manganese contents of A.L. 4X and
§x are ider_xtical, but the additional 2%Mo in 6X has not resulted
in less initiation or growth compared with the 4% alloy, even
though the 4X alloy contains 1.45%Cu, which, in other cases, has
increased both forms of attack on 120-grit surfaces.

crevice corrosion on surfaces with a 12 : Qs
{44 . . 0-grit finish. Except for
niniiee to that Df oh. agh; e, 3800 T, ite' compesition: 1s ve
: o s and 254SIX: 20%Cyr 258N ] + 5%Mo,
iéguﬁ Wltl; copper, Tl:nelr rankings are 19, #1:; ang. ;isf with
0.7¢ and 0.92 " Spoides and a maximun depth of wtisch of 0.50,
respectivel . @lr copper contents are 1.45, 1.57 and 1.67%
These results suooock tpy.has 2.08Cu (and 0.25Nb) and ranks #23.
= 2 ] . . .
the concentration of cOpperc;:::::nc‘l’rgozzgnzlg very sensitive to

® Haynes Mogd 20 all .
X, Itoy (xank ¢5) 18 clearly more resistant than

4%, 904L and 2545 h ;
molybdenum (5.0%) and ne cg[sap:i.lghtly more chromium (21.6%) and
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e Both 20Mo-6 and Carpenter 20 Cb-3 have essentially the same
nickel (33.2%), manganese {(0.4%) and copper (3.2%) contents. How-
ever, the 20 Mo-6 alloy {rank #7) has 23.9%Cr and 5.6%Mo as
compared with 19.4%Cr and 2.2%Mo for Carpenter 20 Cb-3 with a rank

of #22.

Note that Type 216 (2.5%M0o), which ranks as #14, is superior
to Type 316 and Carpenter 20 Cb-3, which are ranked as #21 and 22,
and to 317L and 317L+ which have Indexes of 11.52 and 6.54 respec-
tively and are attacked outside the crevice areas. This again
indicates that manganese (8.0% in Type 216 with 0.35%N) reinforces
the effect of molybdenum. All of the high manganese alloys, Type
216, Nitronic 50 and Carpenter EXp 58 (in the OTEC series) also
contain large additions of nitrogen (0.24 to 0.35%). Such concen-
trations of nitrogen not only promote the formation of austenite,
but have been found to enhance resistance to pitting and crevice
corrosion even in the absence of large additions of manganese
{11,16,17,18}.

Beginning with Type 216, all the alloys show attack on 5 oOr
6 sides, but the depth of attack increases progressively so that
the Index increases from about 4 to 20, Table XII. In general,
as the molydenum content decreases, the depth of attack increases.
Not even the 29.4%Cr in 254 SFER alloy can off-set its low {(2.1%)
molybdenum content.

The non-resistant castings, Table XIII, confixm the findings
on minimum requirements for chromium and molybdenum. Either one
or both of these elements is too low to provide even moderate
resistance in these tests., This also applies to the Ferralium
casting with 3.2%Cu, whose molybdenum content is lower than that
of the wrought alloy. Two of the other casting alloys which had
attack outside of the crevice areas also contained copper. The
four~h alloy had no molybdenum additions at all and orly 12%Cr.

Other Elements - Studies of chloride pitting of austenitic
18Cr-8N1 steels have shown that silicon (2%) and nitrogen (0.2%)
in solid solution increase and that carbon in solid solution
decreases resistance to pit initiation (4,11,16,17). A number
of the 45 alloys in the OTEC and Navy tests contained additions
of 0.2%N or more, but it could not be determined directly whether
these additions improved the resistance to crevice corrosion by
comparison with alloys of the same composition but without nitrogen
additions. The silicon contents of all but one alloy were less
than 0.7% and, therefore, no analysis of its effect could be made.
The only alloy (CNTMS) with a large concentration (3%) of silicon
(Table VI) had such low concentrations of chromium and molybdenum
that this obscured any beneficial effect that silicon might have
had. There is also a possibility that silicon, while increasing
resistance to initiation of crevice corrosion, may increase the
rate of growth of crevices (11). The carbon contents were
generally very low. Only a few alloys had more than 0.043C.
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Many of the alloys contained stabilizing elements (Ti, Nb) to
combine with carbon and nitrogen. This also complicates any
analysis of the effect of carbon and nitrogen in solid solution.

pPISCUSSION AND CONCLUSIONS

1) Initiation and Growth - Using data on 13 stainless alloys
derived fram recent (OTEC) crevice corrosion tests in gquiescent,
filtered seawater at 30°C, it was found that there is a general
relationship between initiation of crevice corrosion under multiple
crevice devices and growth of crevice attack. In most cases when
there is an increase in initiation of crevice attack there is also
an increase in the depth of attack. This relationship hecame
apparent from a graph in which the total number of sides which
showed any attack out of a total of 18 sides (9 panels) was
plotted against the maximum depth (mm) developed among all the
crevices showing attack, Fig. 3. The few alloys which fell out-
side the main range for most alloys in this graph provided leads
for the effects of alloying elements, such as copper and manganese
on initiation and growth of crevice attack, and for the effects of
surface composition.

2) Index - These findings led to the definition of a Crevice
Corrosion Index, CCI, for ranking alloys and for evaluating the
effect of test variables: SxD = CCI, where S is the number of
sides on which there is any attack under a multiple crevice device
and D is the maximum depth, in mm, of attack produced by any of
the Individual crevices involved in a given test. Analysis of
data from both the OTEC and Navy tests led to conclusions about
the effect of testing time, torgue on the crevice devices, surface
finish and the role of alloying elements. These results provide
leads for new seawater test series and improved test procedures.

3) OTEC Series -~ In the OTEC series, 3 groups of three
panels of each alloy were tested. Both the testing time and the
torque applied to the crevice devices were varied. Because the
same testing program was applied to almost all alloys, results on
all nine panels were grouped together to enlarge the pocl of data.
The CCI was calculated for each of the 13 alloys and was used to
rank them in ascending values of the Index from 0.00 for the cam-
pletely resistant Fe-29Cr-4Mc alloy to 27.54 for Type 329. On the
basis of the Index, the 13 alloys could be divided into 5 groups:
Completely Resistant, 3 Intermediate Groups, and one Least Resis-
tant Group.

4) Time - A 30-day test period is too short to differentiate
performance among the more resistant alloys {(Group 11, Table VIII)
and to identify the alloys having total immunity. Ninety days or
more are needed to differentiate among the most resistant alloys.
At least 60 days are needed to distinguish differences among alloys



63

of intermediate resistance (Groups III and IV). Only for the least
resistant alloys is the 30-day test period -long enough to rank the
alloys.

§) Torgque - Increasing the torgue which was applied to the
crevice devices from 25 to 75 in-1b increased crevice attack in
60-day tests only on the alloys in two intermediate groups, IIX
and IV of Table X. With the exception of 904L, on which there
was no attack, for all of the alloys in Group IIT increasing torque
increased the number of sides attacked and the maximum depth of
attack. In Group IV it only increased the depth of attack.

Because there was no attack on any of the alloys in Group Il
in the 60-day test, it was not possible to establish the effect
of torgue on these alloys, which did show some attack in other
tests. Of course there was nc effect of torcque on the alloys in
Group I because they resisted attack in all tests. There was no
consistent effect on the least resistant materials, Group V, with
the exception of Jessop 777 whose position in this group is
explained by its copper content.

The expected effect of torque on depth of attack (increasing
torque produces more severe crevices and more crevice corrosion)
was observed only on crevices for which the maximum depth did not
exceed 0.5 mm. Such a limit might be expected because, as soon
as there is some crevice attack, the spacing between the Delrin
device and the metal surface is increased and the severity of the
crevice is decreased. This is also the reason that growth of
crevice attack decreases with time. .

Crevice geometries are difficult to reproduce and to maintain.
One factor is the relaxation of the Delrin. We have found that
a torque of 75 in-1b drops to 50 in-1b in 4 hr after immersion of
the crevice in svnthetic seawater at 30°C.

6) Surface Finish - The effect of the surface finish on
crevice corrosion was determined on 12 of the 13 alloys in the
OTEC Series. In the OTEC tests they were tested with a mill
finish. A 120-grit surface was applied to these same alloys on
the area under the crevices in the Navy tests. All tests used
for this comparison were for 30 days with a torque of 75 in-1lb.
The two alloys that were completely resistant with a mill finish
in the 30-day OTEC tests were also resistant with the 120-grit
finish. With only two exceptions, on all the other alloys, both
the maximum depth, D, and the Index were higher for the specimens
with a 120-grit finish. One of these exceptions was Type 329
which was penetrated even on the specimen with the mill fimish.
The other was the SC-1 ferritic alloy on which the Index was
actually lower for the 120-grit surface than for the specimen
with the mill finish. The reason for this was that surface
polishing to 120-grit finish reduced, not the depth of attack,
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but the total number of sides attacked from four to one. This
singular performance may be a result of the removal during the
preparation of the 120-grit finish of a layer of metal and oxide
which had been depleted in chromium by selective oxidation during
mill processing at high temperatures.

7) Optimum Resistance - On the basis of the limited number
of alloys tested in the OTEC series, it can be concluded that
2B.5%Cr and 3.8%Mo (29-4C) in iron are required to resist the
severe conditions of the tests in filtered seawater at 30°C for
90 days with a torgque of 75 in-lb on the crevices. In the 30-day
Navy tests, the two related alloys were also resistant as well as
Hastelloy C-276 and Inconel 625. Of these, at least Hastelloy
C-276 could be expected to equal the 29Cr-4Mo type of alloy.

C. W. Kovach (21) has recently reported that the chromium
and molybdenum contents of Sea Cure (SC-1) have been increased to
the range of 25 to 28%Cr and 3.0-3.5%M0. Tests similar to the
OTEC series (nine panels, up to 90 days, mill finish, 75 in-1b)
have been made at Wrightsville Beach, NC, on four of the new
compositions. There was no crevice attack on any of these alloys.
Of these four, the alloy with the lowest chromium and molybdenum
contents had 26.25%Cr, 3.1%Mo, 1.7%Ni. These results appear to
lower somewhat the requirements for chromium and molybdenum needed
to provide immunity te crevice corrosion in the (mill finish)
OTEC~type test. Tests on panels with a 120-grit finish are yet
to be made. 1t should be noted that Sc-1 alloy also contains
about 0.5%Ti, which may enhance its resistance to crevice corro-
sion. The chromium and molybdenum contents of this new SC-1 alloy
are similar to those of Ferralium 255 (26.2%Cr, 3.2%Mo, 5.63Ni and
1.8%Cu). The slight susceptibility to attack on this alloy (1 out
of 18 sides in the OTEC series and 2 out of 6 in the Navy series)
may reflect a deleterious effect of its higher nickel content, the
addition of 1.75% copper and the absence of 0.5%Ti. The effect of
copper is indicated by the increase in initiation resulting from
surface (120-grit) grinding. There is also a possibility that
its duplex structure, a combination of ferrite and austenite,
resulting from the 5.6%Ni and 0.19%N additions, may have some
influence because the distribution of alloying elements in the
two phases may not be identical, i.e., one phase may be lower in
chramium and molybdenum than the bulk analysis.

In general, for the iron-base alloys of the OTEC and Navy
tests, the further the chromium and molybdenum contents decrease
from the minimum requirements.for chromium and molybdenum, the
greater the value of the Index. Molybdenun decreases the maximum
depth of attack. However, whén the chromium content drops to
20% or less, the effect of molybdenum is sharply decreased.

8) Copper - Copper, which is present between 1.6 to 3.3%
in some of the alloys tested, has a significant effect on crevice
corrosion. It appears to increase the resistance to break-down
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of the oxide films formed during mill processing. But when this
£ilm is removed by polishing to a 120-grit fipish or by cutting
and shearing at edges, copper promotes initiation and growth of
crevice attack. The reason is probably galvanic action by copper
in the acid chloride environment of crevices.

9) Manganese and Nitrogen - Manganese, when present in con-
centrations greater than about 4%, together with about 0.25%N orx
more, reinforces the effect of molybdenum in retarding the growth
of crevices. For example, Type 216 (B%Mn, 2.3%Mo, 6%Ni, 0.353%N)
was found to be superior to Types 316 and 317 stainless steels
(2.4 to 4.2%Mo).

10) Titanium and Niobium - Titanium, added as a stabilizer
for carbon and nitrogen, seems to enhance resistance to crevice
corrosion, while niobium has the opposite effect.

11) Correlation with Other Seawater Tests - Exposures up to
90 days in filtered seawater at 30°C with a torque of 75 in-1b on
Delrin crevice devices has proven to be a very severe crevice
corrosion test environment. Another very severe test consists of
long~time {9 months or more) exposure in racks immersed in natu-
rally quiescent, unfiltered seawater, including spring and summer
months, the pericds of maximum temperature and greatest activity
of marine organisms. In such long-time tests limited data show
that only Hastelloy C or C-276, titanium and the Fe-29Cr-4Mo and
Fe-29Cr-4Mo-2Ni alloys are completely resistant (5,12,13}.
Recently, C. W. Kovach (21) has reported that the sC-1 alloy,
used in the OTEC test, with 25.34%Cxr, 3.1%Mo and 2.25%N1 was
also immune to crevice attack in guiescent seawater during a
33 month exposure at Wrightsville Beach, NC. The fact that
this composition was not immune to attack in either the OTEC or
the Navy tests in filtered seawater at 30°C with Delrin crevices
{75 in-1b) suggests that the test in filtered seawater at 30°C
is more severe than the test in natural (unfiltered, at ambient
temperature) seawater.

12) Correlation with Service — There is a need to correlate
the results obtained in the crevice tests in quiescent, filtered
seawater at 30°C with various types of service exposures 1in
marine environments. One such correlation is available for the
old and new Sea Cure alloys. It has lkeen found (21) that the
old Sea Cure, which showed a slight degree of susceptibility in
both the OTEC and Navy tests, alsoc was attacked (“slight pitting
and crevice corrosion") in service in several condensers on power
plants using brackish water. Thus, in this case the severe OTEC
crevice test did detect a degree of susceptibility which also
made this alloy vulnerable in the one kind of service which is
of greatest importance for this alloy. In contrast, on the new
version of Sea Cure with more than 26.0%Cr and 3.0%Mo there has

been no attack in the field {21).
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Available data (12,13) suggest that rapidly flowing, unfil-
tered seawater at temperatures other than 30°C may provide a less
severe corrosion environment than that used for the OTEC and Navy

tests.

Cathodic protection, deliberate or incidental, by contact

with carbon steel, can also effectively reduce crevice attack on
stainless steels. These factors must be taken into account in
the application of data from the ranking lists developed in this
analysis.

13) Use of Index - The ranking methods used in this analysis
may, nevertheless, be of some use even before more extensive
correlations with marine service become available. If a ranking
table based on the Crevice Corrosion Index is supplemented with
two other columns, the combination can serve as an aid in the
selection of materials. These other columns would be lists of
available mill forms (tubes, sheet, plate) for each alloy and
unit prices for these forms. To select a replacement material

for an

alloy that has failed in service, this list might then be

used to review.alloys which have lower Crevice Corrosion Indexes
than the alloy that failed and, amongst these, to select the alloy
nearest the top of the list whose mill forms have the most favor-

able price.

14} Test Conditions - The findings of this investigatiocn
also provide guidance for improvements in ASTM crevice corrosion
test procedures. The recommended conditions for tests of maximum
severity are:

-

Surface Finish - 120 grit.

Torgue - 75 in-1lb on Delrin crevices. (Perhaps with
periodic re-application of torque to prcomote more constant
crevice conditions.)

Time - 30, 60, 90 and 120 days depending on the alloys.

Number ©of panels - 12,
Quiescent conditions.

Analysis of results by the number of sides or panels
attacked, the maximum depth of attack and by application
of the Crevice Corrosion Index.

For comparison of two or more alloys, the testing program:
must be the same. This includes the number of panels,
testing times, torgque, surface finish, temperature and
seawater conditions.

15) New Test Series - To provide direct experimental support
for some of the conclusions derived from the analysis of the two
test programs, several new series of crevice corrosion tests are
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needed, not only on commercially available alloys, but also on

some compositions specifically designed to reveal the effect of
alloying elements. The following are subjects for some new crevice
corrosion tests in natural, filtered seawater:

a) ‘To promeote constant crevice conditions, investigate
" yralaxation" of Delrin with time and, if necessary, devise a
method for periodic re-application of the initial level of torque
without removal of the specimen from the water.

b} Using the original and the new method for applying torque
on the crevices, determine the number of panels needed to provide
reproducible results. Do the more constant levels of torque pro-
vide reliable data on the effect of testing time and levels of
torque and, therefore, make it possible to reduce the number of
panels which must be tested?

c) Select series of alloys to define more precisely:

i. The minimum requirements for chromium and
- molybdenum in iron;

2. the effect of nickel on the requirements for
chromium and molybdenum;

3. +the effect of copper on initiation and growth
of crevice attack; )

4. the effect of titanium and nicbium; and
5. crevice growth in Fe-Cr-Mo ferritic stainless

steels to determine whether it differs from
alloys with 8% or more nickel.
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TABLE I

Test Solution

Solution: Filtered seawater
Temperature : Controlled@ ar 30°:1.4°C
pH 7.7 to 8.2

Salinity (mg/L): : 34.4 to 3%.1

Chlorida (mg/L): 19.2 to 21.7

_bissolved Oxvaen (mg/L): 5.3 to 6.7

Velocity: "7 «<0,1 m/sec.

