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Abstract
Corrosion has a significant impact on the structural integrity of aging aircraft. Several
models are now available to predict the remaining service life that is purely based on the
service mechanical load spectra. Similarly, there are several corrosion models (CM)
published in the literature that are specific to material type and a specific corrosion
mechanism. However, a true integration of relevant corrosion models into life prediction
software tools is not available. To address this need, the present work is aimed at
integrating CMs into the AFGROW structural integrity crack growth program. The present
work addresses the CM selection criteria, validation of these CMs, and impact of corrosion
damage on mechanical properties for relevant alloys. Established pitting, intergranular and
exfoliation corrosion models were selected from the literature and validation experiments
were carried out on coupons. In the case of pitting corrosion, a maximum pit size model
was used that primarily depends on the loading density of salt and relative humidity. The
pitting model was developed using 316 stainless steel and the same material was used to
validate the pitting corrosion model. To verify the intergranular corrosion kinetics, a wellestablished power law model for Al 2024-T3 was selected and validated. Similarly, the
exfoliation corrosion, which is a severe form of intergranular corrosion, was verified and
validated using Al 7178-T6. Selection of these different materials was dictated by the
7materials that were used in the development of the corresponding CMs. Results of the CM
validation are presented as well as changes in mechanical properties after exposure to
maximum corrosion damage using the CM parameters. The findings of this investigation
show that static mechanical properties are not affected by corrosion. Fatigue life decreased
by an order of magnitude in the case of intergranular and exfoliation corrosion damage. In
the case of pitting studies carried out using 316 stainless steel, the results indicate both
static and fatigue life are not affected for the experimental conditions investigated. In
conclusion, the report addresses an update on the integration of CM in AFGROW and its
current status.
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1. Objective
There are four goals set in this project. First is to analyze the published corrosion models
to allow selection of one or more for incorporation into a computer program that is
amenable for connection to structural integrity computer programs. To achieve this goal,
the maturity of the various models is assessed, and for those selected, the required data
input, assumptions, algorithm, interfaces, and output are defined. The second objective is
to experimentally verify those selected corrosion models and validate the corrosion model
predictions. The third objective is to evaluate the influence of damage caused by the
previously identified corrosion mechanisms on the mechanical properties of structural
materials. To accomplish this goal, materials that were used in the mature corrosion model
validation were selected, corrosion damage was artificially induced using the parameters
described in the models, and mechanical properties were developed under static and cyclic
loading conditions. The fourth and final goal was to integrate the verified and validated
corrosion models into the fatigue crack growth analysis tool, AFGROW, to enable
modelling of corrosion damage in conjunction with the crack growth, and subsequently
better predict aircraft component life.
2. Introduction
In order to incorporate corrosion effects generated by corrosion models into structural
integrity methods, the outputs of the corrosion models must be of the type and form that
are compatible and accepted as inputs by the structural integrity code. Examples of these
outputs are: (a) component thickness, (b) damage size and geometry, (c) spatial distribution
of damage, (d) probability distribution of damage. The relative importance of these
metrics will depend on the application for which the structural integrity is being
determined. To determine these metrics, a corrosion model must be quantitative, not a
traffic light (“red”, “yellow”, “green”) model. Although it seems obvious, successful
models must be validated to the greatest extent possible. When long service lives are to be
predicted, the model should be able to accurately predict the results of accelerated tests in
which either the driving forces for corrosion are higher, or the corrosion resistance of the
material is lower than would be the case in service. It is safe to say that the best corrosion
models are fundamentally sound. Although many successful models are predominantly
empirical in nature – essentially curve fits to experimental data – the most successful ones
are consistent with what is known about corrosion science in terms of dependencies.
It is important to understand that, although the charge for this study was to estimate what
corrosion modes will have quantitative models available in the next 10 to 20 years, the
actual time horizon for model development will be determined by the technological pull
for such models. This demand will drive whatever investments are made, and thus the
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research that is accomplished. The technological pull is often itself driven by the perceived
technical or business risk. The nuclear power industry has the most sophisticated stress
corrosion cracking (SCC) models simply because of the observation of cracking in reactor
piping in the 1960’s combined with the massive risk to the entire industry that leaks in the
secondary piping represent. The oil and gas industry has excellent models for CO2-driven
corrosion because of the disastrous effects a pipeline leak has on the environment, the
industry’s profitability, and in many cases, the industry’s ability to access attractive
production sites.
Although it seems convenient to classify corrosion models as either empirical or
mechanistic, the reality is that all corrosion models fall somewhere along a continuum
between completely empirical and completely mechanistic. Dose-response models for
atmospheric corrosion epitomize empirical models. In these cases, the creators select a set
of variables that they deem to be controlling and regress actual corrosion response data
(typically corrosion rate) to develop an equation relating corrosion rate to the selected
variables. The constants in the equations have no physical meaning or basis. Even in this
case, the selection of the variables of importance depends on the scientific assessment of
the modelers. At the other extreme, purely mechanistic models would have no adjustable
parameters and require no calibration. They would be the mathematical formulation of the
integration of the basic chemical and electrochemical reactions and their predicted
dependence on all experimental parameters. In general, more empirical models have been
developed for a broader range of conditions, whereas more mechanistic models have been
developed for a more restricted range of conditions. Paradoxically, mechanistic models are
more robust in terms of extrapolation to sets of conditions just outside those for which they
were developed because the effects of the relevant parameters are well understood. Once
conditions move outside the range for which the empirical models are developed, there is
no scientifically defendable means to estimate the accuracy of the results. In reality, even
the most mechanistic models require calibration for some subset of parameters due to the
lack of total characterization of the corrosion processes. This combination of mechanistic
foundations and empirical characterization is used for virtually all engineering models,
including those used in structural integrity calculations. Thus, it is crucial to analyze and
select corrosion models for verification and evaluate the impact of corrosion damage on
mechanical properties. Towards this end and based on the goal of this project the rest of
the document is structured as follows:
o Background – review of relevant corrosion models and relative maturity
o Recommended corrosion mechanisms and models for validation and mechanical
testing
o Intergranular corrosion model verification and mechanical testing
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o Exfoliation corrosion model verification and mechanical testing
o Pitting corrosion model verification and mechanical testing
o Corrosion model integration into AFGROW
3. Background
3.1