R. M. Kain, Inco. 1381



Table IV 71
Analyaes of Stainless Alloys Used in OTEC Tesats

Composition; Percent by Weight

Alloy & WL T HST @ S Mn ¢ § E  Other
JESSOP 700 20.70 24.80 4.45 0.29 0.37  1i.68  0.025 0.015 0.025 Cb 0.30
Jessop 777" 21.0 25.0 4.5 2.0 - - 0.0 -~ - S -
HAYNES 20 Mod® . 21,58 25.52 4.95 <0.05 0.49 0.5 <0.01 - - Co 0.49
FERRALTUM 255" 26.15  5.64 3.20 1.7 0.37 0.77  0.02 - - N 6.19
A.L. 29-4C 28,54 0.49 3.78 - 0.53  ©0.23  0.023 0.001 0.021 N 0.035
A.r. &x" 20.35 24.64 6.45 - 0.41 1.39  0.018 0.001 0.022 -

_ UDDERHOLM 8504L° . 20.5  24.7 4.7 1.7 0.46 1.46 . 0.014 0.005 ©0.028 -
MONIT (Dddeholm)'  25.3 4.1 3.8 0.37 ©0.31 0.43  0.012 0.006 0.031 -
Type 329 26.68 . 4.23 1.37 - 0.28 0.32  0.06 - - -

Stainlesas Steesl - ) i .
CARPENTER Bxp. 58 20.41 15.39 5.06 - 0.28 5.36 0,072 0.007 0.021 N 0.24
‘CRUCIBLE SC-1 _ 25,34 2.25  3.10 - 0.20 0.20 0.010 0.007 0.025 Ti 0.5
NITRONIC 50" 21.08 13.70 2.28 - 0.47 4.81  0.045 0.012 0.025 0.26 N

AVESTA 254SMO. 20.0 17.9 6.10 0.78 0.41 0.49% 0.013 0.008 0.023 N 0.203 -

*Heatu common with Navy crevice test program.

f.'mnina.l composition,

R. M. Kain
Table V
Analyses’ of Stainless Alloys Usad in Navy Tests
Alloy Composition, Percent by Weight
Cr Ni Mo Mn C 8i- ] Other

Type 316 17.5 0.7 2.4 1.60  0.04 0.52 0.004 0.0 P - 0.28 cu
. 3410 . 16,8 13.76 1.21 1.57 0.1 0.52 0.004 - 0.14 N -
Type 216 20. - 6. 2.5 8. 9.08 1. - - 0.35 n -
Rex 734 21.32 9.44 2,87 3,81 0.04 0.268 0. 005 0.30 Nb 0.42 N 0.0025 B
Type 317L 18.92 12.25 3.5a 1.71 . 0,025 0.20 0.009 0.035 P 0.056 N -
Type 317IM 19,52 14.52 4.08 1.32 0.0616 0.40 0.025 0.28 Co 0.056 N 0.16 Cu
Type 31714+ 18.30 15.80 4.25 l.49 0.010 0.63 0.006 0.16 Co - .16 Cu
Nitrenic 50 21.08 13.7%70 2.28 4.81 0.045 0.47 0.012 0.025 P 0.26 N -
904L (vddeholm) 20.5 24.7 4.7 1.46 0.014 0.46 0.005 6.028 P - 1,57 Cu
AL 4X 20.158 24,389 4.44 1l.45 0.014 0.57 0.001 0.019 P - 1.5 cu
Jessop 700 20.70 25.20 4.45 1.65 0.013 0.42 0.008 0.28 Nb - 0.24 Cu
254 Six 19.9 25.0 4,67 1.64 0.011 0.45 0.003 - 0.042 N 1.67 Cu
Jmagop 777 20.80 a5 ¢ 4,48 1.37 0.023 0.48 0.013 0.24 Nb 0.2% Co 2.19 Cu
254 sMO 20.0 17.9 6.1 0.49 - 0.013 0.41 0.008 G.023 P 0.203 N 0a.78 Cu
AL 6x 20.35 24.64 6.45 1.33 ©0.018 0.4l 0.001 0.022 P - -
Haynes 20 Mod 21.58 25.52 4.95 0.90 <«<0.01 0.49 - - 0.49 Co <0.05 Cu
Carpenter 20 Ch-3 19.36 33.22 2.15 0.44 0.020 0.36 0.002 0.51 Nb - 3,19 Cu
20 Mo 6 23.91 33.44 5.65 0.44 0.031 0.35 0.007 - - 3.27 Cu
254 SFER 29.4 22.2 2.13 1.72 0.016 0.30 6.001 - 0.145 N 0.06 Cu

T :
Nominal composition.
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Alloy Composition, Percent by Weight
cr Ni Mo  Ma c si s Other
Incoloy B25 22.02 44.03 2.74 0.35 0.01 .07 0,004 0.70 T4 1.66 Cu
flastelloy G 22.22 46.84 5.78 1.52 0.007 0.43 - 0.28 W 2.07 Nb 1.85 Cu 1.27 Co
Hastelloy 22.76 43.69 7.01 0.82 0.006 06.37 - Q.95 W 0.19 Nb 1.85 Cu 3.49 Ceo
G-1
Inconel 625 22.29 61.02 B.d48 0.10 0.03 0.24 0.001 0.24 T1i 3.57 Nb+ - -
Ta
Hastelloy 15.51 54.72 15.49 0.46 0.003 0.04 - 3.B2 W - 0,11 Cu 1.8% Co
c-276
Type 329 26.98 4.22 1.39 0.28 0.052 0.39. 0,014 - - 0.09 Cu -
441N 25.0 5.9 1.46 1.75 0.028 0.52 0.003 - 0.19 N 0.12 Cu -
Ferralium 26.15 5.64 3.20 0.77 0.02 0.37 - 0.16 Co 0.19 N 1.75 Cu
255
Type 439 17.66 0.31 0.03 0.26 0.047 0.70 0.010 1.68 Al - 0.40 Ti -
Type 444 18,92 0.07 1.9% 0.43 0.020 0.56 0.004 0.020 P 0.012 N 0.13 Ti 0.39 N
EB-26~1 A.L. 25.9 0.13 1.00 .10 0.002 0.29 0.015 0.010 P 0.006 N - 0.10 Nb
26-18 25.05 0.15 0.96 6.17 0.054 0.186 0.011 0.015 ¢ 0.009 N 1.06 Ti -
A.L. 29-4 29.6 0.07 4.00 0.10 0.003 0.04 0.011 ¢6.013 P 0.012 W - -
A.L. 29-4C 28.85 0.79 3.81 0.22 0.012 0.19 0.002 - 0.026 N 0.59 Ti -
A.L., 29-4-2 29.5 2.20 3.95 0.10 0.002 0.10 0.010 0.010 P 0.012 W - -
sc-1 25.56 2.14 2.94 0.20 0.01 0.25 0.004 0.04 Al 0.0l6 N 0.51Ti -
(Crucible)
Monit 25.3 4.1 3.8 0.43 0.012 ©0.31 0.006 0.37 Cu 0.031 P - -
{0ddeholm)
Table VI
Analyses of Cast St.ainless All>yys Used in Navy Terts
Composition, Percent by Weight
Alloy Cr Ni Mo Mn c 31 s Other
CAGN 12.44 8.0 - .18 0.02 0.64 0.013 0.010 P -
CFBM- 19.30 10.05 2.36 0.95 0.04 6.79 9.019 - -
IN 862 20.92 24.46 5.00 0.47 0.03 ¢.52 0.009 0.007 P -
CN7MS 19.37 22.10 2.93 1.00 0.05 3.00 0.010 0.006 P 1.55 Cu
CNM 20.01 28.18 2.51 0.19 0.04 0.76 0.025 0.007 P 3.12 Cu
625 20.58 63.7 B8.53 0.02 0.02 0.01 0.011 0.006 P 3.48 Nb
CW 12M-2 18.10 62.8 17.58 0.54 0.01 0.56 0,007 0.010 P 0.08 Cu
Illium PD* . 24.55 5.3% 1.597 0.86 0.04 0.80 0.016 0.004 P .74 Co
Ferralium 25.2 5.2 2.5 1. - 1,10 - - 3.2 Cu

*
Nominal composition.




(All panels; 30, 60 and 90 days, 25 and 75 in-lb; mill finish)
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Table VII

OVERALL RANKING OP ALLOYS IN OTEC TESTS FOR CREVICE
CORROSION IN FILTERED SEAWATER AT ig*c

Number of Sides Maximum Index
- Rank Alloy Composition, % by wt. (S) Attackedi{c) Depth (D}
Cr Ni Mo Mn Cu N {mom) {5xD)
1 A.L. 29-4C 28.5 0.5 1.8 - - - 0 0.00 6.00
s Monit (Uddelholm) 25.3 4.1 .8 0.4 0.4 3 0.01 0.03
3 Ferralium 255 (Cabot) 26.2 5.6 3.2 0.8 1.8 0.19 1 6.09 0.09
4 904L (Uddeholm) 20.5 2¢4.7 4.7 1.5 1.6 - 3 0.37 1.1 (8Y
5 254 SMO (Avesta) 20.0 17.% 6.1 0.5 0.8 0.2 6 0.19 1.14
§ Crucible SC-1 25.3 2.3 3.1 0.2 - (0.5 Ti) 14 0.11 1.54
1T A.L. 6X 20.4 24.6 6.5 1.4 - - ) 0.34 2.72
8 Carpenter Exp 58 20,4 15.4 5.1 5.4 0.1 0.24 13 0.32 4.16
$  Haynes 20 Mod 21.6 25.% 5.0 0.9 - - g 0.80 .40
10 Jassop 777 21.0 25.0 4.5 (L4 2.0 - 6 2.26  13.56'%
1}  Nitronic 50 21.1 13.7 2.3 4.8 - 0.26 17 1.15  19.55'9!
12 Jassop 700 20.7 24.8 4.5 1.7 0.3 - 14 1.75 24.50
11 Type 329 26.7 4.2 1.4 0.3 - - 1. 1.62 27.54®

{a) Also had tunneling - attack perpendicular to upper edge
Perforated by attack from both sides.
Total numbar of sides was 18,

(b}
(e}

, or attack at edges.
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Table VIIY

THE EFFECT OF LENGTH OF TESTING TIME IN OTEC TESTS
O CREVICE CORROSION IN FILTERED SEAWATER AT 30°C

{Mil]l Pinish; Torque = 75 in-1b)

Number of o Maximum Depth (D) Index

Rank Alloy Sides (S} Attacked of Attack (mm) (SxD)
{Overall} 30 Days 60 Days 30 Days 60 Days 30 Days €9
(1) 1 AL, 29-dC 0 0 0.00 0.00 0.60° 0.0
L 1T ) ¢
{(11) 2 Monit (Uddeholm) 0 0 0.00 0.00 0.00 0.K
Ferraliue 255 1 0 0.09 0.00 0.09 0.8
(111} 4 9041 (vddehorm)’ 3 0 0.37 0.00 1.11 0.
5 254 SMO ({Aveata) 2 4 0.19 0.18 0.38 0.5
6 Crueible SC-1 4 4 0.04 0.11 0.16 0.4
7 A.L. 86X 2 5 0.23 0.34 0.46 1.1
(IV) Carpanter Exp 58 ] 5 0.20 0.32 0.80 1.6
9 Mayres 20 Mod 2 3 0.39 0.80 0.78 2.0
(v) 10 Jessop 777" 3 3 2.18 2.26 5.54 6.1
11 NKitronic SO ] 6 0.67 0.26 1.35 4.00
12 Jassop T00 s 5 1.75 0.44 8.7s 2.2
13 Type 329 6 5 1.48 1.62 8.88 B.il

E 3
enB088d On all tests, including some 90~day tests, nee Table VII.
ssafesults on three panels or 6 sides for each test.
fCrevica
Canmer ~rmkont >3, 0%

corrosion in 90-day test.
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Table IX

TIME TO APPEMRANCE OF VISIBLE CORROSION
PRODUCYS IN QTEC AND NAVY TESTS

Filtered Seawater at 3JU°C

Time When Corrosion Products

were Observed, Hr.

OTEC Tests (Mill Finish)

Navy Tests (120 grit)

9 Panels 3 Panels 3 Panels
. up to 90 davs 310 days 30 days
Rank Alloy (25 and 75 in-15) TTE—IH:TST TTB_TE!IET
1l 29-4C Ho attack Ho attack No attack
2 Monit 72 No attack No attack
3 Ferralium 255 509 509 3465
4 904 L a8 388 51
5 254 SMO 12 72 51
6 Crucible SC-1 703 Not detected Not detected
7 A.L. 6X 388 3eg 51
& Carpenter Exp. 58 100 120 Mot tested
9 Haynes 20 Mod 48 49 51
10 Jessop 777 72 72 s
11 Nitronic 50 24 24 3s
12 Jessop 700 72 72 51
13 Type 329 24 49 51

.Rank based on 9 panels in OTEC tesats.

Table X

THE EFPECT OF TORQUE IN OTEC TESTS ON CREVICE
CORROSION_IN_FILTERED SEAWATER AT 30° C

{60-Day Tests, Mill Finish, 3 panels for each test}

Humper of Maximum Depth (D}
Rank* Alloy Sides (S) Attacked of Attack (mm) Index {(SxD)
25 in-1b 75 in-1b 25 in-1b 75 in-1b 26 in-1b 75 in-lb
1§ 3] 1  A.L. 29=-4C - o - 0.00 - " o.00
(11) 2 Monit (Uddeholm) - ) - 0.00 - 0.00
3 rerralium 255% ) 0 0.00 0.00 .00 0.00
(III) 4 904L (vddeholm) 0 o 0.00 0.00 0.00 0.00 (8
5 254 SMO (Avesta) 0 4 0.00 0.18 0.00 ¢.72
6 Crucible Sc-1 0 [l 0.00 D.11 0.00 0.44 .
7  A.L. 6X 1 5 0.02 0.34 0.02 1.70
tv) 8 Carpenter Exp 58 5 6.15 0.32 6.75 1.60
9  Haynea -20 Mod 1 3 0.50 0.80 1.50 2.40
v) 10 Jessop 177t 0 3 0.00 2.26 0.00 6.78 (a)
11  Nitromic 50 6 6 1.1513) 0.2 .90 1.56 {b}
12 Jessop 700 4 5 1.29 0.44 5.18 2.20
13 Type 329 6 5 1.558) .62 s.30 £.10 (b

&
‘ Overall rnaking bassd on 9 panels.
‘::Ther- was tunneling or attack at edges.
Complete penetration of 1.3 mm {K-50} and 1.8 mm {323) panels.

Cranrar Ao ek w1 A%

TOI34
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Table X1

The Effect of Surface Finish

Comparison of OTEC and Navy Data on Crevice
Corrosion in Filtered Seawater at 30°C
{30-day tests at torgque of 75 1n-1b)

Rank OTEC - MIT1 Finish NAVY - 120 Grit Finish
I0-day Alloy Ro. of Ro. of Hax. Tndex HNo. of Ho. of Max.” . Index Tant
Teets sites'®  Sides(s)P)  pepth(d) (5x0) sites(®) sides(s)®! Depth(n) (sxp
— " )] —
AL, 29-4C 0 0 0.00 0.00 0 . o 0.00 0.00 1
2 Monft (Uddeholm) 0 0 0.00 0.00 0 0 0.00 0.00 7
3 Ferralium 255° 1 1 0.09 .09 2 2 0.08 0.6
. Crucible SC-) 7 s 0.04 0.6 1 0.05 0.05 3
5 254 M0 (Avesta) 2 2 0.19 0.38 18 5 0.1 286 1
s AL, 6 2 2 0.23 0.46 n 2 0.62 2.48 ¢
7 Haynes #20 Hod 4 2 0.3 0.7 6 2 0.4 0.92 §
Carpanter Exp 58 8 4 0.20 0.80 - - - - {8)
g 9041 (Uddehola)’ 1 3 0.37 R 36 5 0.74 3.0 ¢
0 Ritroate 50 25 5 0.67 3.3 112 6 1.10 6.60 10
1 Jassop 7771 16 3 2.18 6.54 60 6 290 17.40 1
12 Jessop 700 30 5 175 815 @7 5 2.00 000 M
e 323 10 6 t.ea . g™ 73 6 29" 7.4t W
YYotal mmber of crevices « 120

“‘from numbar of sides = § _

"l second heat was used for the Navy tests,
Perforated
*Comr content >1.0%,



CREVICE CORROSION IN FILTERED SEAWATER AT 30°C
panels with 120 grit

(30-day tests on
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Table XII
RANKING OF ALLOYS IN NAVY TESTS FOR RESISTANCE TO

Inish and torgue of 75 in-1b)

Humber of Max imam
. Sidas (§) Depth {D} Index
Rank Alloy Compoaition, t by wt. Attacked of Attack (SxD)
Ccr Ni Mo HMn Cu Other -
Hastelloy C-276 15.5 54.7 15.5 0.5 0.1 3.8 W ! 0.00 0.00
Inconel 625 22,3 6.0 8.5 0.1 - J.6Rb 0 0.00 0.00
1 29-4 (A.L.) 29.6 0.1 4.0 - - - 0 0.00 0.00
29-4-2 (A.L.) 29.5 2.2 4.0 - - - 0 o.00 0.00
29-4c” (A.L.} 28.8 0.8 3.8 0.2 - 0.6Ti 0 0.00 0.00
(Monit (Uddeholm) 25.3 4,1 3.8 0.4 0.4 - o 0.00 0. 00
2 Craninle Se-1 orecible) 25.6 2.1 2.9 0.2 - o.57i Y TTTTTTees 0.05
3 Ferralium 255 (Cabot) 26.2 5.6 3.2 0.8 1.8 0.19 N 2 0.08 0.16
] Hastelloy G-3 (Cabot) 22.8 43.7 7.0 0.8 1.8 3.5 Co 1 0.21 0.21
5 Haynes 20 Mod (Cabot) 21.6 25.% 5.0 0.9 -— 0.5 Co 2 0.46 0.92
& 26-15 75.0 0.2 1.0 6.2 - 1.1Ti a “o.30 1.0
7 20M0-6 23,9 13,4 5.6 0.4 3.3 - 3 ¢.53 1.59
8 EB 26-1 (A.L.) 25.9 0.1 1.0 - -~ D.1 Wb ] 0. 46 1.84
3 A.L. 4% 20.2 24.4 4.4 1.4 1.5 0,019 P 4 0.50 2.00
10 A.L. 6X 20.4 24.6 6.4 1.4 - - PR 0.62  2.48
11 254 SMO (Avesta) 20.0 17.9 6.1 0.5 0.8 G.2 N 5 0.51 2.5%
12 Hastelloy G (Cabot) 22.2 46.8 5.8 1.5 1.8 3.5 Co 4 0.67 3.48
13 904L (Uvddeholm) 20.5 24.7 4.7 1.5 1.6 - 5 0.74 3.70
14 Type 216 20.0 6.0 2.5 8.0 =« 0.,35N 6 0.64 3.84
15 2545PER (Avesta) 29.4 22.2 2.1 1.7 0.1 0.15NW 5 .50 4.50
16 254 SLX (Avesta) 19.9 25.0 4.7 1.6 1.7 O0.04 N € 0.92 5.52
17 Rex 734 21.3 9.4 2.7 3.8 - 0.421N 6 1.00 6.00
18 Type 317 LM 19.5 14.5 4.1 1.3 0.2 0.056 N 3 1.07 6.42
19 Nitronic 50 21.1 13.7 2.2 4.8 - O0.26N 6 1.10 6. 60
20 Jesscp 700 20.7 25.2 4.4 1.6 0.2 0.28 Wb 5 2.00 10. 00
21 Type 116 17.5 10.7 2.4 1.6 0.3 - 6 1.93 11.58
22 Carpanter 20 Cb=3 . 19.4 33.2 2,2 0.4 3.2 0.51Nb 5 3.10 15.50
23 Jessop 777 2¢6.8 25.6 4.5 1.4 2.2 0.24 Hb & 2.90 17.40
24 44 IN 25.0 5.9 1.5 1.8 0.1 0.2 N 6 3.35 20.10
Perforated
Type 444 18.9 0.1 2.0 0.4 - 0.4%b 6 1.21 7.25
Type 329 27.0 4.2 1.4 0.3 0.1 - 6 1.29 7.74
34 LN 16.8 3.8 4.2 1.6 -~ 0,14 N 6 1.04 6. 24
Attack Outside Crevice Areas
Type 439 17.7 0.3 - 0.3 - D.4Ti 3 0.72 4.32
Type 117L 18.9 12.2 3.6 1.7 - 0.056 N 6 1.92 11.%2
Type 317L + 18.3 15.82 4.2 1.5 0.2 0.16 Co 6 1.09 6.54
Incoloy 825 22.0 44.0 2,7 0.4 1.7 0.7 Ti 6 2.42 14.52

*
Three additional panels were tested tor 82 days with the same results.
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Table XIT

CORROSION OF CAST ALLOYS
cﬁgzngm SEAWATER AT 30°C

120 Grit riniah. 75 in-lb, 30 daya, 3 panels)

Number of Max imum
Siden (81 Depth (D) Index
Attacked of Attack {SxD}

(mavy Tasts,

composition, $ wt

mm
Rank Alloy TE 39 Mo Ms =B
1 Inconal 625 20.6 63.7 8.5 - - Q 0.00 0.04
o 12M-12 18.1 62.8 17.6 0.5 0.1 0 0.00 0.00
2 IN-082 20.9% 24.9 5.0 0.5 - 6 1,22 7.32
3 or-m 19.3 10.0 2.4 1.0 - é .77 22.62

Attack Outside Cravice Arsas

s Ferralium - 2%.2 5.2 2.5 1.0 3.2 4 2.21 B.84
6 o™ 20.0 20.2 2.9 0.2 3.1 6 2.33 13,98
? NS 19.4  22.1 2.9 1.0 1.6 6 3.82 22.92
. CASN 12.4 5.0 - 0.2 - 6 2.00 12,00

Spacimen

‘(ﬁlﬁnin Hastelioy C-276

Devecy Bol), nut, wothers

29-4C

Pig. 2 Crevice Corrosion in
riltered Seawater at 30°C, 30-
Day Teat,

The four specimens were cut

Pig. 1 Crevice Assembly,

20 "plateaus® with grooves )
wide and 0.5 m -
them. The Wr:um::?.m from panels (10 x 15 cm) ex-
the "platesus® ia 23 mm poisd posed in the Kavy Tests {3).
intarnal radjus 20.6 mm and the A 120-grit finish was applied
= in a eircle 5 om in diameter

hafore testing.
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114 6 20
Numbaer of Sides Attacked

b)

Fig. 3 Crevice Corrosicon in
Flltered Seawater at 3I0°C,
QTEC Tests on Panels with Mill
Finishes,

For this graph, all 9 panels
{18 sides) of each alloy in the
OTEC tests were treated as a
group.