General Requirements for Corrosion Kinetics Models

The most important and most challenging input needed for all corrosion models is a
definition of the environment. The lack of a quantitative measure of the driving force for
corrosion (i.e., a corrosion intensity factor) can be compared to the challenge in predicting
crack growth and mechanical failure before the formulation of the framework for the stress
intensity factor.
Corrosion models have been most successful in applications in which the environment is
very well defined and nominally time independent, for example, in the secondary water of
boiling water reactors [ 1 ], or even in oil and gas transmission pipelines [ 2 ]. Natural
environments encompass a parameter space of important variables that can often seem
intractable. These important variables include solution chemistry (i.e., composition of
solution in contact with surface, including pH and concentration of other ionic species),
temperature, solution velocity, and any agents that affect these (e.g., Ultraviolet (UV) light,
atmospherically delivered aerosols, pollutant gases, wind speed and direction, distance to
ocean or other salt aerosol source, microbial flora). Note that in the absence of other
information, the more information regarding the environment, the better.
A major discriminator in corrosion environments is whether the exposure is atmospheric,
full immersion, or alternate immersion. The vast majority of humanly produced
infrastructure is exposed to atmospheric conditions in which a thin (a few microns to a few
hundred microns) electrolyte is present on the surface primarily due to the effects of the
deliquescence of soluble salts deposited as aerosols. The thickness of this electrolyte layer
fluctuates with the diurnal cycle due to changes in temperature and humidity that occur as
part of the cycle. Note that the presence of pure water alone would be of limited importance
to the corrosion of structural components. It is the presence of soluble salts and gases that
make the electrolyte layer sufficiently aggressive to cause corrosion to be an engineering
concern. Examples of applications involving atmospheric exposure include most
aerospace structures, exteriors of buildings and other civil infrastructure, and
microelectronics. Full immersion describes the environmental condition in which the
surface of interest is in constant contact with a solution whose thickness is greater than
several hundred microns. One dividing principle between atmospheric conditions and full
immersion is that full immersion occurs when the thickness of the electrolyte layer exceeds
the thickness of the diffusion layer for dissolved oxygen, which is about 200-500 microns
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in stagnant solution. Examples include ship hulls, submerged structures, much of the
interiors of storage tanks, pipelines, and pumps. Alternate immersion is characterized by
cycles of full immersion and atmospheric exposure. It is often found to be the most
aggressive type of exposure for corrosion. Examples include piers, the upper portions of
many tanks and pipelines, and ship decks. Although there is overlap, each type of exposure
has specific characteristics that impact the type and rate of corrosion. In some corrosion
models, the geolocation of the structure of interest is used as a proxy for all of the
environmental variables of importance, but such an approach makes successful extension
of the model to other geolocations highly challenging.
Hence, the three most relevant corrosion environments are atmospheric corrosion, full
immersion, and alternate immersion. Each of these models will require different inputs in
order to effectively predict corrosion rate and/or depth. These inputs are discussed below.
When modeling atmospheric corrosion, the following inputs are required:
•
•
•
•
•

temperature and relative humidity (and their variation with time)
UV light intensity and dosage
type and loading density of salt
frequency of rainfall (or washing) (geolocation can be used as a rough
approximation for these parameters)
distance from a salt aerosol source, pollutant gas concentration (especially SO2,
NOx, and ozone (O3)).

When modelling full immersion, the following inputs are required:
•
•
•
•

solution composition (including any time variations)
temperature
solution velocity relative to surface of interest as well as the flow regime
any imposed potential (e.g., cathodic protection).

When modelling alternate immersion, the following inputs are required:
•
•
•
•

solution composition and temperature of full the immersion solution
composition, temperature and relative humidity of gaseous phase during emersion
frequency of emersion
temporal characteristics of immersion/emersion cycle.

The extent to which each of these inputs will be used depends on the particular corrosion
model selected. In some cases, these inputs will need to be fed into a thermodynamic
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model to predict other aspects of the chemistry [3] that may be of importance. In the next
two decades, there will be an increase in the range and accuracy of the environmental
details accessed by the corrosion damage mode models. The most progress will be made
when interactions between computational codes of different types (e.g., codes to predict
chemistry, those that predict metal damage rate, and those that predict crack growth)
become straightforward. It is highly unlikely that any single code will produce the most
accurate results when predicting damage that begins with corrosion from chemistry and
finishes with cracking due to cyclic loading. A more efficient approach would be the
linking of codes via standard methods for passing variables and data such as Microsoft’s
Component Object Model (COM) used in the AFGROW implementation. This approach
allows the selection of the optimal chemistry code, the optimal electrochemistry/corrosion
code, and the optimal structural integrity code to be made independently. In the next two
decades, scientific understanding and modeling of natural environments will continue to
improve, in part as a result of increased focus on global climate models. It will be important
for the corrosion community to take advantage of these advances by extending them to
modeling of the environment in contact with the material surfaces of interest.
3.2

Current Status and Feasibility of Quantitative Models for Corrosion Damage Modes

It can be assumed that all of the corrosion modes discussed below will need a definition of
the environment as described above. Thus, the only inputs listed in the following sections
will be those parameters needed in addition to the environment that are specific to the mode
of corrosion under consideration. Note that it should also be assumed that “materials of
interest” requires a description of not only the composition, but also the temper (if relevant
for that alloy system), and strength (in the case of hydrogen embrittlement). A description
of the microstructure (e.g., grain size, density of inclusions, etc.) may also be needed.
The modeling of corrosion effects on structural integrity at high temperature (such as those
encountered in the hot stages of jet engines) is not explicitly addressed below. However,
much of the discussion of atmospheric exposure could be extended to those conditions.
Unfortunately, the understanding of localized hot corrosion is still in its infancy, making
its modeling very challenging.
3.2.1. General (Uniform) Corrosion including Galvanic Corrosion
General corrosion models are reasonably well developed for a limited number of conditions
[4 - 7]. In general, these models are either completely empirical in nature [4, 5], having
essentially curve fit field or laboratory data via multiple regressions to variables thought to
be of most importance, or are based on more scientific principles such as Mixed Potential
Theory. Again, the most successful models are those that involve environments that are
reasonably well defined and for which there is a major driver for knowledge of rates. A
prime example would be the corrosion of steel pipelines carrying oil/water/CO2 in oil
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production. Numerous empirical models have been developed, including open source
codes [6, 7]. These codes are often limited to a particular alloy and a range of
environmental conditions, although they claim to be able to predict the effects of inhibitor
addition, a critical issue in pipeline integrity management. Nesic [6, 7] at Ohio University
has developed a more mechanistic set of models for this corrosion issue over the last 15
years. One set is freeware 1 , whereas a more complete set of models is available for
members
of
the
consortium
that
paid
for
model
development
http://www.corrosioncenter.ohiou.edu/software/multicorp/ multicorp%204/index.asp 2 . In
essence, both of these models typify the state of mechanistic models today: empirical data
are incorporated into the framework of a mechanistic model to allow the prediction of
corrosion damage over a set range of environmental variables.
Cole et al. [8 - 10] have a long history of developing modules for a “holistic” model of
atmospheric corrosion. The majority of their work has focused on linking scientifically
based empirical models of the physical processes that control the environment on the metal
surface with electrochemical models of the corrosion process. These result in corrosion
maps (i.e., maps of the corrosion rates of steel or zinc) for geographic regions [8].
Traditionally, models of uniform corrosion under atmospheric corrosion conditions have
used simple dose-response approaches in which a dataset of corrosion rate as a function of
temperature and several environmental variables (e.g., SO2 concentration, temperature,
time of wetness) were regressed to develop an equation. The dataset is developed by
exposure of material(s) to natural environments in which the designated variables were
monitored. Although these models often provided good correlations within the dataset
[11, 12], they uniformly failed when they were extended to locations not considered in the
model development. Recently, Rose [13] used modern data model development methods
to produce a model of the corrosion of steel under atmospheric conditions based on the
exposure data of Abbott [14]. The use of Monte Carlo methods to assess a very large
number of prospective model formulations led to a model that appears to be more
extendible, but remains limited by (a) the a priori selection of important variables, (b) the
a priori selection of the form of the functional dependences of corrosion rate on those
variables, and (c) the use of a more than a dozen fitting parameters. Even with these
limitations, this technique does represent the state of the art in empirical modeling of
atmospheric corrosion.
Galvanic corrosion is often used to create an advantageous environment by using sacrificial
anodes to limit the corrosion of submerged platforms and other structures. In this case,
Mixed Potential Theory combined with FEM modeling of the distribution of potential has
been shown to work very well in not only predicting the lowering of the corrosion rate of
the structure, but also in predicting the service life of the anodes. This modeling service is
1
2

http://www.corrosioncenter.ohiou.edu/software/freecorp/
http://www.corrosioncenter.ohiou.edu/software/multicorp/multicorp%204/index.asp
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commercially available [15]. Commercial software is available [16, 17] to predict potential
distributions for complex geometries covered by thin film electrolytes using
experimentally-derived polarization curves, making it useful in identifying the effects of
dissimilar metals in the design of components exposed to atmospheric conditions.
Less work has been done on the modeling of corrosion damage exacerbated by galvanic
corrosion, although the work that has been done follows a similar approach to other
corrosion models [ 18 - 20 ]. Recently, Stenta et al. [ 21 ] described a 1-D approach to
galvanic corrosion damage prediction that couples the calculation of potential and current
distributions with a scheme to update the geometry of the anode surface as dissolution takes
place. This team was able to show very good agreement with experimental results
produced by others for simple systems in which the polarization behavior is not a strong
function of the local chemistry (i.e., nickel in sulfuric acid), as their model does not account
for chemical changes.
Improvements in models of uniform corrosion will be driven by demand. Uniform
corrosion is the form of corrosion most amenable to modeling, and in large part relies on
the accuracy of models of the environmental conditions and of the dependence of the
electrochemical kinetics on those environmental variables. If these conditions can be
accurately predicted, the uniform corrosion response can be assessed in laboratory
conditions. Uniform corrosion is also the type of corrosion damage that is most easily
handled during the design phase of a component through the use of corrosion allowances,
so uniform corrosion is usually not perceived to be a service life limiter.
Based on the discussion above, the following inputs and outputs are required for uniform
corrosion and galvanic corrosion models.
Required inputs in addition to the environment:
Empirical models:
- material(s) of interest
- geometry (for galvanic corrosion)
Mechanistic models:
- material(s) of interest
- - electrochemical kinetics (i.e., rates of dissolution and cathodic reactions as
a function of potential and environmental variables).
Model outputs:
- Thickness loss as a function of time and space (for galvanic corrosion).
3.2.2. Environmental assisted cracking
Although stress corrosion cracking and corrosion fatigue are two of the more complicated
corrosion modes, paradoxically, they are the modes for which the most advanced models
are available that are designed specifically to be compatible with structural integrity
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calculations. The most successful models have been those in which the crack is assumed
to be initiated and of a given size. A prime example of this type of model is the use by the
nuclear industry of a stress corrosion cracking code developed by Ford and Andresen
[1, 22] in order to justify the safety of reactor piping, especially during consideration of
service life extension. The nuclear piping SCC problem is, in some ways, reasonably
straightforward due to the limited range of metals and environments. The nominal
environment of interest is pure water at 288ºC, the operators have substantial control over
the chemistry, and the range of alloys of interest is limited as well. The Ford-Andresen
model is based on an assumed crack extension mechanism (slip-dissolution) that requires
a set of experimentally measured parameters and the integration of those measurements
into a fracture mechanics framework. Calibration is performed in the laboratory in order
to obtain values for some parameters. Due to the high temperatures and pressures involved,
the required experiments are challenging. Taking his into account, and despite challenges
raised by some [23, 24], this model continues to be used broadly to predict subcritical crack
growth of sensitized stainless steel in Boiler Water Reactor (BWR) environments.
More recently, a framework for including stress corrosion effects in service life
calculations including a means to consider defects formed by localized corrosion has been
developed in the form of code aptly named SCCcrack [25]. The code has been developed
for ultrahigh strength stainless steels (UHSS) and Monel K-500 in seawater, as well as AlMg alloys in full immersion 0.6 M NaCl. In all three cases, the primary environmental
variable taken into account is the electrochemical potential. This code uses a fast-efficient
Monte Carlo routine to predict crack size/SCC life distributions from input distributions of
material crack growth rate versus applied stress intensity (K), starting crack size,
electrochemical potential, and stress. The strength of the approach is the ability to create
probability distributions of crack size in a fracture mechanics framework, whereas the
weakness is the need for statistical characterization of the input parameters, meaning a
large number of experiments need to be conducted. The code can accept the outputs of
other models as input. For example, the Al-Mg cracking module can use the results of
separate probabilistic modeling of IGC growth to provide the distribution of the starting
crack size. Another example of linking to other models is the application for the hydrogen
cracking of the UHSS in which hydrogen uptake kinetics are married to crack growth
kinetics generated for materials of different hydrogen content [26]. In this way, the effects
of potential, pre-charged hydrogen, and steel composition, on the cracking kinetics (i.e.,
Kth and (da/dt)II) can be predicted based on a limited set of accelerated laboratory tests.
There is no fundamental reason that this approach could not be extended to corrosionfatigue situations. The primary difference would be in the nature of the kinetic parameters
(da/dN as a function of ΔK, including ΔKth).
None of these SCC models account for any initiation/incubation time, including the times
during which a defect exists, but has not developed to the point of being considered a crack.
For life prediction of many structures, this initiation/incubation time can be a very large
fraction of the overall service life. This area is one in which some work has been done in
the pit-to-crack transition [27, 28], but much remains to be done in terms of characterizing
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what are the specifics of the localized corrosion site that leads to the initiation of the crack
at that site rather than another site nearby. Work in the corrosion/fatigue area [ 29] has
started to shed some light on this, but to date has been limited to 7XXX aluminum alloys
exposed to accelerated laboratory test solutions. It should be noted that those studies do
indicate that corrosion damage leads to a vanishingly small number of cycles to initiation.
Based on the discussion above, the following inputs and outputs are required for an
environmentally assisted cracking model.
Required inputs in addition to the environment:
- material(s) of interest
- applied stress
- distributions of initial crack size/shape
- stress intensity solution for loading
- distributions of crack growth kinetics as function of environmental and
material variables
- for hydrogen cracking: internal hydrogen content, hydrogen uptake kinetics,
trap-controlled hydrogen diffusivity.
Model outputs:
- Distributions of crack length as a function of time.
Currently, only single cracks propagating in a single direction are considered. In the next
two decades, advances could be made in the characterization of cracking under more
complicated loading scenarios as well as the effects of multiple cracks. To do so, the
models of the cracking process would need to be more mechanistic as the parameter space
to experimentally characterize prevents a fully empirical approach.
3.2.3. Intergranular Corrosion (IGC) including Exfoliation
Intergranular corrosion models have been developed primarily for stainless steels [30] and
aluminum alloys [ 31 , 32 ] with the goal of rationalizing the effects of microstructural
features or characteristics such as grain morphology, or the amount of second phase
precipitated at grain boundary. In all cases, these are semi-empirical in nature, with
experimental data of grain boundary susceptibility, grain morphology, and rates of IGC
being characterized. Some mechanistic models have been proposed [ 33], but these have
limited extendibility to structural integrity models as they focus on the growth rate of single
IGC fissures rather than a cluster of such fissures, which is the usual attack mode.
Exfoliation attack is a special form of intergranular attack experienced by virtually all
wrought high-strength Al alloys under some temper condition and environment. The
modeling of exfoliation has mirrored that of pitting, with empirical models being developed
[34] that characterize the kinetics under controlled laboratory conditions. With regards to
modeling, exfoliation has the advantage that a mean-field model can be used; in fully
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developed exfoliation, the attack depth is nominally uniform across the surface. This
characteristic makes it straightforward to characterize with respect to external variables.
In addition, due to its uniform nature, models can provide an output (thickness loss) that
can be used as an input in structural integrity models that is unambiguous, and is not a
distributed parameter.
Future developments in intergranular corrosion modeling will likely continue to be semiempirical with much of the focus being on characterizing the rate of attack with
environmental parameters. As such, in the span of two decades, a usable, quantitative
model of IGC could be produced. One major challenge will be accurately characterizing
the environment of interest, as these are often in regions on structures that are difficult to
access. Another challenge will be how to capture the multiple initiation of intergranular
fissures. Exfoliation corrosion, as indicated above, appears to have characteristics that
make it amenable to modeling in a manner compatible with structural integrity models.
Based on the discussion above, the following inputs and outputs required for an
intergranular corrosion and/or exfoliation model.
Required inputs in addition to the environment:
- material(s) of interest (particularly including temper and grain morphology)
Empirical models:
- dependencies of parameters on environmental conditions
Mechanistic models:
- distribution of susceptible grain boundaries
- dissolution kinetics of grain boundaries as a function of grain boundary
composition and environmental variables.
Model outputs:
-

depth of IGC attack
possibly number of IGC sites per unit area
thickness loss due to exfoliation