Jessop 777 120-grit Finish

Fig. 4 GSurface Finish Under
Crevice bevices (100X).
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I11. MATHEMATICAL MODELLING AND MULTIPLE AND REMOTE CREVICE
ASSEMBLY DATA



A‘
1.

2.

Summary of Data 81

Crevice Geometry and Resistance to Initiation

Figure | provides a schematic describing factors of crevice depth and crevice gap.
These variables are used as inputs for mathematical modelling predictions of resistance to
crevice corrosion initiation. Effects of crevice geometry are shown for several stainless
steels in Figure 2,
The actual values for crevice gap are difficult to determine. However, through the
use of scanning electron microscopy, a range of gaps have been quantified for a variety of
assemblies (see Figures 3-20).
Additional examples of mathematical modelling predictions and measurements are
found in the attached papers:
I.  "Factors Influencing the Crevice Corrosion Behavior of Stainless Steels in
Seawater," by T. S. Lee and R. M. Kain (see Section 2.}

2. "Crevice Corrosion Resistance of Several Iron Base and Nickel Base Cast
Stainless Alloys in Seawater” by R. M. Kain

3.  “Crevice Corrosion Resistance of Type 316 Stainless Steel in Marine
Environments," by R. M. Kain, T. S. Lee and J. R. Scully

5. "The Effect of Crevice Solution pH on Corrosion Behavior of Stainless Alloys"

by R. M. Kain and T. 5. Lee

Natural Versus Synthetic Environments

Figures 21 to 29 give the potential (cathode and anode member couples} and
corresponding crevice corrosion current for duplicate assemblies of Type 316 stainless
steel, alloy 904L (20Cr-25Ni-4.5Mo-1.5Cu) and 18Cr-2Mo stainiess steel. While the
initiation response for Type 316 was about the same in both the natural and synthetic
environments, alloy 13-2 and especially alloy 904L exhibited greater resistance In the

synthetic environments. Table 1 gives results which quantify the overall propagatien
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resistance in terms of total charge for the various alloy/environment combinations.
Generally, the results for duplicate assembljes were comparable, Since the test durations
varied between 400 and 300 hours, the total charge after 400 hours has been calculated
for assemblies exposed in the two synthetjc environments. Results from the seawater
tests show similar charge values for Type 314 and alloy 904L while those for |8-2 are

nearly doubled.

. Monitoring the Effects of Environmental Variables

Figure 30 describes typical current data collected for one of two alloy 904L
specimens Initiaily exposed to seawater at 300C (see also Figure 31}. As evidenced by the
sharp increase in current, initiation occurred at about the seventh day of exposure. The
magnitude of this current is consistent with the total current shown earlier in Figure 2.
During the course of testing, the temperature of the seawater was elevated in 59C
increments approximately every 5 days. While some perturbations are noted through the
first 40 days (temperature up 10 459C), the magnitude of current remains celatively high.
Upon a further increase in temperature to 50°C, the magnitude of total current
dramatically decreased by several orders of magnitude. After almost four weeks of
corroding at this low rate, the propagation rate was returned to its earlier higher level by
allowing the seawater to cool back to 30°C.

Figure 37 shows current data for a companion RCA sample of alloy 204L which was
introduced after the above test temperature was established at 500C. As can be seen,
initiation in this case djd not occur until the seawater was cooled to 30°, Note that the
times at 50°C was more than twice that required for initiation of the material described

in Figure 30. Subsequent Propagation currents, however, are comparable,
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4. Effect of Seawater Velocity: Remote Crevice Assembly Testing of Alloy 904l in Filtered
Seawater at 309C

Effects of seawater velocity on crevice corrosion propagation resistance were

examined according to the following procedure:

velocity (1) Start up to day 12 cathode and anode members at ~0 m/s (slight flow due
to refreshment)

Velocity (2) Day 12 to 19 velocity increased to 0.037 m/s {recirculation pumps on)

Velocity (3} Day 19 to 28 velocity increased to 0.064 m/s for cathode members
(baffle installed), anode members at Velocity (2)

Velocity {4} Day 28 to 35 velocity increased to 0.147 m/s for cathode members (flow
section reduced with baffle}, anode mermbers at Velocity (2)

Day 35 to 44 both cathode and anode members in 0.147 m/s flow channel
Figure 33 gives a plot of the cathode and ancde coupled potential and corresponding

crevice corrosion currents for duplicate assemblies of alloy 904L. Little effect of

velocity at the present levels of flow was detected.

5. Effect of Bulk Environment O2 Concentration

The effect of bulk seawater environment oxygen concentration on the potential of
coupled anodes for alloy 904L was examined in a series of compartmentalized cell tests
(anode or crevice cell separated from cathode-bulk environment by a porous piug).
Figures 34 and 35 show potentials for freely corroding "cathodes." Figures 36 to 50 show
corresponding potentials for coupled anode and cathode members in their respective
environments. Data for replicate tests are provided. Increasing the oxygen concentration
by purgin with various gas mixtures, i.e.,, 95% N2-3%02, compressed air {80%N?2-209%02)

and 50%N2-50%02, resulted in an increase in the anode potential to more noble values.
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e i was described
Under these alloy-environment conditions, polarization to the passive state

by de . ent densities to ! uAfem2 or less. Different area ratios and/or more
y decay in curr

i by other RCA
concentrated crevice solutions could account for the results described Dy

i und +0.05 V,
testss where ongoing crevice COTrOsion was observed at a couple potential aro 0.05

Controlied Crevice Loading Device

An mc operated loading device (see Experimental) used in concert with the remote

crevice assembly concept has been used to further study the effects of crevice tightness.
In these tests, the anode members were positioned between acetal resin (Delrin) blocks.
Tests were conducted with and without plastic tape inserts between the blocks and both
metal surfaces.

Figure 35| shows the remote crevice assembly current and potential data for
duplicate assemblies exposed without the inserts. While anodic currents were recorded,
the levels were fairly low,

Figures 32 and 33 shows results for tests using the tape inserts in the crevice
formers. In both cases, conditions were sufticiently severe to cause initiation within 50
hours. While two additional samples initiated within 5 hours, one of these spontaneously
repassivated and re-initiated several times during the 7 day test, The average initiation
time {20 hours) is consistent with the results described earlier for Type 316 in seawater

tests using the bolt loading type RCA fixture (with tape inserts).
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SCHEMATIC of CREVICE GEOMETRY FACTORS

Figure 1.
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Figure 2,

EFFECT OF CREvVICE GEO

METRY
RESISTANCE T0 1NrTiA ON PREDICTED

TION IN SEAWATER

NON-METAL to METAL CREVICE GAP (microns)



Figures 3 to 12.

Figures 13 and 14.

Figures 15 and 16.

Figure 17 and 18.

Figures 19 and 20.
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Quantification of Actual Crevices

Index to Figures

Variation in crevice gap for remote crevice assemblies consisting of
acrylic plastic blocks and surface ground (120 grit SiC) stainless
steel.

Crevice gaps for assemblies with deformable plastic tape inserts.

Crevice gaps for nitric acid pickled material with and without tape
inserts,

Crevice gaps for electropolished material with and without tape
inserts.

Measured crevice gaps for metal to metal assembly.
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186pm x2008 30kv = AMRAXNX,

- b ’ h
100pm %500 3okv . AMRANSF

Figure 3.
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Figure 5,
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Figure 6.
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100pm x200 30k

100um

Figure 7.
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100 pm X200

Figure B.
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108ym x200 3okvi

189pm  x529 3kv/ & AMRANX N

Figure 9.
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Figure 10,
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L
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Figure 11.
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t0pm x1009 38kY FAMRANY S

Figure 14.
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Figure 15,
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Figure 16.
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Location Gap Dimension (um)
# 1 30 at mouth/0.2 to 0.3 inward
. 0.1t0 1.0
# 3 25 at mouth /0.1 to 0.3 inward
¥ q 8 to 10
#5 100 at mouth /12 inward
#6 12 to 16
# 7 10 to 12
SV /—©
_ /_® Actual Sample
@— N\, 2.5x2.5x0.3 cm

(
(

.
S~ N
L ]

Figure 19,

Measyr :
assembfd Crevice gaps for holted metal-to-metal
Y fastened to a torque of 2.5 Nm.
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BOLT HEAD

-« Crevice Gap

WASHER

STAINLESS STEEL
COUPON

-« Crevice Gap

STAINLESS STEEL
COUPON

Figure 20.

Scanning electron micrographs showning variations in
crevice gaps found in bolted stainless steel assembly.

(Original Magnification 400X)
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TABLE 1
General Resistance to Crevice Corrosion Propagation for

Several Alloys in Natural and Synthetic Environments

Crevice Corrosion Propagation

Stainless Total Charge {coulombs)
Environment Alloy 400 Hour Test 800 Hour Test

Natural Seawater alloy 904L 1020 --
alloy 904L 10§38 --
Type 316 927 —
Type 316 1218 -
18Cr-2Mo 1854 -
13Cr-2Mo 2193 -
Synthetic Seawater alloy 904L 0. ll 2
alloy 04L 0.1 17

Type 3é {20 324

Type 316 64 176

L&Cr-ZMo* 6 1033
3.5% NaCl alloy 04L 1.2 3
alloy 04L .5 7

Type 316 5.4 27

Type 316 5.1 | 4

18Cr-2Mo 196 510

L8Cr-2Mo 47 214

Corrosion on duplicate specimen occurred on cathode stem, crevice OK after 800

hours.
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ABSTRACT

Seawater crevice corrosion resistance of several iron base and nickel base cast
alloys has been investigated. An expanded matrix, multiple crevice test method was
used to determine any effect of assembly torque level and test duration. Results of
seawater immersion tests are compared with mathematical modelling predictions
describing effects of alloying and crevice geometry. Scanning electron microscopy is
utilized to quantify actual crevice gap dimensions and to study the morphology of
corrosion incurred by susceptible materials. While beneficial effects of alloy
molybdenum content are apparent, crevice geometry consideration may have an
overriding influence on resistance to crevice corrosion initiation.

INTRODUCTION

Crevice corrosion resistance of austenitic stainless steels and related nickel base
alloys remains a topic of sustained interest in the technical community. While some
stainless type materials are susceptible to crevice corrosion under certain conditions,
there are increasing numbers of successful applications in marine environments. This is
particularly true for alloys with molybdenum contents greater than the levels in AISI
Type 316 stainless steel.

The susceptibility to crevice corrosion beneath barnacles and other marine
attachments, can limit the utility of some common grades of stainless steel, e.g., AlS1
Type 30% and Type 316. The development of such crevice formers is most likely to
occur under low velocity conditions found upon simple exposure in nominally quiescent
seawater. Field experience has shown that crevice corrosion may also occur at barnacle
sites developed in seawater handling systems during prolonged shut-down periods if not
drained and flushed with fresh water.Zs? These alloys have also been shown to be
susceptible to crevice corrosion in shielded areas formed by metal to metal and non-
metal to metal connectors in service, as well as in laboratory controlled experiments.
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It has long been recognized that a realistic test is one which- f;:u'ﬁvm:ies cond:ti'ons
most closely approximating the intended field application. Beﬁalulse ort te T(an);:pDSSIble
applications, providing a representative test is no doubt a cha Engmg as .1 rom the
environmental standpoint, testing in an actual environment, SUC ELS natura .sealwa'ter,
overcomes the concerns of relevanc! encountered in the use of laboratory ?lmu ations
and/or accelerated test procedures.)6 The benefits of the Iajtrtgr as Inrtial screening
tests for alloy development purposes are nonetheless recognized.’s

Testing In natural seawater environments has not been without problems, h°"'"“-“"‘-'!:
as evidenced by reports describing the "unpredictable" behavior of stainless alloys in
seawater. In recent years, the understanding of crevice corrosion has been advanced by
the identification of numerous metallurgic:al-cnvironmental-geometfxc Iactor59 “f};lCh
aftect its occurrence. In particular, the insight gained with mathematical models”- to
study these factors has helped to explain much of the observed variability in crevice
corrosion test data.

It has been shown that crevice geometry factors, such as crevice depth and crev.ice
gap (i.e., tightness) have significant impact on the resistance of an alloy to crevice
corrosion initiation.12,13 Modelling predictions indicate that for a given crevice depth,
some critical gap dimension must exist In order for crevice initiation 10 occur. With the
size (Le., depth) of the specific crevice former which is utilized in controlled tests
generally held constant, scatter in crevice initiation data may be due to extremely small
“differences In crevice gap at various sites. Such differences, in the case of multiple
crevice assemblies (MCA), for example, may be of a dimension less than 0.1 um
according to modelling predictions.!3 _

Multiple crevice assemblies have been frequently used in tests to identify relative
alloy resistance to crevice corrosion under severe but not accelerated conditions.13-19
The effects of crevice assembly tightness have been recently described for a series of
wrought stainless alloys exposed with crevice assemblies tightened at different torque
levels.20 It was found that while many materials exhibited crevice corrosion at an
assembly torque level of 8.5 Nm, the averall incidence of crevice corrosion decraased at
the lower torque level of 2.8 Nm. Decreased torque level also resulted in an increasc in
the observed times to initiation for susceptible zlloys. These obser-ations emphasire the
Importance of crevice tightness. -

Multiple crevice assemblies were also recently utilized by Hack2! to evaluate the
relative crevice corrosion resistance of 45 wrought and cast alloys. Six cast alloys from
the above study were selected for further evaluation as described in the present paper.
An expanded test matrix to assess the effects of crevice assemnbly torque level and test
duration was applied in the evaluation of CF8M, CN7M, CN7MS, IN-862, cast alloy 625
and CW-12M-2. These alloys have similar chromium contents (13 to 21%), but range in
molybdenum content from 2.5 to 18 percent and nickel content from 10 to 66 percent.
To further qualify the seawater crevice corrosion test data and define its relevance to

service experiences, additional electrochemical testing and mathematical modelling
were employed.

EXPERIMENTAL

Materials

Table 1 gives the chemical analyses and hea i
§ t treatments of the six cast alloys
tested. CF8M is the cast counterpart to wrought AISI Type 316 stainless stcel. While
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CF8M is known to perform satisfactorily in flowing seawater, its susceptibility to
localized corrosion under stagnant conditions is well documented.Z CN7M is one of the
most common "20 type alloys" and has been found to be resistant to numerous corrosive
e,-nwironrne:nts.z2 With its high nickel content and 2 to 3 percent moalybdenum, this alloy
is frequently used for seawater service. CN7MS has corrosion resistance similar to
CN7M. The two alloys differ primarily with respect to Si and Ni contents, as shown in
Table I. IN-862 is a 5 percent molybdenum alloy with a high resistance to chloride
environments.%

Cast alloy 625 and CW-12M-2 are both nickel base alloys with high molybdenum
contents. Their wrought counterparts, e.g., INCONEL* alloy 625 and HASTELLOY*®*
alloy C—Z?Si consistently exhibit excellent resistance to crevice corrosion In
seawater.'h

Multiple Crevice Tests

Specimens: Materials were obtained from a commercial foundry as castings in the
form of individual, wedge shape panels measuring approximately 10 x 15 cm.  Specimens
were machined (shaper or milled) to remove the as-cast surface and to provide parafle!l
sides for subsequent application of the crevice formers. A 13 mm diameter center hole
was drilled in each specimen for the attachment of crevice assemblies, Surfaces were
prepared by wet grinding with 120 grit SiC abrasive papers. Final grinding was limited to
crevice areas with the intention of providing consistent surfaces. A number of replicate
specimens were machined in each case. Specimen cleaning procedures and method of
attachment of the multiple crevice assembly washers are identical to those described
elsewhere.

Test Matrix: Figure 1 describes the test matrices utilized for the various alloys.
Selection of the exposure conditions was based on the alloys resistance in the initial
studyZl with added consideration of alloy chemistry, e.g., molybdenum content. The
matrices were selected to reveal the effects of torque level and test duration.

Apparatus and Environment: Tests were conducted in a low velocity £0.02 mfsec)
seawater trough described elsewhere.20  Briefly, the apparatus had provisions for
recirculation and introduction of fresh, filtered seawater on a continuing basis through
the exposure period. During the course of the tests, the seawater was maintained at a
temperature of 309C + 20C. Table Il provides a summary of the seawater hydrology.

tion and Assessments: Specimens were inspected ducing the course of the
test for visual signs of accumulated corrosion products. Inspections were conductedon a
daily basis (without disturbance or removal of the test panels) during the first 30 days.
The frequency of inspection was less for exposures in excess of 30 days.

Following removal of the specimens at the conclusion of testing, crevice corrosion
depths at individual crevice sites were measured with a needle point dial gauge (gauge
accuracy to the nearest 0.01 mm). Because of observed selective phase attack in some
cast alloys, depth of penetrations determined by this method may not be absolute.

* INCONEL is a trademark of the Inco Family of Companies.
#* HASTELLOY is a trademark of Cabot Corporation.
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Mathematical Modelling

The mathematical model utilized for this investigation is that described by Oldfield
and others.$%10,12,2% It has recently been used by the author to describe the
resistance of wrought AISI :]'ype ?0‘4 and Type 316 in seawater and related
en\.'in'mments.l The model is partlcu'larly useful in examining the influence of
variables, such as alloy composition, crevice geometry and bulk environment chemistry,
Inputs to the model include theoretical assumptions, known quantities and experimental

data.

Electrochemical Procedures: One input to the above mathematical mode! is the
critical crevice solution (CCS) for each alloy. The CCS is detined by a pH and chloride
level which is sufficiently aggressive to break down the passive film and initiate
corrosion.2’ The composition of the CCS is determined from a series of potentio-
dynamic polarization tests in a number of concentrated, deaerated solutions. The
specific solution pH and chloride level at which an anodic current peak of 10 pAfem? is
measured during potential scanning is identified as the CCS. CCS criteria and details of
the electrochemical procedures are described elsewhere, 10

Test electrodes for the CCS determinations were prepared from the same stock
materials as those utilized for the MCA test specimens. In recognition of the variability
in microstructure associated with some cast materials, polarization tests were conducted
on duplicate electrodes,

RESULTS AND DISCUSSION

Crevice Comrosion Initiation Behavior

Time to Initiation: The two high molybdenum nickel base materials, cast alloy 625
and CW-12M-2, were found to be resistant to crevice corrosion in MCA tests lasting up
to 90 days (see Figure 1- Matrix C). For the remaining lower alloyed materials, however,
some degree of crevice corrosion was found on all specimens exposed according to
Matrices A and B (Figure 1).