3.2.4. Pitting
Pitting corrosion is challenging to model because it has two phases, initiation and
propagation, that are both distributed in both space and time. The kinetics of both phases
are poorly characterized in service environments, in part because both can be episodic in
nature with high rates of initiation/penetration being interspersed with periods of no
generation or growth. The four aspects of pitting kinetics are (a) the rate of pit initiation,
(b) the rate of pit growth, (c) the spatial distribution of pits, and (d) the maximum (or
bounding) pit size. Models exist for all four of these aspects.

© SAFE, Inc. Proprietary

10

SAFE-RPT-17-010

Initiation
The primary challenge in the quantitative modeling of the initiation of pitting lies in the
apparent stochastic nature of the process. Shibata [35, 36] developed stochastic models of
pit initiation based on extreme value statistical analyses of experimental data. The
attraction of this approach is that it requires the measurement of the pitting on a “small”
number of samples in order to allow for the determination of the values of the parameters
to be used in the selected probability function. Others [37, 38] have followed Shibata’s
general approach, but generally the work has been done in simple laboratory environments,
making extension to service environments problematic. In addition, there is usually an
inherent assumption in such probabilistic models that the events are independent of one
another, whereas there is significant evidence that initiation of neighboring pits is not
independent. [39]
Growth
Models of pit growth distribution are primarily empirical in nature, collecting data from
laboratory experiments and fitting it to a pre-selected growth law and form of statistical
distribution [40, 41]. The parameters of the distribution are then characterized as functions
of the variables of interest [42]. Extensions of models of pit initiation to pit growth revolve
around the concept of pit survival rate, i.e., the probability that a pit, once initiated, will
continue to grow. A substantial challenge in such modeling has been the observation that
this survival probability decreases with time [35]. Thus, prediction of pit growth would
require knowledge of this time and environmental parameter dependence which can only
be determined experimentally, leading to an extraordinarily large test matrix. Recently,
Cavanaugh and Buchheit [37] have addressed the environmental dependence of 7075-T6
pitting via a matrix of measurements in chloride solutions of different pH at different
temperatures. These data were used as the basis for an artificial neural network model that
could interpolate amongst the experimental data to predict pit growth kinetics.
Non-statistical approaches have also been used in which the models are simple fits to power
laws, (e.g., pit depth, d = Atn) for materials exposed at a given geolocation [40] or under
highly accelerated laboratory conditions [43]. Power law models require the data to be
collected out to relevant times in the relevant environments as there is no means to calculate
or even estimate the controlling parameters.
Spatial Distribution
Very few models exist which claim to predict the spatial distribution of pitting attacks.
Usually pitting is assumed to be stochastic in this regard, despite the fact that in many alloy
systems it is known to occur at microstructural heterogeneities [ 44 ]. One inherent
challenge is that in any system, only a small fraction of the heterogeneities actually form
pits. For stainless steels, those heterogeneities are often MnS inclusions, and a recent
model by Organ et al. [39, 45] has rationalized the observation of clusters of pits based on
pit interactions. The model requires experimental measurement of some quantities (e.g.,
metastable pit generation rate and its dependence on potential and solution composition,
inclusion density) as well as some parameter fitting from extended experiments. The
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concept of this approach is extendable to other systems although the amount of
experimental data required for implementation could be a barrier.
Maximum Pit Size
The statistical approaches described above can also be used to estimate the maximum pit
size to be expected by sampling from the extreme of the probability distribution [46 - 48].
Advantages and limitations are the same as the initiation and growth models based on
probabilistic models. An analytical model for the maximum size of pit that can develop
under atmospheric conditions has recently been developed [49]. It requires inputs that
characterize the surface electrolyte (i.e., loading density of salt, relative humidity) as well
as electrochemical kinetics for anodic and cathodic reactions that can be generated in the
laboratory. It is based on the facts that (a) pits must grow rapidly if they are to grow at all,
(b) all current due to pit growth must come from the surrounding wetted area, and (c) there
is a limit to the amount of ohmic drop between the anode (the growing pit) and the cathode
(the surrounding surface) that can be accommodated before the two become independent.
This model has been validated under laboratory conditions [50] and has been shown to
bound experimental data from long-term exposures when reasonable parameter values are
used [49]. As with all models, it requires knowledge of the thin electrolyte layer
characteristics (i.e., chemistry, thickness). In this case, the thin electrolyte layer of interest
is the most severe layer that could be encountered under the service conditions. In addition,
it does not provide kinetic information, only the size of the largest pit that could possibly
grow under the conditions analyzed.
Future developments will occur in the modeling of all four areas (initiation, growth, spatial
distribution and maximum pit size), but the kinetic models of pit growth are expected to be
the most problematic, in large part due to the episodic nature of pitting. Despite this
challenge, empirical models of pit growth could be developed if the data were collected
under environmental conditions that matched those experienced in service. Semi-empirical
models of pit spatial distribution could be developed for a given specific application based
on the work to date. The challenge to the use of these models in structural integrity
calculations is the need to understand the spatial distribution at a certain location (e.g., the
edge of a fastener hole), rather than an estimate of the distribution over a larger area. The
specific locations of interest often have characteristics (e.g., restricted geometry) that make
them particularly susceptible to pitting, and thus do not follow the distributions applicable
to the bulk of the material surface. The maximum pit size model would be amenable to
extension to any atmospheric exposure if the parameters needed for the surface electrolyte
calculations are available and if the assumption of a hemispherical pit is sufficiently
accurate. In some ways, it is the most amenable to connecting to structural integrity codes
as it does not incorporate any time dependence, making it conservative, but does place a
limit on the size of a pit that can form.
Based on the discussion above, the following inputs and outputs are required for a pitting
corrosion model.
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Required inputs in addition to the environment:
- material(s) of interest, especially density of potential pitting sites
- dependence of parameters of statistical distributions on environmental and
material parameters
- electrochemical kinetics of the pit and surrounding surface
Model outputs:
For pit distribution models:
- probability distributions for spatial separation of pits
For pit growth models:
- pit size as a function of time for a single pit
- in some cases, aspect ratio of pit
For maximum pit size models:
- bounding value on size of single hemispherical pit on a surface exposed to
atmospheric conditions
3.2.5. Crevice Corrosion
Crevice corrosion can be a particularly challenging form of corrosion to model. It has the
complexities of pitting with the additional set of variables that are the geometric
characteristics of the crevice (gap, depth) as well as the type of crevice former. In most
crevices, the geometry is variable with some asperities having point-to-point contact
whereas areas close by within the crevice have much larger gaps. The presence of an
external cathode as occurs in full immersion increases the complexity further. In this case
the electrical, ionic and mass transfer connections between outside and inside the crevice
must be taken into account. The incorporation of any galvanic interactions present adds to
the complexity.
Crevice corrosion modeling has a long history [ 51 - 57 ], but no known application to
service conditions. Most work [52, 53] has been on the prediction of the conditions under
which initiation of crevice corrosion can be expected, and in investigating the extent to
which geometric parameters influence the occurrence and location of the attack [54, 55].
Recently, Brackman et al. [56] and Sun et al. [57] have focused on attempts to predict the
profile of the damage evolution within the crevice. As with most of the computational
work on crevice corrosion, these studies have used model metal/electrolyte systems (e.g.,
Ni in sulfuric acid) in order to simplify the boundary conditions needed.
Crevice corrosion in the absence of an external cathode (a so-called isolated crevice), such
as occurs in an aircraft lap joint, is more straightforward to model. The chemistry within
the site is more bounded under these conditions than in the general case, and the attack
morphology (at least for aerospace aluminum alloys) tends to be more uniform corrosion
than localized corrosion [ 58 , 59 ]. Simple models have been developed in which the
chemistry within the lap joint is considered constant and representative of the worst-case
scenario of lap joint chemistry observed from aircraft samples returned from service [ 60],