Table 11l gives the approximate time to initiation for specimens of CF3M, CN7M,
CN7MS and IN-862. Initiation times are based on the first sighting of accumulated
corrosion products at one or more of the multiple crevice washers. (Actual times to
initiation may be shorter in some cases, since some time must elapse between breakdown
and accurnulation of sufficient corrosion products to be visibly detected.) In the initial
test Conducted at the 8.5 Nm torque level, all four of the less alloyed materials exhibited
crevice corrosion within approximately 87 hours. The average time to initiation was
somewhat longer for the 5 percent molybdenum alloy, IN-862.

. The test at 2.8 Nm torque showed somewhat greater specimen to specimen
yariation in the observed times to initiation. In contrast to the previous test results, the
lower assembly torque gave somewhat longer average times to initiation. This effect
Was most pronounced for IN-862 and CN7M.

e Incidence of Crevice Corrosion: Table IV shows the number of crevice sites which
nitiated attack for each specimen exposed in the various tests. These data are further
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summarized in Table V. Although other MCA tests have shown greater variability th
specimen-to-specimen or side-to-side differences in the number of corrodeg 'Sit €
beneath the grooved washers in the present series are generally minimal. 1t hag be"s
suggested that these variations may be attributed to extremely smali, but nonethele:sn
critical differences in crevice tightness at the individual crevice sites,[3,20 Sud;
variation, especially in the case of cast materials, could also be attributed 10 segregation
in the micrastructure.

From Table V, it can be seen that the results of the initial test at the 8.5 Nm
torque level show no significant difference between the 2 to 3 percent molybdenum
containing alloys CF3&M, CN7M and CN7MS. Some trend toward a lower incidence of
initiation, however, is indicated by the results for IN-862. This increased resistance is
further shown by the results for the 60 day test at the 8.5 Nm torque level.

Decreasing the torque level to 2.8 Nm had no apparent effect on the incidence of
crevice initiation for CF3M, CN7M and CN7MS. Again all three materials exhibit
similar behavior. Results from the 60 day test at the 2.8 Nm torque level again reveal
the higher resistance of the 5 percent molybdenum alloy, IN-862.

[t is significant to note that increasing the test duration had little, if any, effect on
increasing the incidence of crevice initiation. This is evident from the results of the 60
day test of IN-862 at the 8.5 Nm torque level, as well as those for CF8M, CN7M and
CN7MS in the 2.8 Nm test. Similar observationg have been reported for a number of
wrought materials tested under similar conditions.

The crevice corrosion resistance of IN-862 has been reported previously.7 In these
earlier seawater tests, no evidence of crevice initiation was detected for IN-362.
However, the torque level was not measured in this earlier work and it is possible that
the crevices may have been less tight than those employed in the present study.

Mathematical Model Assessment of [nitiation Times

Critical Crevice Solution Determinations: Figure 2 shows plots of amodic peak
current densities for the various cast alloys as a function of the pH of the simulated
crevice solution. These piots were utilized to identify the critical crevice solution (CCS)
pH as previously described. Table VI gives the composition {pH and chlqnd_c
concentration) of the CCS for the six materials in the present study, While (1S
recognized that alloy composition (particularly Cr content) and crevice geometry affect
the rate of pH fall within a crevice, it generally may be viewed that the lower the CCs
pH value the higher the resistance of the alloy to crevice corrosion initiation.

The CCS pH values for the three alloys containing 2 to 3 percent molybdenum are
quite similar. Again, these alloys exhibited similar initiation behavior in the severe MC
test (8.5 Nm torque level). The somewhat longer initiation times and lower incidence of
crevice corrosion exhibited by the 5 percent molybdenum alloy, IN-862, can be
attributed in part to its lower CCS pH value. Furthermore, alloy 625 and CW-12M-
exhibited by far the lowest CCS5 pH values. These alloys were resistant in the MCA
tests.

Crevice Geometry and Predicted Time to Initiation: As previously noted, € jess
geometry is an important factor controlling the crevice corrasion resistance of 5““’! at
type alloys. Scanning electron microscapy {Figure 3) has identified crevice E2PS ‘_’vm
least 0.1 pm for a MCA (acetal resin) tightened to a torque of 8.5 Nm. Actual cTe
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eaps are difficult to measure and the above valu'e may or may not be rep_re:entatwe.of
other plateau sites or other assemblies. A possibility exists that even tighter crevic,

gaps may be attainable,

Earlier mathematical modelling studies”.indicated that with a crevice depth of
0.1 cm {crevice depth of MCA plateau), crevice gap values less than 0.1 pm were
required for breakdown of passivity for AISI Type 304 and Type 316. Modelling alsq
predicts that none of the six cast alloys in the. present study will {)reak_down at 0.1 cm
depth and 0.1 pm gap. However, as shown in Table VII, modelling with smaller gaps
(same depth) yields predictions of a time to breakdown for CF8M, CN7M, CN7 MS and IN-
862. Breakdown is not predicted for the two hxgh molybdenum containing nickel base
alloys. As can be seen, this trend is consistent with the results of the 30 day MCA test
at the 8.5 Nm torque level (Table Ill). Differences in predicted times to breakdgwn
between IN-862 and the other three susceptible alloys may be indicative of the time
ditference required to achieve the respective CCS composition.

A decrease in the crevice assembly torque level wouic'i Fe_nd_ to prgduf:e sarmewhat
wider crevice gaps. This, in turn, would affect the times to initiation as indicated by the
results of the MCA test conducted at the 2.8 Nm torque level.

While extremely tight crevice gaps appear necessary for relatively shallow crevices
(e.g., depth of MCA washer), wider crevice gaps may become more relevant when deeper
crevices are considered.

Figure & shows a typical gasket/metal assembly prepared for scanning electron
microscope determination of crevice gaps (Le., crevice tightness). The surface rough-
ness of the "flange™ material and the asbestas and rubber gasketing materials are typical
of many service applications. Figure 5 shows several views of the crevice gap attainable
when tightened to a modest torque level of 2.8 Nm. Measurements at a number of

locations around the outer edges revealed gaps ranging from as little as 0.1 pm to about
10 ym using both gasketing materials.

Table VHI gives additional results of mathematical modelling for the six cast

alloys. Geometric inp_;ut variables to the mode! included a number of gap values within
the range of those indicated above and two crevice depths.

 The mathematical model predictions are consistent with the known influence of
Crevice geometry. That. is, the severity of crevice corrosion increases as depth increases
and gap decreases (crevice becomes tighter), For a given gap dimension, increasing the
crevice depth from 0.5 €m to 1.0 cm decreases the predicted time to breakdown.
Conversely, for a given Crevice depth, incrcasing the crevice gap increases the time to
breakdown. For each alloy—crevice depth combination, there is a critical gap dimension
above which breakdown is not predicted, For the widest gap considered (1.25 pm}, none
of the alloys modelled are Predicted to initiate attac 2ap |
decreased, however, higher alloy conten
resistance. This can be seen for the 0.25 um gap - 0.5 inati re
reskdoun s o pdicied o -0 s e o P Sombition e
83p, these highly resistant alloys are predicted to initiate attack at both crevice depths.

ing of other geometries. Cast alloy 625 ts

predicted to be more resistant than IN-862 which in tucn is predicted to be more
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cesistant than the 2-3 percent molybdenum alloys. It should be emphasized, however,
that while the MCA test may provide a ranking of alloys in terms of relative resistance
to crevice corrosion, MCA test data can not be extrapolated to predict whether attack
willAOCCUtf under any given service condition unless that service condition duplicates the
MCA test,

Crevice Corrosion Propagation Behavior

Depth of Penetration: The range of penetrations for crevice corrosion occurring
peneath the grooved washers on each of the specimens is also given in Table IV. Ascan
be seen, the ranges of penetration generally cover one to two orders of magnitude.
These variations may be due, in part, to differences in initiation time at individual sites
and are not uncommon for seawater tests of this type.6,13,20 [n the case of cast alloys
which corrode preferentially, microstructural variations will also affect penetration. It
is generally the maximum depth value which shows the greatest scatter. Less scatter is
found at the lower end of the penetration range.

Table IX compares the average and maximum depths of penetrations for the
various alloys. Again, results of the initial ‘30 day test indicate somewhat greater
resistance for the higher alloyed materials. Average penetration values for CN7MS,
CN7M and IN-362 are substantially lower than that determined for CF3M.

The data describe severe penetration for the four alloys which initiated under the
described conditions. The progression of attack to the extent shown can be attributed
not only to the rapid initiation but also to the limited area in which the crevice corrosion
is confined. Also, it would appear that in the absence of accumulated biofouling,
sufficient driving force from cathodic reduction reactions on the boldly exposed
specimen surfaces was present to sustain the penetration. Penetrations reported for
CN7M and CF8M tested under similar conditions are within the ranges of those
determined in the present study.” :

Electrochemical Assessment of Propagation Resistance

Slopes of the pH versus anodic peak current 2plms have been used as an indicator of
the resistance to crevice corrosion propagation.1 The higher the value of the slope the
greater is the expected crevice corrosion penetration. Table X gives the slope of plots
from Figure 2 for the six alloys. In the present study, CF3M and CN7MS exhibit the
highest slope value and also show generally greater penetrations in the MCA tests than
do CN7M and [N-862. Because no evidence of crevice initiation was found for cast alloy
625 and CW-12M-2, it is obviously difficult to assess the propagation resistance of these
two alloys. The very low slope values indicated in Table X, however, suggest that if
initiation were to occur any propagation for these two nicke! base alloys would be
considerably less than that described for the other materials.

Metallurgical Aspects of Crevice Corrosion Behavior

Effect of Molybdenum Contents It was previously shown in Table VI that the pH of
the CCS decreased with increased molybdenum content. Figure 6 shows the predicted
times to breakdown from the mathematical modelling (Table VII) as a function of
molybdenum content. It can be seen that while predicted times to breakdown increase
with increasing molybdenum contents, crevice tightness {(i.e., gap dimension} appears
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to exert a far more dominant influence. Again, this chef“ie'c‘gr::ioﬁrg::: geometry
helps explain the variability often observed in seawater crevic ]

Sedriks! has indicated that a molybqenum c_ontent of about.é percent in s;ainless
type alloys is generally required to provide resistance to c.revxceh.cgrrosmn eneath
barnacle attachments in seawater. For more severe crevices, higher molybdenum
contents are required. Oldfield and others have also gmphaSlzeg the importance of
crevice geometry/alloy chemistry relationships on the resistance to initiation.*4

Morphology of Crevice Cocrosion: Preferential cprrosion of select phases of cast
stainiess steel and nickel base alloys has been previously correlated Wwith corrosion
behavior in non-marine environments. For example, Jones and KainZ3 described
preferential attack of the austenitic matrix for CF8M exposed to 25% H350; and 10%
FeCl3 environments. In the case of CN7M, preferential attack followed the dendritic
areas in the microstructure of specimens which corroded in 10% FeCl3. For IN-862, on
the other hand, exposure in the above environment results in general attack relatt;d to
specific crystal orientations as well as to selective attack around second phase particles,

Figures 7 10 9 show scanning electron micrographs of corroded crevice sites for the
four susceptible alloys in the present seawater tests. In the case of CF8M, Figure 7, the
austenitic structure corrodes preferentially. The enlarged micrograph shows the ferrite
network typical of this material. For the most part, micrographs of CN7M and CN7MS
(Figure 8) show similar dissolution of the dendritic areas as well as deeper attack at
preferred sites which may be intermetallic particles along the interdendritic regions.
The penetrations in CN7MS appear to be deeper than those in CN7M. The scanning
electron micrographs for IN-862 (Figure 9) show the crystallographic orientation of
attack within the dendrites and attack at sites of second phase particles. Despite the
difference between the bulk seawater environment and the other environments described
by Jones and Kain,23 the morphology of attack is similar for the respective alloys. This
is not surprising in view of the acidification process within the crevice area.

. The preceding microgragh._s clearly show the limitations of conventional methods
(i.e., depth gauge) for determining penetration in cast alloys. However, in light of the

extensive corrosion incurred in the present tests, differences between measured and
actual penetration may not be significant.

Cast versus Wrought Material

The !:ritical_cre}rlce so_Iution data for the cast alloys described herein indicate that
a more acid solution is required for crevice corrosion initiation than for similar wrought
materials. 12 Table XIcompares the present results for CF8M with those for the wrought
counterpart, AISI Type 316 stainless steel. The differences between the two product
forms suggest that the cast version would be more resistant to initiation of crevice

attack than the wrought material. This is supported i
describing the observed differences in initiatiorl? [;?mes. by the accompanying MCA data

Although the CCS tests indicate im
difference in propagation slope valyes suggests that it h i i
than Type 316. Again, the electrochemical indications ar?slf ssomnggagatm &’E’itat'li?
results. Distinct differences can be seen in the pp 4

provided.
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SUMMARY AND CONCLUSIONS

The crevice corrosion resistance of several iron base and nickel base alloys in
seawater has been investigated by means of the multiple crevice assembly test and
mathematical model_llng. Among parameters studied were the crevice assembly torque
jevel and test duration.  While two high molybdenum containing nickel base materials,
cast alloy 625 and CW-12M-2, were found to be resistant in all tests, the remaining four
stainless type alloys exhibited varying degrees of susceptibility. Decreased crevice
assembly torque resulted in a trend toward longer times to initiation and, in some cases,
increased data scatter. Decreased assembly torgue had little effect on the overall
incidence of crevice corrosion initiation, Increased test duration did not result in a
significant increase in crevice corrasion initiation. Although IN-862 was found to be
susceptible in the present series of Iinvestigations, the beneficial effects of its higher
alloy content (e.g., 5% Mo) were apparent.

All four susceptible alloys in the MCA tests exhibited significant penetration in
relatively short periods of time. Scanning electron microscopy showed some influence of
microstructure on propagation behavior which correlated well with previous observations
on corcosion in other media.

Electrochemical tests in simulated crevice solutions provided experimental input
for mathematical modelling to study the effects of alloy composition and crevice
geometry., The effects of crevice geometry have been previously shown to have 2
significant effect on the initiation resistance of stainless alloys. The present study
combined the results of actual crevice geometry measurements (l.e., crevice gap
determined by SEM examination) with the electrochemical data to identify conditions
where resistance to crevice corrosion would be anticipated.

It must be recognized that significant differences exist between the geometric
conditions assumed for the model and those encountered in service. For the model
calculations, it is assumed that a uniform crevice gap exists over the entire crevice
depth. In practice, this is highly unlikely as evidenced by the variation in gaps actually
measured for rubber and asbestos assemblies. This may also help to explain the
difference between reported service performance and MCA results.

While cast alloys, such as CESM and CN7M, routinely exhibit crevice corrosion in
seawater tests, there are many cases where these materials have performed
satisfactorily in service. Resistance offered by pumps and valves of these materials can
be often attributed to high velocity conditions which prevent marine attachments and
also to cathodic protection frequently afforded by galvanic coupling with carbon steel
piping. As an exampie, CN7M valves installed in seawater intake lines at the LaQue
Center for Corrosion Technology, [nc. some 20 years ago are still in service today.

Seawater crevice corrosion tests can identify conditions which may cause crevice
corrosion of stainless type alloys. The occurrence of cgevice chl_‘osion in these tests
may not necassarily limit the use of the alloy gt service conditions are less severe.
Conversely, good service performance in one application shouid not necessarily become
an endorsement for use in other applications.
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TABLE Ul

Seawater Hydrology*

Dissclved
Chloride Salinity Oxygen
pH (g/L) {g/L) (mg/L)
Initial 30 day test 7.9 to 8.1 19.5 to 20.1 35.1 to 36.3 5.8 to 7.4
Expanded Test Matrix
60 days 2.0 to0 8.2 18.9 to 19.5 34.1 to 35.2 5.0 to 6.1
90 days 8.0 10 8.2 18.9 to [9.5 34,1 to 35.2 5.0 to 6.3

* Weekly analyses of filtered seawater in controlled temperature test trough.
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TABLE IIt

Observed Times to Initiation in Multiple Crevice
Tests Conducted in 308C Seawater *

Test Conditions Time (hrs) CF3M CN7M CN7MS IN-862
8.5 Nm - 30 days Earliest &7 87 87 g7
Average 87 87 87 145
Deviation {n) 0(5) a(5) 0(6) 59(2)
- 60 days Earliest 109
Average 162
Deviation {n} 36(4)
Combined (3.5Nm) Earliest 87
Average 157
Deviation (n} 45(6)
2.3 Nm - 30 days Earliest 13 109 109
Average 97 321 109
Deviation {n} 27(6) 141(4) o{(6)
- 60 days Earliest 109 109 36 109
Average 109 302 113 230
Deviation (n) 0(6) 193{4) 40(6) 158(4}
Combined (2.8Nm) Earliest 36 109 36
Average 103 312 111
Deviation {n) 19(12) 169(8) 23(12)

{n) number of observations

* No evidence of crevice corrosion found on any of the cast alloy 625 and
CW-12M-2 in test fasting up to 90 days at 8.5 Nm torque level.
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TABLE IV

Expanded Matrix-Multiple Crevice Test Results

for Severa] Cast_Alloys*

No. of Sites
Test Initiated Penetration Range (mm)
Conditions Side 1 Side 2 Side 1 Side 2

30 day-%.5 Nm 3 i 0.i2 to 0.22 0.29
9 13 0.24% t0 0.72 0.18 t0 0.91
16 10 0.13 to 1.17 0.12 to 1.22

60 day-8.5 Nm 6 7 0.20 to L.75 0.25 0.63

4 14 0.24 to 0.72 0.23 to0 1.05
60 day-2.8 Nm 7 3 0.17 to 0.99 0.30 to 0.63
7 2 0.02 to 4.31 0.13 to 0.26
7 2 0.15 to 1.23 0.15 to0 0.86
30 day-2.5 Nm L4 17 0.18 to 0.76 0.28 to0 2.33
13 18 0.29 to L.03 0.22 10 Q.91
17 13 0.18 to 1.17 0.15 to 0.70
30 day-2.8 Nm 17 17 0.04 to 1.27 0.28 to 1.95
18 16 0.16 to 2.24 0.08 10 1.89

60 day-2.8 Nm 15 l 0.20 to 2.00 0.42
19 20 0.17 10 0.97 0.08 to 2.93
30 day-8.5 Nm 16 19 0.18 to 2.34 0.26 t0 2.06
19 14 0.14 to 3.82 0.17 to L.46
14 20 0.08 to 2.47 0.12 to 2.95
30 day-2.8 Nm L3 19 0.10 to 3.01 0.15 to 2.37
16 18 0.13 to 2.71 0.13 to 2.72
20 18 0.20 to 3.13 0.13 to0 2.20
60 day-2.8 Nm 19 i3 0.06 to 1.73 0.21 to 2.17
20 19 0.10 to 3.53 0.11 to 2.67
1t 19 0.10 to 2.16 0.11 to 2.29
30 day-8.5 Nm 12 14 0.19 to 0.69 0.16 to 3.06
17 4 0.45 to 3.77 0.45 to 0.23
o 17 10 0.27 to 3.13 0.33t0 2.28
7 3gday-28Nm 19 127 oi8to392  0.10 to 4.0
20 12 0.23 to 3.22 0.24 to 3.59
1:8 . 20 0.07 to 2.36 0.10 to 3,93
60 day-2.8 Nm 15 18 0.06 to 2.03 0.17 to 3.08
15 13 0.14 to 1.55 0.15 to 2.24
15 12 0.13 to 3.59 0.07 to 1.31

' 30 day-8.5 Nm test results from initial investigation {after Hack21)
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TABLE Vv

Comparison of the Incidence of
Crevice Corrosion in Multiple Crevice Tests

Mean No. of MCA Sites Initiated
on Each Specimen (20 max/side)*

Test 2-3% Mo 5% Mo 8% Mo
Conditions CFiM CN’M  CN7MS  IN-862  alloy 625  CW-1ZM<
8.5 Nm - 30 days 12(5) 16(2) 17(2) 9(5) 0 0
8.5 Nm - 60 days + + + B(4) 0 0
8.5 Nm - 9¢ days + + + + 0 0
2.8 Nm - 30 days 17(4) 17(1) 18(2) + + +
2.8 Nm - 60 days 15(2) 14(6} 17¢4%) 7{2) + +

* Numbers in parenthesis indicate standard deviation.