© SAFE, Inc. Proprietary

13

SAFE-RPT-17-010

although these rely on the assumption of the presence of a steady state as well as knowledge
of the geolocation history of the aircraft.
Future developments in the modeling of crevice corrosion would require a more expansive
characterization of the effects of external environmental variables, especially temperature,
on the chemistry that develops inside the crevice. Electrochemical kinetics in the relevant
solution chemistries would need to be developed and modeled to account for their
dependence on environmental variables. One of the most pressing challenges is how to
take into account the highly heterogeneous crevice gap that exists in actual crevices in
service. As noted above, within a real crevice there is a wide range of crevice gaps. To
date, all models of crevice corrosion have assumed uniform gaps that could only be
experimentally implemented in the large (> 50-100 micron) gap size region. Most alloys
do not suffer crevice corrosion in the presence of such gaps, thus the reason for the
popularity of the Ni/sulfuric acid system in laboratory studies comparing model results to
experimental results. Recently, methods have been developed to create much tighter (< 1
micron), uniform crevices [61] that are more aligned with actual crevices in service, but
proper means of accounting for chemistry change within these crevices remains an area of
research.
Based on the discussion above, the following inputs and outputs are required for a crevice
corrosion model.
Required inputs in addition to the environment:
- material(s) of interest
- dependence of internal solution chemistry on external solution chemistry and
environment
- electrochemical kinetics of material in the range of internal solution
chemistries
- For crevices with external cathodes, the geometry of the crevice would need
to be specified.
Model outputs:
- thickness loss in the crevice as a function of time and location within the
crevice (for a non-isolated crevice)
3.2.6. Coating Failure
Prediction of coating (or corrosion protection) system failure has seemingly been in its
infancy for the past 60 years, and there is no reason to think that will not continue for two
more decades. The challenges in coating predictions are (a) the understanding of structureprocessing-property relationships in polymeric materials is far behind that of metallic
materials, in large part due to the fact the relative newness of synthetic polymers, (b) a lack
of fundamental understanding of the mechanisms by which real coating systems fail (e.g.,
degradation of the polymeric network itself, loss of adhesion to the metal surface, further
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degradation of the polymer by the reaction products of the corrosion of the metal surface),
(c) a lack of methods to quantitatively characterize the those mechanisms, (d) the vast
array of polymer material variables (i.e., not only composition, but chain length of the
polymer, pigment type, pigment volume concentration, and pretreatment) coupled with
those of the substrate (e.g., composition, surface roughness, surface pretreatment, etc.), (e)
the proprietary nature of virtually all commercially used polymer coatings makes the
translation of understanding of “model” coatings to those used problematic. The quality
of many, if not most, coating systems makes the time horizon for the observation of damage
away from engineered defects (e.g., rivets, lap joints, other discontinuities) very long.
Thus, the area of most likely advance coincides with the area of most need: coating
degradation at discontinuities.
With respect to the focus of this document, organic coating failure does not affect structural
integrity calculations directly. Instead, coating system failure sets the stage and location
for the corrosion damage to occur that must be taken into account in structural integrity
calculations.
In the next two decades, improved modeling of coating failure will most likely occur due
to improvements in the accelerated testing of coating performance at discontinuities
[62, 63]. Validated empirical models of coating life will allow for the prediction of the
time to failure of a specific coating on a specific substrate based on environmental inputs
such as temperature and relative humidity (and their variation with time), UV intensity and
dosage, loading density of salt, frequency of rainfall (or washing), and any galvanic couples
present. In the shorter term, the geolocation of the coated material may serve as a proxy
for the net effect of all of these variables, although this approach would certainly come at
a loss of fidelity. In either case, there will be a need for analyses of long-term exposures
of well-characterized commercial coatings with controlled discontinuities in a range of
natural environments of interest.
The models of coating damage evolution would provide two types of outputs: (a) the
growth rate of the discontinuity, and (b) the exposure time at which any of the corrosion
damage modes initiates on the substrate. For example, a coating may be able to protect a
discontinuity via inhibitor release for a given period of time, but once the inhibitor loading
falls off, pitting of the substrate may start. At this point, a pitting model would be initiated.
Based on the discussion above, the following inputs and outputs are required for a coating
failure model.
Required inputs in addition to the environment:
- coating/substrate combination
- size of discontinuity.
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Model outputs:
- growth of discontinuity with exposure time
- time to trigger other corrosion damage modes
3.2.7. Fretting Fatigue
Fretting corrosion is an area that is rarely studied, much less modeled. It combines all of
the uncertainties and lack of understanding of fretting with all other complexities of
corrosion, in addition to the interactions between the two. Hoeppner [64] outlined the
challenges in characterizing fretting, its interactions with fatigue and corrosion. There is
no reason to believe that there will be a reasonable model for fretting corrosion in the next
20 years.
4. Recommended Corrosion Modes and Models for Testing
Based upon the above analysis, recommendations can be made with regards to what
corrosion modes would be most amenable for testing the ability of a corrosion model to be
coupled to structural integrity calculations. The criteria for recommendation for a
corrosion model to be tested include:
o The model needs to be quantitative with respect to geometry changes that are
relevant to structural integrity
o The model should have been validated across more than one variable
o The time horizon for the damage development should be amenable to laboratory
testing
o The damage mode should be applicable to a DOD component corrosion issue
Models presented describe the current state-of-the art as well as recommended
improvements to each. A proposed validation test program is also described.
4.1

Exfoliation

The best-case scenario for the linkage of corrosion and mechanics is to select
straightforward cases for both. For corrosion, loss of thickness is a parameter that is most
easily measured. Exfoliation corrosion from the LT surface of a 7XXX alloy would
represent a case of thickness loss that would be applicable to DOD components. The work
of Zhao and Frankel [34] could serve as a test case for thickness loss prediction and its
coupling to fracture mechanics predictions. Zhao and Frankel tested 7178-T6 material
from a decommissioned aircraft exposed to constant relative humidity (RH) after an initial
exposure to anodic polarization in 1 M NaCl (in order to initiate attack). Exposure times
ranged up to 100 days, and the thickness of the attacked region was measured periodically
using magnified optical images. An example of the damage evolution is shown in Figure
1 below.
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Figure 1. AA 7178 wing skin samples after pretreatment and 11 days of exposure at in
different RH. Rolling directions of plate is vertical [34]
An example of the kinetics observed is shown below in Figure 2.

Figure 2. Width change of central un-exfoliated region as a function of time for AA 7178
wing skin in various constant RH [34]

© SAFE, Inc. Proprietary

17

SAFE-RPT-17-010

For the purpose of generating code to predict corrosion, we must consider three aspects:
inputs needed, model implementation, and outputs supplied. The exfoliation model
selected is a linear rate law with limited inputs and a single output. In order to provide
future flexibility, variables and output parameters that could be later included into the code
to enhance the prediction are discussed.
Exfoliation Model Inputs Needed:
Default model inputs:
-

Exfoliation corrosion of LT surface of AA7178-T6 recovered from wing skin
of legacy aircraft
Time of exposure t (days)
Relative Humidity (RH, % to be converted to fraction, with a threshold RH of
56%

Future model inputs:
-

-

-

-

Temperature T (ºC) – default is room temperature. Time dependence could
be added to include both diurnal and seasonal dependences
Stress – the original paper1 included stress effects by correlating the change
in damage rate with the maximum compressive or tensile strain (expressed as
a fraction) for samples in 4-point bending. More comprehensive testing could
allow the inclusion of stress effects through a modification of the A’ term.
Note that Zhao and Frankel1 found more rapid exfoliation on the compression
side of the 4-point bend sample (up to ca. 75% more in 100 days) that they
ascribed to the Poisson stress. They included the stress effect (using their two
data points) by making A’ a conditional function of the maximum elastic
strain: f() =C1exp(D) for compression, and C3exp(-E) for tension where C1,
D, and E are constants. Alteration of this correlation might be considered.
Time dependence for RH that could include both diurnal and seasonal
dependencies. In addition, alternate models may require a power law
exponent for the time, i.e., n in tn
T, RH, and  could also be made random variables to account for statistical
distributions
Inclusion of the oxidizing power of the atmosphere,  (V), which could
account for the presence of steel fasteners and/or more aggressive
environmental conditions.
Other alloys whose exfoliation behavior has been characterized. It is possible
that the model would also be applicable.
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-

The data developed for the model exposed the entire LT surface to the
corrosive environment, so damage evolution was quantified in only one
direction. In order to better couple to structural integrity codes, it may be
important to include a rate for the spread of the damage laterally, to be referred
to as l. This function would have the same form as the rate expression for
depth with the same type of dependencies, but may need its own parameters
to describe the kinetics (g(), m, and F).

Exfoliation Model Structure
Default model structure:
-

Depth of damage, d (mm), after time t (days) at constant RH at room T
d=A’t exp(B·RH)

where:
A’= 1.48 x 10-5 mm/day
t (days)
B = 6.44
RH (fractional)
Future model structure:
-

-

A’, B, , C1, D, and E could be functions of alloy, time/season and would
certainly be functions of temperature, and A’, B, C1, D, and E would be
functions of . Similarly for g(), m, and F for the lateral damage.
A’, B, , C1, D, and E could also be given probabilistic randomness to
account for statistical distributions
There would also be an initiation time,  (days, precondition), which would
account for the time to initiate exfoliation. The current model was
developed for exfoliation that was preconditioned electrochemically3.

The model including initiation time would have the form: d=A’(t-)exp(BRH)
-

3

If stress were to be taken into account, the parameters would need to be
included. Following Zhao and Frankel would result in
o d = f()texp(BRH)
o Other formulations might want to be considered. Time dependence

5.5 mA/cm2 for 7 h in 1 M NaCl, then dried with a stream of air
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-

of the stress could also be included, if desired and linear
superposition was assumed
The ability to replace the damage function itself would be useful. Ideally, it
would still be a three-parameter model, but if someone found a better
function (e.g., a power law, adding an exponent n, i.e., tn) worked better,
having that option would be attractive, so a full model would have the form:
o d =f()(t-)n exp(BRH)
o l =g()(t-)m exp(FRH)
Here the dependencies of the parameters on other parameters or variables are
implicit.

Exfoliation Model outputs:
Default model outputs:
-

d (mm) for times up to 100 days

Future model outputs:
-

The time dependence of the damage, both d and l, as well as d:l for use in
structural integrity calculations
Probability distributions of d, l, and d:l as a functions of t

If implemented as described above, the code would be easily extendible to other forms of
localized corrosion, such as intergranular corrosion, even under full immersion. In the case
of full immersion, the RH would be unity. Most intergranular corrosion damage (in fact,
most localized corrosion damage of all forms) has been found to follow a power law with
an n between 0.25 and 0.7, so the exp(BRH) term should be unity. The model as formulated
by Zhao and Frankel would require B to be set equal to zero for full immersion. An
alternative would be to replace RH with (1-RH) with an appropriate recalibration for the
value of B. This approach would make the transition between full immersion and
atmospheric conditions seamless.
4.1.1. Testing Approach
Based on the analysis above, an approach to validation can be described:
a. Obtain similar skin material and machine into dogbone samples with the LT
surfaces on the face
b. Polish as described, the pretreat gauge region as described electrochemically on
both sides before exposing to a range of RHs. One suggested set would be
96%RH which would give rapid attack and would be directly comparable to Zhao
and Frankel [34], 85%RH which was not tested but should be reasonably fast, and
30% RH for which there should be no damage.
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c. Expose for as long as possible to achieve the largest effect and/or machine down
thickness of plate to accentuate corrosion change in cross-section, with a
reasonable exposure time being 60 days.
d. If possible, exposures of different times should also be used to test the fidelity and
robustness of the model.
e. Perform tensile test, determine y and uts, or do a buckling analysis. Although
these tests are not necessarily relevant to any particular airframe component,
starting with a simple mechanics problem would seem to be appropriate.
f. The ratios of the measured values to values from an unexposed sample would
allow comparisons to the results predicted from the corrosion model due to loss of
cross-section.
Advantages of Proposed Test
1. Similar material to that used in the described tests is available.
2. The corrosion test procedure is straightforward, limiting areas of variability relative
to the work presented in [34].
3. The mechanics are simple, so any disagreement between model predictions and
measurements must be due to inadequacies in the corrosion model.
Disadvantages of Proposed Test
1. The mechanics are very simple, and thus are of limited direct applicability to actual
airfame components.
2. Exfoliation is not necessarily the most critical form of corrosion in DOD
components.
3. Extension of the work to fatigue loading would require development of a means to
measure an equivalent initial flaw size (EIFS).
The analysis process used above was repeated for three other corrosion modes: crevice
corrosion, pitting and intergranular corrosion. In the sections that follow, the input/output
requirements for the models are outlined. For coding purposes, we consider three aspects:
inputs needed, model implementation, and outputs supplied.
4.2

Crevice Corrosion

The crevice corrosion model selected is that of Brackman et al. [56] which has been
developed for crevice corrosion of Ni in 1 N H2SO4. This corrosion system, while of little
direct engineering application, has been extensively characterized and is experimentally
and computationally tractable. It provides a framework that can serve as the foundation
for more complex models, as noted in the tables below under “Future model”. The model
calculates the potential distribution with crevice depth (E(x)) which, when coupled with
the polarization curve (i(E)) provides a damage function (H(x,t)) describing the evolution
of corrosion damage as a function of depth into the crevice. Figure 3 shows the geometry
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considered by Brackman et al. The symbols used in the tables below correspond to those
used by Brackman et al [56].