+ Not tested
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TABLE VI

Critical Crevice Solutions Derived
from Electrochemical Tests

Percent CCS Concentrations
Alloy Cr_ Mo “pH Chloride (M)
CFaM 19 2.5 1.30 4.5
CN7M5 19 3.0 1.25 4.5
CN7M 20 2.5 1.25 4.5
IN-862 21 5.0 0.80 6.0
Cast alloy 625 21 8.5 0.30 6.0

Cw-12M-2 18 17.5 0.10 6.0
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TABLE VI

Mathematical Modelling Predictions Based
on MCA Geometry Inputs®

Predicted Hours to Breakdown in
Nen-metal to Metal Crevice Gap

Alloy 0.1l um 0.01 um
CFEM No Breakdown 3
CN7M " 8
CN7MS " 3
IN-862 " 130
alloy 6235 " No Breakdown
CW-12M-2 " "

* crevice depth 0.1 cm
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TABLE VIII

Effect of Crevice Geometry on the
Predicted Time to Breakdown for
Several Cast Alloys in Seawater

Predicted Hours to Breakdown in

Crevice Non-metal to Metal Crevice Gap
Alloy Depth (cm) 0.125 um 0.250 pm  0.500um  L.250um

Cw-12M-2 0.5 791 NB NB ND
1.0 191 465 NB NB

atloy 625 Q.5 284 NB NB NB
1.0 149 362 NB NB

IN-862 0.5 147 NB NB NB
1.0 106 232 520 " NB

CN7MS 0.5 23 254 NB NB
1.0 70 147 333 NB

CN7M 0.5 20 238 NB NB
1.0 68 143 322 NB

CFsM 0.5 85 261 NB NB
1.0 71 149 338 NB

NB - No breakdown.
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TABLE X

S s of pH Versus
Ancdic Peak Current Plots®

d(log 1 peak)

Alloy dpH
CF8M L9
CN7MS 1.8
CN7M 1.4
IN-862 L
Cast alloy 625 0.3
0.3

CwW-12M-2

*after Figure 2
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=N
(5% Mo)

L
(>8 %% Mo}

IN-862

alloy 625
and

CW-12M-2

8.5 Nm Torque
30 Doy Test

8.3 Nm Torque
30 Day Test

—1 2,8 Nm Torque

30 Doy Test

8.5 Nm Torque
60 Day Test

8.5 Nm Torque
30Doy Test

— 8.5 Nm Torque

2.8 Nm Torgque
60 Day Tast

2.8 Nm.Torque
€0 Day Tast

60 Day Test

8.5 Nm Torque
90 Day Test

Figure [. Multiple crevice assembly test matrices for evaluating several
: cast alloys in low velocity, filtered seawater at 30°C.
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CNTMS
CNTM

100 -
HN-862

alloy 625

|0 |- =& CCS

ANODIC PEAK CURRENT DENSITY {(uA/cm@)

2 [ 0
CREVICE SOLUTION pH

Figure 2. Plot of anodic peak current density versus simulated
crevice solution pH used to determine composition (pH)
of CCS according to the 10 pA/cm? critecion.
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B1079-2A

81079-6A

Figure 4, Surface finish {-~125 RMS: machine turned) provided for
metal component (top) and completed assembly prepared for

;cannmg electron microscope examination of crevice gaps.
5% |
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SEM-39 SEhA-O |
Gasket Gap Metal Gasket Gap Metal
SE M-34 SEM-3e

- Scannimgectromicrogra oW tiongmcrevice
Figure >. gafoas estc%ﬁa sicet S eerghs?an ght!
n stain}esseebottwleftand rlghtI
assembheat 2.$ Nm torquelevel.
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Figure6. Predictddne tobreakdowiorseveralastalloys in seawater

asB functioof molybdenwontent:mathematical ~ modelling«r
non-metalo metalcrevicegeometries.
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CREVTCECORROSION RESISTANCE OF
TYPE 316 STAfNf.ESSTEELN fvfARINENYfROfoffvIENTS

R.Lt. R2 aneT. 5. Lee

L*Q ctert cor*

2 hnol*gy,t.,w ghtodacBeach,h'tiollo

3. R. Scull
DavidW.TaonrNavalShiderCﬁjE}énterBethesdAD 20ffg4

AM2TRACBecaussf its fwopercemnnolylxfengontenflype316tainlesteehas

londpeen materigpecifiédrserviaachloride-contanigor.ineftt8rnprovec
r SJs}and:e |tt|neqancbtmos@1(§nmrosmmsco araath O4anther
stainlesteelsswelbocumen wevmseawa@?eprese revicesuchs

thosereatedbhvtheattachment barnaclesothesourcesyayseve.elimitthealloy's

utility, Creviceorrosigasistancel'y
test nﬁ

condit ionsis re viewed.

INTROf3UCTIOf

There are many stainless steels which have been
developed in recent years for service in marine
environrrerts.  These alloys have evolved from Ab |
standardgradesand generally have higher alloying con-
tents of molybdenumgchromium and nickel. There are,
ho~everstandardyradesf stainlesssteelwhichhave
seempplicationn chloride-contairurmvironmentsin
somecases,these applicaibns have beensuccessful
while,in others the materialshavenot givensatisfac-
tory service. In seawateenvironmentgh» principal
modeof corrosion failure of stainlesssteelsis crevice
cori‘osion,

This paper describes the crevice corrosion
resistanceof a standard stainless steel which has been
frequentlymployeih chiorideenvironmentsThe
behavioof Type3I6stainlessteelis reviewedn terms
of the principalfactorswhichaffect crevicecorrosion
includingcrevicegeometryenvironmentdéctors,
metallurgicdhctorsandelectrochemicdiactors.

All naturalexposur¢ests werecaonducteat the
LaQu€enteforCorrosiohechnologyc.at Wrights-
viffe Beach and Kure Beach, NC. Except for tests
involvinglioymodificationlenand levelsall other
dataare for commerciallproducedhaterialof hominal
compositiorDetail®f variousestproceduresing
multiplecreviceassemblieand other creviceforriiers

8I_ect|r0qhe[[n£gthech_n|que§_?_r dletermlnatlﬁrq(f
anadipolarizati avi@anccriticalcrevigs ion
cC anentratlmdesc%‘bﬁsewhe%.I%@Vso,
the variousnputand outputof the mathematical
modelof crevicecorrosionwhich is utilized in the
current work are discussedin detail in previous
article.fa. >!

EFFECTSOF CREVICEGEOfgtETRY

Utilizatiooftherecentlgeveloped mathematical
modedf creviceorrosionOd4hasprovidedsig, itto
thefactoraffectinthe resistanaef stainlessteels
andelatedronbasandnickelbasalloys chioride
eaataitumgvironmentdmaonthesédactorsthe
litstxaot crevicgeometwariablesclascrevice

8loasdetermi
servicexperiengemarinenyironm

atmosphetesow eIomtgeasrteranoblilutedeawaq

nreport
Infroina
icab

oratoryv
ressoeastal
omestuariar

depthandparticularigrevicegap, is of topical
interest. It haslong beenrecognizedthat if crevices
are unavoidablthey shouldbe kept as openandas
shallqmsgossmle, oweverit is onlyrecentlythai
thecriticahtyof thesalimensiohgseerexpiorec.

. gfathematicaf modellingand scanning electron
microscopf/actuatrevicesfandicatéhat differ-
encedn alloy performancfom one applicationto

anotherarprobabbeattributethdifferencaathe

endeomenythecreyigerinerJt hasalso
Eg_zalsu gested%/arl_a%lﬁnlg pjrator;es_ts
mighbéexplainelyrelativelyninodifferences
the actualcrevicegapas affectedby the degreesof
flathesndightnedsetwedhesubleanateriaind
thecrevicdormer. Insomeasesthe modepredicts
thata variatiom CreViQmmb\a fraCtio®fa rniCrOl.
couldbe the differencenetweenesistanceand
susceptibilityfor a given alloy/environment

«ornbination.

Earlier mathematicainodellinghas shownthe
beneficiaéffects of increasedrevicegap and de-
creasedrevicedepthon the predictedcrevice

oot eGand eslp

rangefcqnditionspractica m#iviennr%gé : %der
cor‘?guc se_vePaﬂo B1C UJIﬁ%’p ﬁn
Figuré summarizpsedic |onfscreV|cqﬁ:ometr|es
whergype8Galype8land ypa81stainlessould
xr%ectedb resistambcreviceorrosion] hese

bee
geometreethoseombinatiohga@nctiepth
abovando theleft of thelinefor eachalloy.

Thevariouscombinations crevicedepthsand
crevicegap which were modelledcover | g36
cowblnatlon'ﬁh%e tidime &meaggﬁhcablmr
EI‘: emLPéorb ml revicagjepict em%tlclgltlly
inkig Similariynega lmenSIGPtho otl
non-metako metal ¢revicesand metal 10~ metai
crewcasshom‘rm EI ure. fetaﬁomet krevice

eometnesulnthéntroaduct etalongnto
ecrevicsolutiofrombotlsurfacesThusa metal
to metalcreviceof twicethe ga[)_dlmensmuf a non-
metalto metalcrevicewill resuitinthe sameaultimate
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crevice environment chemistry and equivalent times to
inniatiOn of creviCe COrrOSION.

~ useasvlassaTllash

10

jr

Figure 1. Predicted geometric conditians for resistance
above and to the left of the line for each
ailoy! and susceptibility below and to the
right of each line! to crevice corrosion,

OPEIICIIEYICE ELIMOCMEVsCE

CgiEVICK DEPTH tf!

NOII-METAL

ItETAL

CIIEVICS' faAP 3

Figure 2. Schematic af crevice geometry factors.

In reviewinghedata in Figurel, it isclear that an
alloy rankingof relative alloy retistassCes paSsible.
Type 30Ss.tainiesSteeliS prediCtedtO be SuSCeptibfeta
crevice corrosion over the broadest range of crevice
geometry conditions. Type 317 s~ steel is

to be susceptible over the smallest range of «onditicns
The performance of Type 316 stainless steel lies
between these two materials, but is more nearly like
Type 3 in expected performance. For ihe range of
crevice gaps and depths considered, Type 316 is p e-
dicted to be resistant to crevice corrosion for nearfv
half of the geometry combinations modelled.

ENVIRONMENTAL EFFECTS

Resistanceta Dilute Seawater

Type 316 stainless steel has been frequently
utilized for service in brackish waters of varying colo-
ride concentrations. A greater degree of resistance io
crevice corrosion would be expected with decreased
chloride levels in the bulk environment. However,
aCtual reSiatanCe wOuld be dependent, in part, Onthe
Severity  of the  crevice geometry present.
Llathematicai modelling predictions indicate that asthe
bulk chloride level increases, crevice corrosior in.ti-
ation of Type 316 as well as others! is likelv to occur
overa broademngeéfgeametri€COndiiion.!

sGE4

ao

@]
1]

ct

0l 02 03 04 05
CREVICBEPTH Icm!

Figure3. Effect of crevice geometryandbulk
environmentchloride concentration on
resistance of Type 316 stainless steel.

Figure 3 describesthe relationship between bulk
chloride concentration and crevice depth on the pre-
dicted resistance of Type 316 stainless steel with a
fixed crevice gap geometry. Under severe conditions,
iw., crevice depth of 0.5 cm, initiation is predicted
over the full range of chloride concentratiions
considered. Time to breakdown is shown to decrease
«ith iticreased chloride concentration. It can alsobe
seenthat for each chloride concentration, some critical
value of crevice depth exists where initiation is no
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304. Results from the multiple crevice assembly tests,
however, clearly quantify differences in penetration asa
function of distance from the ocean.

Crevice corrosion at test rack lap joints after
10 yearsservice in the 25 meter marine
atmospherictest lot.

Figure 6.

TABLE
Crol'loo CorrrrroroPooororoor
ResistanceExhibitedby Type 31 6
andType 304 StainlessSteelsin

5ix fr anth at K tee8each
Maximum De th of Penetratio~ mm!
Aczylic Crevice Multiple Crevice
Uprasherdl Assemblies
Test 5ky-  Cround- 5ky-  Cround-
Sire  ~Arro ward ward ward ward
25m  Type 316 0.02 0,02 0.03 0.02
.02! .02!
25m Type 304  0.0i 0.0l 0.03 0.02
.03! .04!
250m Type 316 0.0l 0.0l 0.0l 0.0i
.02! .02!
2SOm Type 304 0.0 0.0l 0.01 0.0l
o .02!

pit depth measureinenttin parentheaea

comparisornto exposure in seawater where depths-,-
ef.crevicecorrosiocanestceetimm  in 30 days{Ffgtxe-.-
1!, crevicecorrosionf Type3 stainlesssteel-as well
asother stairdess steels! in marine atmospheres is orders
of magnitude less severe undersimilar crevice formers.
This can be attributed to alack of any substantially
effective cathodic surface  due to the high electrical

.and that for the other Mn-5 combinations.

resistance of surface rroisture filn.s durinp time o
wetness as well as the absence of anv continuous
aqueousenvironment in drier periods,

IVETALLURGIC AL EFFECTS

Effect of Mn and 5 Levels

Decreased levels of manganese and sulfcr
stainless steel have been reported to contribute
increaseqitting. 10! Improvedesistanct® initiati'o’
of crevice corrosion by lowering the mangarese conten.

to 0.2 percent has also been reported.4I! Suci-
reductions correspond to the same positive e!fee.
obtained by the additon of ar least !. 5 percent

mOlybdenurn. To further assessthe effeCts of 4'lnand 5
levelS On eXpeCted SeaWater CreviCe corrosion behavior.
a series of tests were conducted.

One teat involved an  eleCtroChecsica!
determination of the criticai crevice solution CCS:
compositionrequiredto initiate crevicerorrosion.I3l ir
this test, an alloy is defined as being more resistant:
the CCSis at alower pH/higher chloride value. Taofe
il summarizes CCS values for several allovs of variec
Mnand 5 levels.

TABLE |l
Critical Crevice
Solutionsfor StainlessSteels

Cri ties.
Percent Crevice
Content Solutions CCSi
~Allo Mn S ~H Cl M
Type 304 0.i 6 0.005 2.00 5
0.18 0.0i 7 2.05 15
i.20 0.006 2.00 | |
i.l 10.015 2.10
Type 316 0.1 8 0.003 1..70
0.25 0,01 1..70
1.48 0.004 1.65
1.46 0.019 2.05
20Cr-25Ni- 1.4S 0.004 1,35 b
4.51VIod.5Cu 0.fg 0.01 3 1. 30
In the case of Type 304, relativelv little
difference in the CCS composition can be seen as a
ftxtction of Mn and 5 levels. A slightly higher pH,
however, is noted for the high Mn-high 5 version i.e.,

less resistant!.  sPhife generally simiiar findings were
determined for Type 316, a more substantial difference

is shown between the CC5 for the high Mn-high5 heat
Reduc.ng
Mn and5 levels in the 20Cr-25Ni-4.5Mo-f.5CLE alloy had
no significant effect on CC5 composition.

,.The" CS vafui» identified' in Tabfe !f were used as
inputsfor mathematical modelling. Figure 7 gives
modellingpredictionsfor  the times to crevice corrosion
initiation as a function  of crevice geometry. In this
exarttplegrevicedepth .| crn! is fixed and crevice
gapor tightness for anon-metal to metai assennbly is
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Var edAIIO){eSI tarlseom aregdhigMn- hl%‘l Ran ofCreV|ce~~R|on Penetration

diowMn eatf Type304andType3
predlctlonsﬁor the two heatso¥t he 20Cr-25Ni-4.5Mo- '”TTEQE‘,",‘?;’JC‘,? Lﬁgg}/ %@ﬁg[ﬂb'y
5CalloyhavingmilaCC5saluearetypifiedy _
one curve f3eth of Penetratéggmz‘ngN_
r- i-
Thesecurves indicate that as crevice gap is Va'\r’:g;if’m ~T»316~Tr~3044.5M&-5Cu
|ncreasedtgg time t(r)nllnlttlatlon of crevice corr05|0n|§[
increased-oreachmateriaisomereviceapexists i 0.01 t 0.02 to
whererewcecorrosiom nolr%wgepredlcte Forpoth ~ -oW Mn-tows 048 0.51
€S
ng—g versB/IIn)areg &d ctet;t(ae Be suscegtmg& Low IVin-Highs  0.0210 0.05 to
rrasiavera wid errfalor&eo tigh thnre~I vice$hant e 9 0.48 G56
CO'[ respor n- Versio ISregardr;

benef|C|aI effects 0 decreasedMn and 5 content are : ) 0.01to 0.05 to
mor@ronounded Typei6. Asshowiheresistance Highfrtn-Lows

0.71
of thelowMn-fove KeanT pe3la@pproachie 0_%'??0 0.10to
resistancef thehlghealloyedstalnlessteel G38 0,58

Themodellin redlctlorm Figurer alscxshow - - 0.02 to
thatforextremely% tcrevice®.g.D.01m ny HighMn-Highs 09250 =%
effectof alloycontenivouldelesaoticea IeT IS 0,09 ta
wasconfirmedin_actual tests conductedin 250C, 0.38
f|IteredseawaterEwdencefongiom%rewce:orrosmn
beneathultiplereviceassembliastene 5 cnx 5
cmspecimengasdetectedor aII materialsvithin ELECTROCHE!fICBEFE.CTS
threeda Df ex osureAftertie ﬁYSa esm\;[erlals
regardiessMnandsS leve bit stantial

penetrationasindicatedin Table 111, al ni oup I' S hasbeeaorewously

[EpaLRfEs PR e Ao Loéﬁﬁ-
ectlveneﬁshlstec nidéer «ontrod

%rev'ea"é’”%sr"'“’f Roodashicite L0 an
%a.l eareaft estaln esteesuktll care ave

. e|nQwn preyeaotevi oSl
L04 B% d%y?es[{g Yowvel(g%l %eawa-[&g %280
Unp rotecmm lesrrodéda depibi upto 1.2
1 4.04 mrn Simdartests conductedn somewhaWarmer
seawater.e., 22-2goW@leralsgsuccessiun con-
trollin rev#ceorr05| or stainlesseelo %tee
4.04 areaatiosof 50: hilesomenit tlonands
enetratiod? mmmaximum30daysiv.
8 0.0i uredt the50; areaatio,theextent penetratlon
: wasnorghartwoordersf magnitudessthar that
reportedor uncouplespecimens.
10

Addrrietes  te 44nxtOArAd Potentialataeported JFor Ihe! 40Geawater
testare plottedin Figure8 as a functionof the
stainlessteelta stee arearatio. Valuedor the
unprotectedpecimeng.03V! a%?roxmatmten-
tiaisreporte sewhefer inrg: \f-.

) ice corrosion.t/ii4As ca e seencouplingwit
Figure7. Effect of alloy herand5 contenton carbonsteel resultedin an_expectedhift to mare

resistance to crevice initiation. activepatentialsIncreasingestainlesgeehbrea
reducedthe degreeof polaization in the active
direction. Thesecouplepotentialsaremoreactive to,

Variationsin depth of penetrationcan be orcloselap Ximath orrOS| tentialor T

attributedbo differencdés the  actualtime to crevice 3163 eae t imuked revl cesomly ns
corrosiomitiationat individuadites beneaththe goHan &01 51 "i15i
multiplerevice assemblieas well as site to site

differencesin the crevice solution concentration. Less ur® describdweanodipolarizationehav-

severecrevice geoinetrieghan thosecreatedin the ior for gr e 36 as determinedy otent|odynamrc

multiplerevice assemblestmayallowor greater pol arlza id@stsn a deaerate cg 0.8

dlstlnctlonfan)pOSItl\ﬂffecd)fcontrolIMhandS 50|ut|0n I As canbeseenanypolarizati orresu|t|n

levels. Howeversince it is unlikelythat crevice tpOtentla orene auvgg Obout gfd
geogwetmn beconftrollef:fctheexten Suage: eSt «a hodlcatlr{otecTyp 6|nanaggreSS|\xHeV|ce
rnathersraticaiode fl1~differences be aV' solution.  L!ncoupfednaterial undergoingrevice
onapplicatiolw anothshoudeé expected.
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corrosmmuldcorr dan theac ePotentlaﬂ ime
-0.30 O 4V approximatedyat potentialfiore
nobletot break h ougbotentialsi.e., O 13 Vin this

case.

In casesvhergyolanzatiotueto couplinwith
carbosteels notsufficiento adjusthepotentiabf
the stainlessteelto the cathodiaegionreductiorin
crevicecorrosiopropagatias still p055|bIeTh|scouId
resultshouldhecrevicepotentiabemaintainedh the
passiveregion or at low currentsassociatedwith
potentialanoreactiveto the anodigeak. Thiswas
apparentlthe casewheresomeslightpenetratiorwas
observedn the warmseawatertests at the 30if stainless
steel to steel area ratto.

0.0

Ls
10:1 100i1
5TANLE55TeelLTOC 5TKER152 aSTIO

Figur8. Polarizatiaistainlessteebycoupling

with carbon steel,

0.1

u0.2

9 -02

w.5
CuaetitrOeiiairvteae<oaeayarceJl
Figure9, Polarizationbehaviorof Type3[6 in
simulated crevice solution.
SUMIUIARY

ACCutately aSSessingthe Crevice CarrOSiOn
resistancef Type 3J6andotherstainlesalloysrequires

areco magﬁctorsﬂx revi
an ear owiatins vt
relateifchlori contalnle vironments
g?_lcaJ,enwronmentahdde&g actors éfa” ir
S e |mperran

estlngn natu ralmarineenvironment

sug;r:)] la orat trochemltrmﬂ?idf’('fia
t erRatr y e?ﬁ}t

eeem
actorsa ect viapf g/
Steel. Th e re e apehane rlbé'dhe
relatlons

we eV| ometiyctod«ei

Sramnt d?h’t'ed D e ut'ata'i“e'
8I’€VI sem

e IIiaaes stantfﬁl%
I’eVIC %éld’ gnvwon
suggesﬂome:rltlcal levelof dilutionwhichwill aff«
propagation.

Thecrevicecorrosiorresistancef Type92le
aggreSSteaatatmospherebeemuantifiadt
comparedto |Ongterm serviCeexperience, 'I'htlesoiv
attaCkCanbe enCountereshpeCialbt locaiiani
closesto theoceandepthof penetrat|oarem|rurr|
in comparlson to seawater.

. Electrochemicaltesting and mathematicalnrad.
eHingconfirmthe reportedbeneficialeffectsafre.
duced Mn and 5 levels in stainless steels, Howeier,
becausef the apparemarrowmargiraf rrnprove.
ment, it is uncertain that anynoticeablebenefitcarbe
derlved if crevice conditions are severe.

CreViCeCOrOsianprotection by Sacirficial anoae
COupling methodS is Shawn to be effective, Resu:ti
from muiltiple CreviCe assemblyteStS with siainlesi
Steel Coupledto CarbOnsteel at different area ratios
were correlated with results of electrochemical test
results. Crevice corrosionwasreducedor preventedr
pailarization near to or within The Cathodicre[[tan
describedby polarization curvesdevelopedn simulaiea
crevice solutiorrs.

understaniling of the operati've m«»-
nisrn of crevice corrosion a combination of tneoreticai
treatrnentS and natural eXpoSurescan be utilized Tc
define conditionswhere Type 316 is likely ta res«i
corrtxsion.
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THE EFFECT OF CREVICE SOLUTION PH
ON CORROSION BEHAVIOR OF STAINLESS ALLOYS

R. M. Kain and 7. 5. Lee
LaQue Center for Corrosion Technology, Inc.
Post Office Box 656
Wrightsville Beach,North Carolina 28480

ABSTRACT

Crevice corrosioninitiation and propagatiorare controlled, in
part, by the pH of the crevicesolution. Variations in pH can be
attributed to differences in crevice geometry, alloy compositiorand
bulk environmentchemistry. Comparisonsre detaiied for tests in
natural seawater and otherchloridecontatningwaters. The utility of
electrochemical tests and rnathernatical modelling are also discussed.

IN TROD UCTfON

Resistanceof stainlesssteelsandrelated  alloys to crevice corrosion is dependenton
whether the crevice electrolyte becomessufficiently aggressive to cause breakdownof
passivity Alloycompositiobulksolutiomhemistrygrevicegeometrandotherrelated
factors contributeto an increasein the acidity and chlorideconcentrationof this oxygen
depriveelectrolyte.l Breakdowislikelyto occur if theseconcentratiorexceedsome
critical level, specificto that alloy. This concentration  hasbeendesignatedas a critical
crevice solution CCS!.2r3

The impact of these factors on the resistanceto crevice corrosioninitiation and
propagationis being investigatedby various electrochemicabnd mathematical
methods-21 Modellingof chemistrychangesn the creviceelectrolyteindicatesa
strong dependencyn crevice gap and crevice depth dimensions. In addition, for each
alloy-geometrycombination,the bulkenvironment  chloride level will affect the ultimate
cweviceelectrolyte pf-l. Accordingly,a given stainlesssteel may encountera range of
crevice solutions of varying pH and chloride level dependent upon the crevice geometry
at+l  bulk environmental conditions  encountered.

Previousand on-goingcrevice corrosionresearch at the l.ague the Center for
‘Corrosioffechno ogync. LCCT! hasutilized a remote creviceassemblyRCA! to

nbebndbalnt
~ by gbnrdbnmh”nmd $$rrrdnbrnnnbrrr)bctnynrrb%bemmﬁhdhbtrdrdnmrrsnrnnrn dins»nrdnrrimsarrbrnrntbiyn€rrnbnnn
ebitrrmy$$8grsdnbbanir bra»nrnderggrnrnindinngnrmsbbmrsnbnrdcersr anyssm, peand nrrnrrmidbrdndrrs rirnss Subrrns
edrrdner eO %n8ICW Hades,ynnng/$$ nrirnnnsnrisrpm» r» bNrtnndrnbyirbO$inrely. rnpnnbmrrrnnnnaset»  yrsrrabrnnbnmin

dttbty b nl~ brrsrbiigdlen» n»rnnn»rry»reninndyird$ n~
¥y y % srrrrrnesSSI
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quantlfgl|fferencetstheproPagatmmstanoéstaln_Ie_sEeeIamffectebyal!ugy
contentand bulk environmenthemistry.<>>This technigijeenablesneasureme
current to a physicallgeparatetiutelectricallyconnectednodenembercrevicearea!
exposeih thesamebulkenvironmemwith a largercathodenembercrevicefree areal.
Whileheremote&revicdechniqusagproved valuabteol,it nonetheleissubjedto
somef thesamerevicggeometmelategroblemdentitiedor otiierappliedrevice
formetestmethodsSpécificallyhelimitsto whichthecriticalcrevicgaplimensions
canbeaccurateheproducgmseomdmitations obtainingeproducibteevicaest

results.

~ Thefollowingdescribethe useof a compartmentalizedll to studythe effectsof
dlfferencesnth%cf;aaﬁlodandanqdeelectrolyt%sm ropagatioandcessationf crevice
corrosion.¥Whiltnetechniquesimilaiio the C,&)roce unéhatherespective
cell memberare physicallyseparatedut electricallyconnectedhe anodeanembers
exposedwithout a crevice in a deaerated, simulated crevice solution. The crevice
solutiorselectearemoreconcentratéthnthemeasur€dCSor thegweralloy,
hencethe crevicegeometryeffects ondevelopmenof the CCSare eliminated.

EXPERIMENTAL
A~aratus

A test cell was constructedto separatethe stainjesssteel cathodeand anode
membem theirrespectivenvironments$hecell {)artltlorbe_tweethecompartments
consistd anagagelsandwichieetwedmwofri tedglasshscsleldn_ lacavitha
nzlonom,’oressi g. Ineaclecasethe eljwr_ep redththecrevicelectrolyte
sélectedrthegivenest. Earlieattemptsit rlttEddISC$l$ princompindtion

&5t

with compres ersof filter papereitherdid not sufficie uppresshloride
dlﬁusmmpomt%ymoreconce tratecrevicesolutioror, if e \P .resultedn

excessively high electrical resistance.

Asshowschematically Figurd, thecathodeompartmeobdntainegrovision
for recirculatiorf the bulkenvironmerftoma larger20liter reservoir. In additionto
providingoomfor a control specime the# rgevolumeenabled;o tiolof 31? bulk
environmehemistby minimizinleetfectof an emalnlrm%u oridaiffusing
througthepartitiorironnithemoreoncentratatiodeompartment.

S~~cimens

Cathodeand anodememberswere approximately170cm2 and IO cmz2 in surface
arearespectively. CommercialType 316 stainlesssteel wasutilized for thesestudies.

Cathode$the3mnthickstainlesteeimateriavereexposevththeas-produced
mill finishintact edgesveremachinedndground!. In eachcase,the smalleranode

rnernberserewetgroundo a 60Qyrit finishwith SiCpapers.

Priarto testing,specimensveredegreasewith acetone bristle brushscrubbedyith
pumiceinsewithwatean hemnsevfntﬁres cetor&ncﬁrledAno ecimens

were weighedto the nearest 0.1 mg.
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Environments

Naturalseawateffiltered!anca 15,000ng/L chloridesolutiorat pH=3simulated
procesrivironinenilwerc sclertcd as cathode bulk! environments. Theseenvironments
were Of(—;‘n to the atmosphereand further aerated b){ stirring and fluid recirculation.
Tabiel identifieshe cornpositiaft the crevicesolutionasedn the compartments.
Sodiunshlorideandhydrochloriecidwereaddedo a syntheticeawatestocksolution
fo %ive the desiredcr&())r_igeleve andpH. The athematicalmodelforc«irevice corrosian
Initiationk¥asisetb identiigeometandullenvironmeanditions| Ir‘ﬂpls
rangeof limiting pH valueswithin the crevice. This identification and s€lectionor a
seriesf crevicesoliitionat limitingpHvaluebagheadvantagéenablingropagation
studiesundersteady state environmentalconditions. The simulated crevice solutions
were deaeratedby purpingwith nitrggengasprior to beei&gintroducedto the anodecell

U

pressurizddliveryandvigoroygiirgingvascontinueduringhetest. Ail testswere
conducted at 250C + 20C.

Procedure and Instrumentation

In additionto the catl>ode@nd anodememberof the crevice corrosiorcell,
uncouplezbntrolspecimertd the samedimensionsereplacedn the respective
compartmentsUponmmersiortheanodeindcathodenemberwereallowedo freely
corroddor onehourprior to beingelectricallycoupledhrougha zero resistance
ammetefor 2' hours. Carrosiopotentialsveremeasuragsingsaturatedalomel
referenetectrodptacedirectliynbotltompartmemdtheentf thetestperiod,
the cathodeandanodeceil membersereuncoupletbr onehourto re-establiskheir
respectivecorrosionpotentialsrelative to the control specimens.

Polarization Tests

Potentiodynamioolarizatiorcurveswere alsodevelopeth the samesimulated
crevicesolutionat a polarizatioacarrate of 0.6 V/hour. Specimemgeresurface
groundithwet 120SiCpapepriorto test. Thepolarizatiomasnitiatedata potential
of -0.6 VSCEandproceededo morenoblepotentials.

RESULTS AND DISCUSSIONS
Selectiorof Crevice Solution¥ia MathematicalModeBin

Previousstudieshaveidentifiedthe CCScompositiorfor initiation of crevice
corrosiolf Type3l6stainlessteelin seawateto beat a pHlevelof aboutl.65vith a

3
corres ondﬂﬁ ridepncentratodabowt.OM.3 Thereseg mentalizec
cellinvesti atm%msmﬂe@ﬂe reviceolutiorss Hg%/eISL,SIZ)%}:i%I ﬁ a(ﬁpofa
W_ac E_em re_oncentrat_ rth_eﬁ_bové:C%_$)H. IaLt_eImatlcr:Emb el mt@ats_used

o identifycrevicegeometriesyhichjn practicewould/ie ongentrationas
hmltlng%ue e Watm_t}zl'isr\froc;l |ronm_vé0nt mﬁ%‘(a)?)%wgﬁ& atpH=3
wereconsideresbulkenvironmeirtputs. Twofixedvalue$or crevicaedeptanda

g;m _crewce%%%lmensm reentere@sgeo trwwp%tg t emodeI.Tre
eégt g)nen& .38man ..7Ecmar%%/§|1c%> thos rjia %ratoa é)led
revicéeormer®.g. remoterevicassem odgbredictionsr therespective

C
crevicgapdimensioaseaclof tiI>environment-crevieptitombinatioaseshown
InTabl@. Thesegghicrevicgaparewithirthequantifiadngdeterminedrlieby



scann|e@ctrdn|crosccamm|nahxbassembd:edwcemnlmnent@@m

Tabl@,it carbeseethattigh tecrewcesmale_ﬁ/arert quireaviththeshallower
crevicdepthmordetoprodudhesambmitinggHvaliicasdeeparrvices.

Theseéataindicata relativeeffectof crevicegeoinetrygapdimensiom the
seawatmstSNhlch\s eatetharthedlfferencelsbehaV| edictelgetwedhe
wobu environ ter-relationships twee elrebvlcagemrﬁtryaﬁ) n?
ullenvironm msﬂnyav@eeprewou sesentbytheauthors e
moréhammndullenvironment-geom blnatlaranprodtlcthesamdamltln H
valu®efthecrevicsolution, therateof pHfall andhencdlie tiinr to breakdownay

vary.

Figur2a showmdellippedictidostheallin ithi cnhfferem;lrewces
formelya non-met %ypg%gtam essteg\ssef%H% BOI‘W ases,limitingofi
valuefll + OOBasbee redictedssuming CCSalu® 1.65,it canbeseertha]|
the 0.3cmdepth OLuaPSapcrewceondltlons wouldcauseulorerapld|n|t|at|on
Laboratogy erlme hRCAdevicasmveaesulteohcreviceorrosian aslittle
as 3hours <|>Tli1§po ?bllltpfothec vice geometrlersf greigseverltye gH
tlg apsvouldna roductioircrevicsolution$ev Welnm|t|nq¥
value V|dencmth|$ega abeerecently establishdyytheaiithnravithsensitive
lendlcatlngaperapplleud)freshgsassemblecdewc&omponentaumerous
measuredpHvalueapproximating.&ndleshavebeemmade

Tabl& givehetestesult®rthecontr@amples  exposeadboththeseawater
angimulatgmocessivironmeornpartrnen a@tﬁs sWhilthese datashov
relativelpwateefcorrosiornthedetrimentetfecbfd ecreasn% viceolutiopH
IsclearlgvidentAscarbeseengecreasing thecrevicesolutiorpHfrom I.5 to
resulted in a fourfold increase in massloss.

Anode/Catho8ehavidn Corn entafizedCell Tests

Couplingfthelargecathod@ernbersinthebiilkseawaterandprocessnviron-
mentothesma Ieanodenemberethedeaeratedewcesolutlor[:roducesd variety
of responseBachoweveryagypifiebya shlfnnthecathodpotentlals to more
activeralueanda shlftntheanodpotentla morenpbl@alueghcomparison to the
respectlvfeeelycorrodmg:ontroIsActNeshlftsn potentiateeasured for
compartmentabeéiththddenembeaseanalogotethoseometimesbservea
remoterevictestattheonsebfcreviceorrosion.>

Aswoulbeexpectethedifference potentlddetweenathodandanode
membe odu? fcurrentponouplindzigur8@ showkecurrerdata
testsitil'zin teresgawaten ecatho ompartmedheactmasethetotal
curreldlecayeu\/lthlme/wthseverabru hanges Inmagnitudeeingecorded.he
significandéthesehangewillbecorrelatedatemitithepolarizationcharacteristics
of theanode.It isalscevidenthatthe total currentincreasedsthe pH of the crevice
,"lofti'fiondecreaseslithmordghanan ordeiof magnitude differenceeingecorded
betweethepHd.$ andpH-L.| testsafter 20 hours.

- .Currentlata for testsutilizingthe simulategrocessoliition in the catliode
cornparttnareshownFiguréf. Agairdifferences asa functiasfcreviresolution
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yieldmoreactive potenti,ilsin eachcase. In contrastt<-pot«nli.il<ltl<< i «s»0 » <{fnr
the freelv corrorlingrn<ttbersin their respectiveenvieinno™.t'i,,i u'axn'.ll of '.0I5
separatethe coupledathodeandanodanembers.Little ~ ffetnf I».ill"rivtr,»»»ent

evident from these final potential data.

To marecieariy describethe corrosionbehavioras indic,itrd t» tht r Icctrocfietntcal
andmasslossdata, attention is redirectedto the curreitt decaypltitsshoivipreviously»
Figurd. [neacltasegnedrmorstepwisedecreas@scurrentreevidentNotefor
examplethe changexccurring thepH=1.3testat about 16 daysandalsothe initial
decayn the pN=I.5test. Thesechangesorrespontb changesn the anodepotential
which are controlled by the ability of the cathodeto  polarize the anodefrom one
potential-currenégimeo another.

Figure® showsegmentsf potential-timplotdrom tlie variousestsutilizing
seawaterin the cathodecornpartrnent. While uncoupledaitode inembersin the three
crevice solutionsremainedat active potentials with little changefrom their respective
initial valuesthe uncouplechthodenembersichieved  somewhaimore noblepotentials

with  time.

For the coupledanodesdifferencesin behaviorasa function of crevice solutionpH
are evident. Note that while the potentialsn the more concentratedpH=I.I crevice
solutionremainedactive, those at the higher pH becameanurenoble. Thc..ibrupthange
in thecurve for the pH=I.3dataat aboutl6 hourgorresponds to the decreasean current

noted earlier. In the case of the pH=L.5 data, polarization to the mare noble values
occurred early in the test.