Figure 3. Modeling domains considered by Brackman et al. Region I is the volume with
the crevice whereas Region II describes the bulk electrolyte [56].
Note that the Brackman et al. [56] paper contains two models, a 1-D model and a 2-D
model. Based on their results, the 1-D model performs very well except at long times
(>200 h) when undercutting is observed in the 2-D model that cannot be captured in a 1-D
model. The 1-D model is much less computationally intensive and runs under MatLab.
The MatLab code is included under separate cover. The 2-D code can also be replaced
with a COTS package such as COMSOL to do the calculations, generating the same output.
Crevice Corrosion Model Inputs Needed:
Default model inputs:
Geometry:
-

Crevice gap (w) in mm; default 0.3
Crevice depth (m) in mm; default 10
Length of boldly exposed surface (N) in mm; default 100
Width of bulk solution (L) in mm; default 12

Electrochemical boundary conditions:
-

Applied potential (EA) in mV, default 250
Active-to-passive electrochemical behavior, default:
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Solution chemistry:
-

Conductivity (κ) in (ohm-cm)-1; default 0.19
pH (unitless); default 1.5

Future model inputs:
Geometry:
-

w(x) – the gap could be a function of the position within the crevice.
w(x) could also be a random distribution

Electrochemical boundary conditions:
-

These could be a function of time or local chemical composition (generally
the pH), thus any of the parameters in the i(E) equation above could be
functions of time and pH. These dependences would have to be determined
experimentally.

Solution chemistry:
-

Both κ and pH could be functions of time or the integral of i(x) with
time (total amount of material dissolved)

Crevice Corrosion Model Structure:
Default model structure:
-

Under separate cover is the Matlab file from Brackman’s thesis that is the 1D code for damage evolution.

Future model structure:
-

Calculation of the complete chemical composition evolution of the crevice
solution. It should be noted that the means of doing this in a manner that is
compatible with Gauss’ equation is a matter of much debate. At present, it
appears that the best approach is to estimate the solution composition within
the crevice at steady state.
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Crevice Corrosion Model Outputs:
Default model outputs:
-

E(x,t) and H(x,t). The potential (E(x,t)) is calculated both inside the crevice
AND outside the crevice. The potential of the boldly exposed surface is set at
the input value (EA). The potential inside the crevice is determined by the
polarization behavior, the conductivity of the solution, the crevice gap, and EA.
H(x,t) describes the extent of dissolution as a function of position inside the
crevice. This parameter would determine the change in thickness of the
component as a function of position which would be the main input into the
structural integrity calculation.

Future model outputs:
-

4.3

Could be a probabilistic output where there is a pdf for H(x,t) if the gaps are
statistically distributed

Pitting

The pitting model selected is one that predicts the maximum size to which a pit can grow
under thin film/atmospheric exposure [49]. The model takes into account the fact that (a)
pits must grow rapidly in order to grow at all, and (b) under thin film conditions, there is a
limit on the amount of cathodic current the area surrounding a pit can provide. Further
consideration of the nature of the thin electrolyte film allows a straightforward calculation
of the maximum size to which a hemispherical pit can grow. The model has been validated
in the laboratory using well-controlled conditions [50]. The model relies on experimental
inputs and thermodynamic data to provide a prediction of the largest possible pit that can
form under the conditions of interest. Pits smaller than the predicted size may well form;
the model provides a bound on pit size, which may be of use in structural integrity
calculations. The model does not provide a time course of pitting. If the conditions vary
with time, the calculated bounding size may also. In order to provide future flexibility,
variables and output parameters that could be later included into the code to enhance the
prediction are discussed.
Pitting Corrosion Model Inputs Needed:
Default model inputs:
-

Calculate radius of maximum possible pit size on 316L stainless steel exposed
to a thin film of 0.4 M FeCl3 at room temperature
Loading density of FeCl3 (kg/m2) – controllable variable
Critical pit stability product, (I/r)crit (A/m) – experimentally determined
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-

Solution density as f(RH) in (kg/m3) – thermodynamic data
Conductivity as f(RH) in (1/(Ω-m)) – thermodynamic data
Cathodic kinetics (i (A/cm2) vs. E (V)) - experimentally determined
Cathode Ecorr (V) – experimentally determined
Repassivation potential (Erp (V)) – experimentally determined

Future model inputs:
-

Values/functions above for different solutions and materials at different
temperatures
Contact angle of solution (electrolyte is considered to be a uniform thin film in
the default)
Probability distributions of variables

Pitting Corrosion Model Structure:
Default model structure:
-

-

Ianode = Minimum Anode Current = (I/r)crit*ra
Icathode = Maximum Cathode Current = see eqn 12, ref 1
Find ra such that Icath = Ianode

Future model structure:
-

Extend to consider non-hemispherical pits
Extend to consider pit-to-crack transition

Pitting Model Outputs:
Default model outputs:
-

rmax (microns)

Future model outputs:
-

4.4

Probability distributions of rmax based on probability distributions of variables

Intergranular Corrosion

The intergranular corrosion (IGC) model selected is a power rate law with limited inputs
and a single output, the maximum IGC fissure length. The data on which it is built were
collected under full immersion conditions at constant potential. In order to provide future
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flexibility, variables and output parameters that could be later included into the code to
enhance the prediction are discussed.
Note that the largest/fastest damage is when the IGC is growing in the L-direction (the ST
surface exposed) whereas the slowest is in the S-direction (the LT surface exposed)[34] .
IGC Corrosion Model Inputs Needed:
Default model inputs:
-

Intergranular corrosion from LT surface of AA2024-T3 plate in 1 M NaCl
bubbled with O2 held at -0.58 V(SCE) after 1 sec at -0.29 V(SCE) [34]
Time of exposure t (h)

Future model inputs:
-

Temperature T (ºC) – default is room temperature. If data were developed,
there could be a need
Potential (E), stress (σ)
a and n could also be made random variables to account for statistical
distributions
Other alloys whose IGC behavior had been characterized. It is possible that
the model would also be applicable
Data was also developed for the propagation in L and T. Thus, one could
incorporate those to generate a 3D maximum damage site if they are assumed
to grow independently

IGC Model Structure:
Default model structure:
-

Depth of max IGC damage, d(mm), from LT surface after time t (h) at -0.58
V(SCE) in 0.5 M NaCl after pretreatment for 1 sec at -0.29 V(SCE). The
model has the form:
d=atn

where:
a = 0.0756 (for growth from LT surface “in the ST direction” in Frankel’s
terms) for a 1.9 cm thick plate
t = time (hours)
n = 0.5
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Future model structure:
-

-

a and n are functions of orientation, E, T, stress
a and n could also be made random variables to account for statistical
distributions
There would also be an initiation time,  (days, precondition), which would
account for the time to initiate IGC. The current model was developed for
IGC that was preconditioned electrochemically.
The model including initiation time would have the form:
d=a(t-)n valid only for t > 

IGC model outputs:
Default model outputs:
-

d (mm) for times up to 100 h

Future model outputs:
-

The time dependence of the damage, in all three directions, as well as the ratios
of damage, for use in structural integrity calculations
Probability distributions of damage and ratios as functions of t

It should be noted here that IGC rates on this material depends on the thickness and this
was ascribed to differences in grain morphology. The parameters above are specific to a
1.9 cm thick plate. Other data are available for 0.2 mm thick sheet and 8.9 cm thick plate,
although more limited.
4.5

Corrosion model section

The literature was thoroughly reviewed to assess the state-of-the-art for corrosion models,
the outputs of which could be coupled to current structural integrity codes. The range of
corrosion modes was considered, and four models were found to have sufficient maturity
that their outputs could serve as inputs to current structural integrity models: exfoliation,
intergranular, pitting and crevice corrosion. However, due to lack of applicability and
difficulty in creating crevice corrosion on specimens for mechanical testing in Ni
specifically in sulfuric acid, crevice corrosion validation is omitted from the validation and
mechanical testing.
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5. Exfoliation Corrosion Validation and Mechanical testing
5.1

Introduction

The exfoliation corrosion model selected is based on the work published by Zhao and
Frankel [34] recommended above, using Al 7178-T6 material extracted from a
decommissioned aircraft. The testing performed follows the same test procedure outlined
in the reference article [34]. For corrosion, loss of thickness is a parameter that was verified
at 96% relative humidity (RH) after an initial exposure to anodic polarization in 1 M NaCl
(in order to initiate attack). In addition, to understand the effect of exfoliation corrosion
damage on mechanical properties, tensile, compression and fatigue properties were
evaluated after exposing the specimens to 102 days in corrosion environment.
5.2

Experimental method

Al 7178-T6 material was extracted from upper wing skin from a decommissioned aircraft.
The measured thickness of the wing skin was 0.22in and the final thickness of all the
specimens machined for testing was 0.213in. Figure 4 shows the schematic of the specimen
type and geometry machined for corrosion model verification and mechanical testing.