FigurelO comparesthe spontaneopslarizatioehavior of the anodememberin
thepH=l.5crevicesolutiorseawatecathodeWitha potentiodynamic  polarizationcurve
developedt a scanrate of 0.6 V/hr. Couplingf the anodeand cathode members
resultedn a shiftto a potentialcorresponding the anodicpeakcurrent maximawith
subsequerdpidpolarizatiorto morenoble potentials. The potential-current graphs
obtainedythetwomethodare inexcellengreement  up to a potential of -0.275V. As
woulde expectedthe longerexposurémesin the compartmentalized  cell resultedin

lower passivecurrentsat the more noble potentials. Potentials identified by the
inflection of the curvesat about-0.300 V correspondo thoseat the onset of the changes
in potentighndcurrentlatadescribefbr the compartmentalizextll test at pH4.5. In
the pH=Il.3solutionlongeitimeswererequiredo polarizethe anode membersbeyond
thispotentiategiorwith the resultanteductionn current. Again, in the pH4.l test,

polarizatioto thispotentiatlidnotoccumwithinthe 24-hour test periodandthere wasno
stepwise decrease in current.

Theseesultshovthat whileaggressiverevicesolutions  were moreconcentrated

thanthat requiredfor breakdowrof passivity CC5 value!, spontaneougnodic protection
is_pqssibIechordin%the degreef propagatiomaybe affected by the limitiitg pH
withinthecreviceandtheabilityof thecathodéo polarizethe crevice into a tow passive

current regime.

Theséindingareconsistewithrecentvorkoyothen? whahavelsaeported
that anodicprotectionis possiblen crevice solutionsnore concentratedhan the
depassivatipid. In Figurel 1, forexampledatafor Type 304 stainlessteelindicates

thatpassivitganbe establishad creviceenvironmenit the corrosiopotentiatan be
mademorenobleto the FladepotentialL  For the presentcompartmentalizedcell crevice
environmentthe Fladepotential allowingor somepossiblalifferencebetween Type

304 andType 316, correspondto a potentialof approximately-0.3 V.
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TABLE !

Test Environments

l«iik LL!Itiiine  aihOhi Al
raturziSeawatérs561E3 pHill
mprni.&dutio@m2I@1, pH3

CreviceSolutionsanodes!
40M Ci-pH |5
4.5M Cl-, pH 1.3

5DQCl,pH 11

TABLE 2
Mathematlddbdelllﬁgedmmr

eviSolutiamHV/alu
Seveél%nv 0nment~|@e &glomblnatlons

Seawater Environment C \F/’FOCeSEnw&(:)nmeéit. T
limiting  Crevice h reViCeg| reviCbe
Sol%tion pH Crevice Gap Crevice IIDepth c 1 CIanI p
.0,05 units! Curn! <c
0.09 0.75 .
o 0.15 0.30 012 D30
0.70 0.75
'S 0.13 0.30 D.09 0.30
0.60 0.75
o.10 0.30 030

10.42 HICi- p
Non-metal to metal crevices

TASLK 3

ResulisrFreelZorrtxfingTyp@ 6 Stainfesteel
Exposeth AnodeCatnpartntent

CrevicgolutionatV ' ancChloridesvels
Massloss m ! Average
Simulated Seawater P[FJcetss Coggféon
i i rest es .
?’\I;IEVIce Solution Controls Controls ~imlcm2/d!
4.0 04 0.03
4.5 0.6

50 13 0.14



TABLE 4

Differences in Anode Behavior
as Affected by Crevice Solution
Concentration and Cathode Member Sulk Environtnent

A bode Total
Cathode Environment Charge Anode Mass Loss !
Environment ~N Covin mbs! Gravimetric
Seawater 4.fx 10-4 0.4x10-3 3.1 0.0008 0.0008
1.3 4.7»10-4 2.6x10-3 0.0030 0.0029
3.4x10-4 B.fxIO-f 0.0041 0.0047
Process Environment 1.£»10-4 I. IXIO-f 0.0006 0.0010
0.42 MCI, pH=3
1.3 1.7xI0 " 2.6x10-3 0.00 10 0.0014
2.3xl0-4 S.Ix10-3 0..0022 0.0032
TABLE f

Corrosion Potentials for Various Cathode
and Anode Cell Members After
One Hour to Rive Environments

Corrosion Potential

«SCE!

Bulk Environment MostNoble MostActi e ~Avers e

Seawater -0,160 -0.190 -0.17 f

Process Solution -0.211 -0.237 -0.224
Crevice Solution

pH Isf -0.387 -0. 396 -0.39f

pH 1.3 -0.394 -0.400 -0. 398

pH Ll -0.394 -0.398 -0.395

TABLE 6

CorrosiesPotentials Exhibitedby
Coupledand Freely CorrodingMembers  of
T 316 Stainless Steel After 24 Hours

Environments Corrosion Potentials Volts SCE!
Bulk Crevice thodes Anodes

Cathode! Anode! ~ou ed ~ocouled ~ouled ~Uocouled

Seawater pH = Lf -0.173 -0.093 -0.182 -0.37 8

1.3 -0.224 -0.044 -0.236 -0.386

1.1 -0.299 -0.086 -0.314 -0.382

Process Solution pH =1.S -0.182 -0.006 -0.192 -0.372

1.3 -0.216 -0.064 -0,224 -0.367

I. 1-0.297 -0.062 -0. 312 -0.380

Reference electrode in bulk environment
Reference electrode in crevice solution



COMPARTMENTAIJZED CELL
A Anode Cell

C =Cathode Cell

Ra.Rc =Reference Electrodes
P =Cell Partition

I=instrumentation

R =Recirculation Pump/Reservoir

Fig. | Schematic identi fyinqg vari-
ous components of the compartmenta-
lized cell apparatus.

3.0
Q2l5

1.5
5
5
e 0
TIhK  hrs!

Lig. 2- Mathematical model pre-
dictions for the fall in crevice
solution pH as affected by crevice
geomet ry.
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Pig. 3- Current versus time data
for tests utilizing seawater in the
cathode compartment.
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Fig. 4- current versus time data
for tests utilizing simulated process
solution in the cathode compartment-
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Fig. 5 Effect
environments

of anode and cathode
on the magnitude of

initial currents.
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Fig. 6- Effect of anode and cathode
environments on the magnitude of
total charge calculated after 24
hours.

Fig. g Segments of corrosion
potential versus time plots for
freely  corroding and coupled anode
and cathode members in compartmenta-
lized cell tests with
the  bulk

seawater as
environment.
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Fig. 7 Comparison of amperometric
and gravimetric mass loss data from
comparmentalized cell  tests.
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Fig. 8 Effect of bulk environment

on increased crevice  corrosion
propagation under low pH conditions.
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AiSi 304
ud 0.2
-0 |
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-02 -0 3
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~-04
0
IL 05
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Fig. 10 - Comparison of the spontan-
eous polar ization behavior of Type
316 stainless steel i apH=15
crevice soLution with a potentio-
dy namic polari zati on curve. 23 45 67
pH
Fig. 11 - Relative potential-pli
domains  for  immunity, corrosion and
passivity of Type 304 stainless
steel: after Azzerri, Mancia and
Tamba, Corrosion Science, Vol. 22,

No. 7, 1982,
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IV.  THE ROLEOF BACTERIA IN CREYICECORROSIONINITIATION
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A. Introduction

The initial step in the nucleation af crevice corrosion is de-
pletion af dissolved oxygerin the crevice water. Onecritical input to
the Qldfield modelof crevice corrosion is the calculation af the time
for oxygendepletion. Themechanisof depletion hasusually been
assumedo be electrochemical wastageof the metal within the crevice at
the passivecurrent density, i,5 but the questionhasbeenraised as
to whether marine bacteria in the crevice water cauld makea significant
contribution to the depletion process. Sucha suggestion is made
credible by datageneratedt the Lang@enterandshowin TableAl.
The initiation  of crevice attack onalloy 825at 25'C wasmorethan four
times as severe in natural seawateras it wasin synthetic seawater.
Wherboth mediawere heatedto 50'C, killing the oxygenutilizing
bacteria in the natural seawater, the initiation rates were the same.
Theseresults are not definitive becauséhe datafar type 316stainless
steel shaw the opposite trend.

TheOldfield modelpredicts that the electrochemicalmech@am
aloneis capableof depleting the oxygerin less than 1 Sminutes
Therefore,it mayot matterin a practicasensehether natmicro-
organismsthecrevic&aterontribute mucto theoveratateof
oxygeuatilization. Howeverit is importanto ourunderstandiafy
themechanisaf creviceeorrosionto measurherelative contributions

of the two mechanisms.

Thewell-knowactive shift in corrosionpotential of a platinum
electrode with decreasinglissolved oxygerconcentrationhasbeen

uti lized to makehe desiredmeasurementsSpecialcells havebeen



196

~instructed out of either AISLEype 316stainless steel or polytetra-
fluoroethylene TFE! as described below. The platinum electrode,

along with a silver-silver  chloride reference electrode, was mountedin
the cap of the cell. Theseawaterin the cell waseither left natural
or sterilized. Thus, the following sets of conditions could be
achieved: 1! electrochemical oxygen utilization alone using sterile
water in the stainless steel cell, 2! biological utilization alone using
natural seawaterin the TFEcell, 3! electrochemical and biological
utilization together using natural seawater in the stainless cell, or
4! no mechanismfor utilization at all other than passive wasting on
the platinum and reference electrodes! using the TFEcell with sterile
seawater.

The special cells were constructed as shownin Figure 1. The cell
bodies weremachinedrom2. 54 cm  inch! diameter rod of either type
316 stainless steel or TFE. A 2.5cm length of rod was cut to makethe
bodyof the cell, andthen a cylindrical cavity 0.25 c¢m /8 inch!
diameter by 0.95 cmdeep was milled into one end of the rod. The volume
of the cell cavity, includingthe extra  height introduced by the "o-
ring" was0.71 cm. Thesurfacearea of the inside of the cell, ex-
elusive of the lid was 3.6 cn?.

Thecell lids werecast of BuehlerEpo-Quilepoxymountingcompound
in standardcylindrical metallurgical mounts. Theplatinum andsilver
electrodesandthe "o-ring" werecast right into the lid as showim the
diagram Whethe epoxyhadfully cured,the bottonsurfaceof the lid
wasgroundon a belt sanderto onehalf the depth of the "o-ring". and
po»shetthrougBO@rit silicon-carbidaetallurgicgdaper.The
damagedingivathememoveshving perfectiyoldéd-ring”
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groove After polishing the20-gagelatinurandg-gageilver wires
wereexposednly in cross-sectionandwereflushwith the bottom
surfaceof the lid. Thecrass-sectionakreasof platinumandsilver
exPosesvere0.0052cm 2andp.OOBlcm respectively. Thesunof these
areaswasless than 0.4' of the inside surfaceareaof the stainless
steel  cell.

In PreParatiorior eachrun, the cell wasvashen Ip~HC1rinsed
with sterile distilled water, autoclavedat 220'Cand 12 psi for 30
min., and filled with the appropriate test solution. Thelid was
preparedby abradinglightly with the 600-grit paper,andpickling for
about5 minutesn 70'MNGdIuted 1:1 with distilled water. This
treatment cleaned the epoxyand platinum surfaces, and it preparedthe
silver surface for conversion to silver chloride. The silver wasthen
polarized anodically in O0.IN HCluntil it turned dark grey, indicating
that the silver chloride layer had formed. The anodic polarization
usually took betweenl5 and 30 minutes. Usingthe above procedure,a
fresh platinum surface and afresh silver-silver chloride electrode were
provided at the start of each run. Mefound that this was important
because, if not renewed, the behavior of the platinum and silver chlo-
ride electrodes would change from run to run, presumably dueto organic
film formation  on the metal surfaces.

Natural seawater was taken either from the recirculating seawater
systemin the CannorMarine Studies Building, or from a special suPPly
of water brought to our laboratory fromthe openAtlantic OceadO to
100 miles East of the Delaware coast. The results of these experiments
did not vary significantly with the type of seawateused. Sothtypes

of water werefiltered  to removesuspendgohrticulate  material. For



the runsusingnatural seawaterthe waterwasnot treated further
excepor keepiny aeratedThesterilewatewaprepardayf'il-
teringfurthethrough0.2nicrometembriiter Milliporeto
removmostacteria, andthenautoclavingas describedbove. No
attemptasnade thesexperimetaenumerdibte concentration
bacterial cells in the water,nor to measurthe total biomasshorto
determingéhe bacterial specier morphologicdypesinvolved. We
haveassumétht: 1! oxygeautilizing bacteriaverglentiful in all
ourwaterseexcepwhera definite attempivasmadé removéhem,

2! the bacterighat wergresentvereeither representate of thoseo
be foundin anynaturalseawatemr the differencesin speciespresent
wouldhot be importanas longas somé&ind of aerobicbacteriawere
abundangnd3! if bacterial utilization of oxygemn the crevicewater
Is of majorimportanci theinitiation of crevicecorrosion,the
effect will beapparenin ourexperimentegardles®f the speciesof
bacteria involved.

After preparinghe water, the cell wadfilled usinga sterilized
10mlpipette. Watewasaddedntil a convexeniscusasformed. The
lid wasthen carefully placedover the convexwater surface in sucha
waythat noair wagrappedh thecell, Theabsenad air bubblewas
verified by visual inspectiorthrougithe transparenepoxylid.

Respons# the platinunelectrodedo changes dissolvedoxygen
concentration wascalibrated by determining the corrosion potential of
the platinumin seawatesolutions of predeterminedxygencontents
containedin a standardpolarization flask. Oxygermoncentrationsof
7.2 air saturation!, 3.1, 1.2 and0.6 ppmwere achieved by bubbling

appropriate oxygen-nitrogen mixtures through the cell from premixed
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compregasglinderd heoweskygeancentratoOt
ppmiasbtaineghurgitigeelwitiprepurifrattogpassed
ovecopparrnings 500'CTheorrosi@otentiaftheplatinum
wasecordeadter bubblinthesolutiowih theappromteoxygen
mixturier 2 to3 hoursr untiltheplatinupotentiagtabilized.

C. Results

Resultef theexperimemtsito dateareshown Figure?
through Figur2 presetieresultsfthecalibratiamingor
theplatinusfectrodsa functiafidissolvedygeancentration.
Atair saturatiomheplatinupotentiakam&ouldall it theEh,or
theredopotentiadf theelectrolytevasbout 20n\postivio
Ag/AgQGhthecalibratianinstheplatinupotentiahowsed
nearlimearesponsetheoxygenncentratiomto 3 ppmBelow
thatvaluethecalibratiorturvdecomasnlinearandheresponse
changasxyggmessunecomessluggishl heerticadrror
barsn Figure? throughrepresdaheenvelopéall datgpoints
takenusuallyffive!at thatconditionywhiletheplottedpointepre-
sents the mean value.

Figur8 givetheresultgor theTFEell uppesurvedndor
thestainlessteelcell  lowercurvelwith the sterie seawater.Thus,
theuppecurveshowhe platinumotenal, orthedissolveakygen
concentratissineneithettheelectrochemiaoalthebiologicaloxygen
utilizationmechanisreoperative Withirthefirst twentginutes,
thepotentiathangsa valueepresentiagoxygeoncentratodn
aboud.8ppmandhereatfterit remainonstantThenechanam

the initial decreasein oxygerwasnot determined. Thelowercurve
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showsthe decreasein Oxygenggncentratiomauseoby electrochemical
eduction at 3 B < andyottoof the316tainlessteelcell. The
first  twenty mindteS SRV reductiom dissolveadxygeto 6 ppmand
within 18 Qinut8S theoxyg@oncentrativagsiowto abou? ppm.
At this pointt Ewe NAYENIlylet onerungolongethanl00minutes. In
that run, theplatinumotentiabottomexit at about150mv corre-
spondingto nearly zero oxygen.

Figurd showiseresultsor theTFEell uppesurvebndhe
stainlesscell lowercurvelwith the naturalseawater.Thetwo shaded
bandsn Figured representheoutlinesof the error barsfromFigure
3 for comparison.Theuppercurvein Figure4 showshowthe oxygen
utfl fzatfon proceedswhenonly the biological mechanisnis operative.
Duringthe first 40minutesthe curveis nearly identical to that for
the electrochemical mechanism. Beyondthat point, the biological
mechanismis slower. One might expect that when both electrochemical
and biological mechanismsere operative together, their effects would
be additive.  The lower curve in Figure 4 shows that this probably is
the case. In the experiments represented by the lower curve, both
electrochemical reduction of oxygenat the stainless cell walls and
bacterial uptakeof oxygen in the cell waterwere operating. These
combinednechanismgavethe mostrapid oxygendepletion over the first
hour of' the test. It is interesting, however,that the high rate was

not maintainedto the end of the experiment.

0. Oiscussi on

At first glance,our results wouldseenio indicate that the bio-
logicalanalectrochemmatchaniprosluceughlgquivalemates
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of oxygemtilization. It shoultheremembetealyevehatthebio-
ogicalmechaniskeplacen thevolundd thecrevicevatemwhile
the electrochemicainechanisakesplaceonthe metalsurface. Thus,
thebiologicahechansawvolunaffect andheelectrochemical
mechanisna surfaceffect. Ouresultgsherannoteransferred
directlyto thecasef crevicmitiatiorwithouakinghtoaccount
thedifferenaasurface-to-votatnobetweamrcelland typical
crevice. Ashaslreadypeestatedthesurfacareafstainless
steelinoumetallicellwa8.&m whil¢hevolurafhecellwas
0.7Icm Thesurface-to-vohatn@n oucellsis, therefore,
6!/ .71!=5cm

A typicaievicamarihardwatieave crevgampf
2.54 10cm mil!. If thatrevieedrculamshapelathe
sam®|uraghaofoucell theerevickameneyubdl 8.6In.
Theurfaaeeaftherevicepnsidahagmndott@onfaces
buheglectmgdgesud6dm Thu)esurface-to-volume
ratio for thecrevicevoulle 61!/ .71 787cm

Thidifferemethesurface-tonaioadcsucell
resulsa factoir87!/ !, obpvet Stooniefavoithe
electrochemacalawisapplyihgioa typicakvickle
haw&atexbotetioroucelgjeométiyokbddhavrs
foreith@fthewmechetni:fringeiissokmeyigﬁtme
wapzerdVheanslatinopesutta cregeenaat
wodrpdwheiologicatharisgyo ould
nothangattheoncentbareoalisthevateas
nothandethethéaridelectrocmeustiogia
accelelagethcwfabdtifuethencreagesurface-
to-voluaeo. Thusuresulpseditiaglectrochexyigah
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depletionin thecrevices h&yld)ecompleia about4!/ 50! =0.16

hoursprabout 1minut%S_Tlgsvalueis In excellentagreementth
oredictions fthe . Oldfie'ldmodetuoteckarlier,

it should be note 9 TR t guIrresultswereall generateahcarefully
cleanedlaboratorysurafcgg‘. JHosstainlessteel surfaces in service
Wil not be as cein as thosevehaveised.Moreovewedid notice
lessreproducibléf wedid not cleanour surfaces

that our data lé)came
carefully  between SRCIRUN. It is possiblethat the presencef dirt,
oils, greasemdrganifiimsonthesurfacesouldecreaske rate
of electrochemicalxygeneductiorandbiasthe total rate towardthe

b io bgi cal mecharsm.

Thereis certainlyroom for additional researchin severalareas.
First. the rates of the twocompeting mechanisnshiouldbe measuredn
surfaces whosestate of cleanliness is more representative  of service
canditions. Second,this work should probably be repeated under con-
ditions in which the species of microorganismspresent, and their
numbers per unit volumeof crevice water, are known. Third, the design
of our cell lid evolvedduring the course of the work. The shape of the
cell bodywas dictated by our original lid design, whichhad the elec-
trodes protruding downinto the liquid fromthe lid. With the new
design, in which the electrodes are  mounted flush with the lower surface
of the lid, the cell bodycouldbe madevery shallow. Thus, it should
be easyto checkonthe predictedeffect of the surface-to-volumerati 0.

Basedn the results presentechere, wecan conc'ludéhat:

1! Forclearstainlessteelsurfaces andhaturateawatethe
rate®felectrochemieaidbiologicalitilizationf dissolvedoyxgen
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are aboutqualfor the geometof the cellsusedn theseexperiments,
that is, whemhe surface-to-volunagio is lesstharaboutlO.

2! Whéimesurface-to-valatoees 506 100@sis probably
typicafor crevicas marirsgrvicéheslectrochemeahanism
for oxygartilizatiordominatss factoof aboit60.

3! Basamhourexperimemaiatheestimatechdor oxygen
depletidmyelectrochenmadicticascorrecti crevioge-

ometng,inexcelleadreeméimredictirogmemathematical
model of Oldfield.
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TABLE pz.
Com taratfivel\llicxtéorrosil§a1.n,s.istartnfe
S nthett a'R/Fafﬁ Q}’F'”N aII reviceAssembly

ExposurB®uration: 30 Days
Torque: 10 Nm

Natural Sw
, Hax. Depth X Sites Nax Depth
T t X Sites
I T atacked of Atack mn!  Attacked*  of Att a
31 0.11 42 291
25 38 008
25 0.01 36 1.62
31 0. 15 33 0.18
50 28 0.13 0.08
U. 05 0.03

Attacked - No. Sites  Attacked
120 Possible Sites
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CORROSIORF STAINLESSALLOYS

Nikhil S. Nagaswamiand Michael A. Streicher
Departmentof Chemical Engineering
University of Delaware
Newark, Delaware 19711

ABSTRACT

Two accelerated laboratory tests have been used to study
the initiation of crevice corrosion on 12 stainless  alloys. For
these samealloys data on crevice corrosion from immersion tests
in natural seawater are now available.

I'n the laboratory tests, specimens with rubber band-Teflon
crevices were immersed in ferric  chloride  solutions to determine
crevice corrosion temperatures. Temperature was also used as
the criterion for evaluating "he 12 alloys in an lectrochemical
test. in synthetic seawater with Delrin multiple  crevice devices.
By means of anew instrument, a preselected, constant anodic
potential  was applied to the creviced specimen and the current
monitored for apreselected time at each test temperature. The
temperature at which the current exceeded a preset critical
level corresponding to initiation of crevice attack!, was
recorded as the crevice corrosion temperature.

The instrument permits the preselection of anumber of
experimental parameters applied potential, current measuring
e at each temperature, critical current  level, starting
temperature! and provides autanatic  control of test temperature,
interval between temperatures and current measuring time at test
temperatures.

preliminary results obtained in the two laboratory tests
are presented and compared with the data obtained in recent

crevice corrosion immersion tests in natural seawater, and with
each other.
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Laboratory  investigations are being conducted on arange o]
46 alloys wused in the recent. OTEC I! and Navy ! seawater ixnmer-
sion test programs at the Francis L. Lague Center for Corrosion.

Technology at Wrightsville Beach, NC. Materials from these 46
alloys have been supplied for our program. Zn somecases the
actual Panels used for the seawater tests were made available by

Kain, Incoob, and H. P. Hack, U. S. Naval Research and
Development Laboratory, Bethesda, MD.

All OTEC and. Navy tests were made on the same size panels
with  identical Delrin'+ multiple crevice  devices. The tests were
made concurrently in filtered, essentially guiescent seawater, at
30 C. The tests on the I3 alloys in the OTECseries were made on
panels with mill finishes and for testing times of 30, 60 and,
in scree cases, 90 days, with two levels of torque, 25 in-lb and
75 in-lb. The Navy series included 36 wrought and 9 cast alloys.
Twelve of the wrought alloys were also used in the OTEC tests.

To normalize the surfaces, the panels were given a [20-grit
finish, 50 mmin diameter, under the crevice devices. ALL tests
were for 30 days and with atorque of 75 in-Ib.

R. M. Rain did not rate or rank the alloys tested in the OTFC
program. H. P. Hackclassified the 45 alloys in the Navyseries
Into four grouP However, he found that "Data variability = in
this study is arge therefore. a detailed ranking of materials
IS not possibl However,in order to comparé¢he crevice corro-
sion results obtalned on the 46 alloys in natural seawater with
the measurements being madein our accelerated Ilaboratory tests,

a more detailed assessment of the data obtained in natural sea-
water was required I

Eventhoughaccelerated laboratory tests have beenconducted
onmostof the alloys tested in the OTE@ndNavyprogramsyesults
resentedn this paperare |imited to the 12 alloys common, to both
TE@ndNavyprograms.Table | gives the chemicatompositions
of thesealloys in~additionto severalothersused In" studyinghe

effects of test parameters

Several tests havebeendevelopedver the yearsto study
crevice corrosion of stainless alloys. . Theseiclude immersion
tests in natural seawater undervarlouscondltlonsan ests in

accelerated boratoryenwrgnments mon the latter, hle elec-
tr'ochemicatech nl(% O rate snstancg) loc |ze
attacklncu otent n mld:ests gwscaran a
ofentlos atl Iis scr ? nduc tlotm esl’
avanostaftl rlzatlo tS c}/c &nzaﬂonrano IC
ysteresis-loofechniquean pitting " andcrevicetemperature

Registeredlrademarkek. I. duPontdeNemour$ Co., Inc
Wilmingtong  DE.
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gitternminationat constarappliedoot.entials.

In this, figst artofour egti atio

esof
accelera Ecbor evic rse ec(t s%%dy
initiation of crevice corrosmn

il Thedeterminatioonf crevicecorrosiontemperatures
C.C.Tl'in 10%erric chlori8e solutions.

i! TE%eﬁermrnat [crevrce orro |ontem eratu[
N syn eticseawateunderconstantapplied
potent ia Is.

Ferric Chloride Immersion Tests

Theferric chlorld reY<Irc1:etest prowdeFl nmtensification

of severalfactorsw orid e crevi
corrosmmnstalnlesst p lloys ow Lﬁce)l:f é [1 ?orlde

on C ntratlons redo ent

ﬁgc eren af) c,go >tPa |00’§0X|darﬁ Cf alde
e ICES ncreasm e em eratur eI’I’IC Ch

test SOU onm evi emean |ncr asr

aggressive IS es an or Increasindpe rate ack

whenever crevice corrosion is initiated.

tem era ur&t Whlc revicec rrOS|o~|S initiated in,
terrlc chlori eso utions hasbeenuse tetnswe as a.crxterion
or measurin srstancet crevrceatta or CO arlnt\:gevrce
corrosionresjstanceof a % 31 8 23/1% % %eop
newalloys -10!. Howeveitonsidera evarl ility hasbeen
observedin data on crevice corrosion initiation |n ferric

hloride tests wijthin. eachtest proceduyre IlI. Furthermore
Chere are consrclerable?l#ere cpsrn the test roceduresado td

variousinvestigators,inclu crev n, ferric .
cn/loncgle solr&tlon gncs ﬁtest mat X ancﬁ?uratl S |nspect|on
procedures, and. surface finish.

Electrochemical Tests in S thetic Seawater

Electrochemrcal measurementa)f critical crevice potentials

haveshown 21 th at the r ngefo val ues observe IS SOWIde that
heY ca e usedto ran

eyﬁ Prab em (yeaso een
reporte WI'[ the ystereS|sm of B Wi 3
. t !t a[s useI rcrjteasure[mrlenta)f C'Ftltcal pitting temper-
ures at constan entials 0 co area 0
owevenneasunn&?g f 1&/ standar&) Iectroc |cat r?/stru-
ments is a rather_ time consumrn task. . Th edevelopmentof a new
bnstéument the Santr%PCTD -40@ot ntlostat madein Sweden!,
ernhardssasndco-workers In recentyearshasgreatl’

facilitated the determination of crltlcal crevice and pitting
temperaturesof alloys in different solutions. Furthermore,



Bernhardsson and co-workers 7, 18, 19! have claimed good

agreement between CPT data on arange  of stainless alloys with
extended in-service experience.

EXPERIMENTAL PROCEDURES

All  tests were conducted on flat specimens prepared from
sheet stock or from seavater immersion test panels. The specimens
were saw-cut to dimensions of approximately 5x 2.5 cm x1 inl
care being taken to avoid any sheared edges. Specimen thicknesses
varied from I. 27 to 016 cm /2 to 1/16 in! .The specimens  were
wet-ground. to 120-grit SiC on all sides, care being taken to avoid
sharp edges.

The specimens used in the electrochemical t,ests were drilled
in the center 8 mmd.a! to allow the attachment of the crevice
assembly, and also near the top edge mmdia! to permit threading
the platinum wire support. Care wastaken to deburr the edges
and to smooth the inside surfaces of these holes. All specimens
were scrubbedwith detergent using a nylon bristle brush, degreased
in acetone, dried and weighed prior to use.

Crevice Assemblies

Rubber band Teflon crevice devices as per AS.T.M. G 48
were used for the ferric chloride tests. All rubber bandswere
boiled in distiled waterfor 1 hr prior to use. Teflon surfaces
in contact with the specimemweregroundflat to 600-gxit SiC.

. Delrin multi le creV| ewashet% serrationsper washer!,
with serrfntedfacescare ullygroun 600 %I‘IISIC wereused

SRS ?&trg%eur?scbotﬁs 140 tened

rea spgrlnl

%”%Hﬁ%%rﬂwﬂ@a'ﬁéﬂ'&lot?‘f('%ipé’erél arancgasprovidetiet-

ween the insulated bolt and alloy avol herating

Iatlon was check e ore,
secondaryrewceg Feg‘%%ung

5 H.m5 in-Ib! wasappi
to the crevice assemblle;ust prlor

acalibrated  torque wrench. . Tor le tOlSS a(')rbserved at. te
. 10" "8 ex

of each test vere record g,lsn%!;; rgelgr attlé)qncre;l;ge

extent. of relaxationg i the to Gy 12 fest an meas
temperaturel I, tai :

problerare%eln on uc%ealnde%lxatlorefecs

unresolved
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Solut ions
aredsingdistilled at
1 G R R R G
35]6'wa$Jse _IX eljgeayvalae are
urchasélcd)rth akero uc Sin IgafdmeO.

Syn ' awa%teoH ons\i?r rre% are &
E?t St gf;tem u:i;:%:oun?n éf\éectreoz-e

chemical tests.

Procedurefor Feriic Chloridelmmersiomests

znt ef rr chlorldeestsa to% of 6&8?8 ens of

aII este rseac nd
emmamast (E)F %

grpalnln ecimens
vere stedaccor m’gp thefo Wlngsche ulest ea per-
ature:

Test Times

D~a Da~ D~a
24 hrs*+ 24 hrs*+ 24 hrs

48 hrs +24 hrs

72 hrs*

*Alloy specimeaxaminefibz crevice corrosion,
then reinserted into solution for remainder
of test, time at temperature.

Fol.].owingthe 72 hr test time at. a given temperature all
unattacked specimens were removed, scrubbed clean and dried.
Tests on attacked specimenswere terminated. The solution_ tem-
perature vas then raised by 24Cover a24 hr period. The,un-
attacked crevice specimenswere reassembledusing fresh boiled!
rubber bands and reintroduced into the ferric chloride solution
at the nev test temperature.  Solutions showing evidence of
precipitates or discoloration at the end of a72 hr run vere

discarded and freshly prepared solutions used for the next higher
temperature.

Al f'c chloride  tests have been directed
initiatidation of crevice corrosion by dete~~

tern pera t es. The lowest temperature at which ¢
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observedt anyoneof the six crevicesitesona specrmen I S
recorded as the crevice corrosion temperature.

Procedurfer Electrochemical Testsin S ntheticSeawater
TheSantronCTD 40 ten |ostats usedo de ermrnt.h evice

orr r erconst a otent | sﬁora
ens rument e rese c |onof
Pnuarﬂm | Sprenad et o s
eec e ote ?atl I| eallo gmt%
arti eratureof . e or SIO curre
momo e ra preset’ measurr |s em eraturel

(51 rre oesnotexceee%t r|%re tcrltlca.le Cieve overt

of the measurin ntial is switched
fandthe sollartlrontemp rature |s oma grtepped'S

ab5C increment.

. Whe eneV\te eratuner ache Iect tential.
|sa§l Igf)ana hecurrentmoni esa ge surmg

Im S ureis,re tedntil t ecurr né xcee
pres It ga u rent. le h{)ie% anm INIM éc'th
ropagatio dcec SIO whereu s rum
N te tegﬁ_ nandicate atthe t|c ture
e senhstrum de ntro

the ro ag a nrmere U|re 0|n ca empera-

Brrgse hIbStes ‘gat #%eﬁ?r?ec T 1@? % Lfrnrtratl
v eRoos IS contro Ssent epresen

work.

Orthe basisof ourex |encewrtht roﬁ D 400
Eoﬁenérostcz);trtanr%:l g¢ roposed:e ane \g e
-éwﬁerﬁ)ﬁostaa' hee USe oure S SChen et

Is representedschematicallyn Fig. I.

Osp%qll Santreo(r:tre tsto ate crrtlc urrgﬁ £49 8{?&
hort

gt?rrgas%a f&fa SR
mau>e

ISiomIy ems Ia?n e
d?p)ur graphite T ro ereuse Lo

trodes W|th identical results

IC lfes I ‘
g)%we f et «ﬁ&v S dpera
ure:orrespo ereappllca pz oS )p e
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tenta . Thisgotenti IS remov ringttle rise in.temgera—
Spec~~ IS alloweato return to its corrosionp ten-
ure,

ial At that temperature.

Thevariable para eterm\iolvedin the electrochemical
measuremeanellsteg]n n Tableb ~Test‘?re|n _
ect of these parameters on the crevi
ts of someof the tests conducted to

aPPlied potentig|
p rature ete?tmli’neare Bresentedn .'{,~I
ﬁ 1epotentialsand n[%eﬂTIEﬁUI’I
to yieldlowetailuretemperatures thouglthe extenof these
effécts is seento depenadnthe alloy heingtést+i.

RESULTS AND DISCUSSION

The results of the accelerated laboratory tests are presented
for the 12 alloys ca@enomo both OTEGindNavy prog". A~~
accelerated .laboratory tests to date have been directed to the
study of Initiation Of crevice corrosionon alloys with a L20-

immersiontests ! clearly showthat, especially for initiation,

the surface finish has a major effect in cases of alloys xn the
mediumrange of resistance. This is also the group of alloys for
which more than 30 days of testing are neededto define their
ranking. The Navy tests which were madeon [20-grit =~ surfaces

were all limited to 30 days. Therefore, at this point, the data
on initiation  from laboratory tests in ferric chloride and in
synthetic seawater, can only be comparedwith the less distinct

results of the 30-day, 3-panel Navy tests.

Data on crevice-corrosion initiation tests in ferric chloride
are presented in Table 8. In each case, average temperatures are
sham for six test specimens. The variation in observed crevice
corrosion temperatures +10'C, is still  relatively large. The
effect of test duration up to 72 hours is still  unclear.! Both
the total number of sites and the number of sides which showed
attack initiation parameters! in the 3-panel Navy tests are shown
for comparison The alloys are listed according to their Navy
initiation! ranking- In these 30-day tests the rankings based
on sides and on sites are identical. However, when these rankings
are canpared with the results in the ferric chloride test, the

agreement is best at the top of the list. The rest merely follow
a general trend.

Further  investigation of the ferric  chloride test is
sa Y- to study- the effects of solution composition pH»d  oxyge
levels g test, durations and surface finish. The present variability

of +L@E is too large and does not permit aprecise ran> ng «
the alloys.
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0.2% i
0.95 W
0.01 Co

Tate |
TorgneRelssstion of
Delria CrssiC«hsS«ably

Test Duration

mt C
75 70
30 75 65
75 45-50
75 TD
40 75 60
75 c20
$20 100 100 35-40
100 20-25
150 160
75
$20 21 75 50-65
48 5 S$-60
o 100 7%$-80
hir 21

75 65-70
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Ply S
Substitute  OceanMater
A.S.T.N. 0-114 1-52
iIS0S«S'yy ttgllt yy o I t
Table 1, Sec. 4

CCRPCSITDH
HaCl 58.4901
HVC126820 26.4606
Hs SO. 9.7506
0,
Cacl2 2.765%
1.6456
0,
H sHCO3. 0. 471%
0.238%
0. 0716
H3B03
0,
SICI26820 0.093%
0.007%
Hat

Chlcrinity -19 38 ng/l
Salinity -35. 01 ng/l.

Supplidiakproductso.,Inc.,Haldvini.O.

Pdt S
8antron CTD-400 Potentioetat

Ran e of Instrusent parnseters

PIISSSPP PSOPOSSO
Hpplied Potential +2000 mV +2000 nV
potential  application Inteinlttent Intgrc?rgttti?’lr&tous ox
Critical Current + 2000 pa + 2000 ph
Heasurin9 Tine 0-3 hr 0-30 br
5C SOC

Tenperature Step
~ Propagdfiizecisiofihe M@aqntrol prggelection

. Incorporate0
Current Integration
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Tabl 5
VariableParametens Santrol eats

Test Solution
Solution Caaposition
Orygefoncentration

Chlorinity,  Salinity
Floe rate, StirrSng

R Potentiostat Con itions
~ Applied Potential
intermittents. ComhuousPotential
Critical ~ Current Density
Neasnring Time
PropagatiorDecision! Time
Temperature Step

Beating Rata

C Specimen Assaaahly
Surfacdinish  AlloySampl&revic®evice

CrevicAssemifhgsign Gﬁgg%?@imensions.

Crevice - Sold area Ratio

~ CreviCé&ightneea hpFPheS Tore ueRrescore
elsxat ion

Thl 7
'tU |~
. . Effect if Neasuring Tha on
fact ot Applied Potential mWs S.C.K.! _ _ al
al Crevice Corrosion T rature
on Crevice Corrosion Tam return

600 mV 400 mV

60 min.
Jeasop 777 30 37.5 Baynas 20 NoO 55 45
sitrlslic 50 60 45 parralium 255 60 55
Type 329 45 Nonit 55
44 32 60 BASTG 60 45
9041 Uddahdm! 62.5 70 254 SNO 70 60
h.L. 4X ~7.5  >90 BASTG-3 75 55
29-4-2 80 70
15 min. measuring time
> - Nitrogensparging,20min. measuringCima
- Synthetic _Seavatay, Dalrin T(‘)Jr'gﬂf 120 SynthetlcSeawater Delrln Nuitipla
grit finish, 1000 VAcritical ~current Crevice Aesmab y75 in-Ib - tor Qe

%I%Op f'etd)BFéenht|aF?LO'861F1 crltlEtaI

current.
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h. L. 29-4C
nonit  Uddshaln!

Crucible SC-I

Farrell 255 Cabot!
Haynes 20 ! od

R.L 6X

254 Sno hvesta!
904L Uddebobs!
zessop 700
Jessop 777
Carpenter 329
Hitronic SO

al Filtered seavatsr,30'C, 30<ay tests, 75

3 panels.

of Crevice Corrosian

and Imaereion Tests ie Seavstsr
120-Crit  Finish!
Ra Teats &
Sites Rank Sides  Rank
0l
02
|
2
Il
r 98
36
47
60 10
73 1l
112 12 12

223
'fbi e

in Ferric

Chloride Tests

ZNZTISTZ R 9 zhSORO RRST

Ferric Chloride Tests

Far ure
rature vC
i55

47
45
37
28
37

Rank

14 12
25 9
15 11

46 3
9 22 10
31 7
10
11

In-Ib torque, multiple creviceeaseably,
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Fig. 2 Effect of Temperature
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304 Stainless Steel at Constant
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Fig. 3 Effect of Temperature
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