Figure 4. Schematic showing the geometry of all specimens used for exfoliation
corrosion model verification and mechanical testing.
Alloy chemistry was verified using Thermo Scientific ARL Quanto Desk optical emission
spectroscopy (OES), hardness and conductivity measurement. The chemical composition
of 7178 material used in this this study is given in the Table I. Magnesium composition
was found to be marginally low and closer to the lower limit. However, the measured
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hardness 191 VHN and conductivity of 32% IACS are well in the range of the T6 condition
for 7178 –T6 temper. All the specimens were pretreated electrochemically using 1 M NaCl
solution at 5.5 mA/mm2 current density for 7 hours and then rinsed with de-ionized water
and air dried before exposing to different RH. Exfoliation model verification specimens
were exposed to 96% RH for different lengths of time to verify the power law model
proposed for the exfoliation corrosion. Both tension and compression test coupons were
exposed for the maximum exposure period i.e., 102 days at 75% and 96% RH conditions.
Fatigue coupons were exposed to different RH i.e., 30, 55, 65, 75 and 96% RH for 102
days. Different relative humidities were maintained using separate, sealed containers with
different salts in a saturated solution with water [65] as shown in Table II. Schematic of a
corrosion chamber and sample arrangement for the testing and test set up with humidity
sensor is shown in Figure 5(a-b).
Table I. Comparison of chemical composition for Al 7178 used in this study and by
Zhao and Frankel [34], and compared with ASM handbook values

*

ASM Metals Handbook, Vol.2 - Properties and Selection: Nonferrous Alloys and SpecialPurpose Materials, ASM International 10th Ed. 1990.
Table II. Salts used for maintaining different relative humidity
RH Targets
/ Program

30%

55%

65%

75%

95%

Zhao and
Frankel
[34]

Calcium
chloride
hexahydrate
(30.1%)

Potassium
carbonate
dihydrate
(49-50%)

Potassium
iodide
(65.1%)

Ammonium
chloride
(76.5%)

Sodium
sulfate
(96%)

Present
work

Calcium
chloride
hexahydrate
(30.1%)

Magnesium
nitrate
hexahydrate
(55%) [65]

Sodium
Bromide
(65%) [65]

Sodium
chloride
(75%) [65]

Sodium
sulfate
(96%)

Prior to exposing the coupons at different RHs, the RH in each container was monitored
and verified for salt type using a LabView interfaced data recorder at least for a period of
10 days. Depth of the exfoliation damage was assessed by sectioning the thickness loss
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specimens and observing under an optical microscope after polishing using standard
metallographic techniques. This penetration depth or the depth of exfoliation damage was
presented as the width change of the un-exfoliated region in Zhao and Frankel [34]. Three
replicates were used for all penetration studies. The maximum depth of penetration from
each specimen was measured and the average of these values was used for verification of
the corrosion model. Tensile and fatigue tests were carried out using a MTS 22 kip servo
hydraulic load frame. A SATEC mechanical load frame was used to measure properties
during compression testing. To calculate modulus, a laser extensometer was used for both
tension and compression testing due to the relative ease of measurement and compact
specimen size. Five replicates were used for both static and fatigue studies. All fatigue
testing was carried out at a maximum stress of 50 ksi, R ratio of 0.02. Results of the fatigue
tests were compared to published reports for the same material [66]. Since the aim of the
mechanical testing is to evaluate the loss of mechanical properties (both static and fatigue)
due to corrosion, the thickness loss due to corrosion was not included in the stress
calculation, i.e., for the stress calculation, the original un-exposed cross sectional area was
used for all the studies.

Humidity sensor

(a)

(b)

Figure 5: (a) Shows schematic of corrosion chamber and sample arrangement for the
testing and (b) test set up with humidity sensor
5.3

Results and Discussion

5.3.1. Microstructure
Results at each stage of the test procedure starting from the pretreatment to evaluation of
the depth damage at different exposure were verified and validated. Since the
microstructure plays a dominant role in exfoliation, the scale of the microstructure was
compared between the material used in the current study and that of the material used in
the model study [34]. The microstructure of the polished and etched specimen in all three
orientations taken from the present study material is shown in Figure 6 through Figure 8.
Further comparing the pancaked grain size in LS plane for this material investigated with
that of the material Zhao and Frankel [67] revealed that the two were of the same order,
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about 20 microns. To compare this, the size of the micrograph taken from the present study
was reduced so that the length of micron marker was same as that reported in the Zhao and
Frankel report [67]. Comparison of the microstructure between the material investigated
and the model verification material is shown in the Figure 9. This indicates that the material
used in the current study is of the same type of material that was used for developing the
exfoliation corrosion kinetics study.
Once the material was verified and validated, the pretreatment condition was validated
following the protocol reported [34]. The surface of the specimen was pretreated by
anodically polarizing in 1 M NaCl solution at 5.5 mA/mm2 current density for 7 hours. The
surface was then examined under the Scanning Electron Microscope (SEM). The
preconditioned surface showed initiation of intergranular corrosion as reported. Figure 10
shows the SEM micrograph of the intergranular corrosion observed on the pre-treated
surface of Al 7178-T6.

Figure 6. Optical micrograph showing the microstructure of Al 7178 used in this study –
LT Plane.
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Figure 7. Optical micrograph showing the microstructure of Al 7178 used in this study –
LS Plane.
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Figure 8. Optical micrograph showing the microstructure of Al 7178 used in this study –
ST Plane.

Figure 9. Comparison of microstructure between the material used in this present
investigation and material used for model verification by Zhao and Frankel [67].

© SAFE, Inc. Proprietary

33

SAFE-RPT-17-010

Figure 10. SEM micrograph showing intergranular corrosion damage on the surface of
pre-treated 7178-T6 used in this investigation.
5.3.2. Corrosion Model Verification
Thickness loss due to exfoliation corrosion after pretreatment and exposure to 96% RH
was measured. A single specimen was measured for the 75% RH condition at the
maximum exposure time of 102 days. No exfoliation was observed at lower humidities.
The results of the depth loss measurement or half width of the un-exfoliated region from
the present investigation is shown in the Figure 11. Measured penetration depth for all of
the specimen is given in Table III. In general, the depth loss appears to be higher than that
reported by Zhao and Frankel. To enable a direct comparison, the results from the present
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study were overlaid on the plot reported by Zhao and Frankel [34]. This combined data is
shown in Figure 12.

Figure 11. Exfoliation depth as a function of time for 7178-T6 at constant 96% RH.
Comparison of the data indicates the measured depth loss from this study falls on the upper
boundary reported by Zhao and Frankel [34]. Overall, the measured depth loss appears to
be reproducible. The higher estimate in the present study is the probably due to the
difference in technique used to measure material loss compared to the original modelling
study. In the present study, thickness loss was measured using an optical microscope from
the polished cross section, whereas in the modelling study the loss was measured from the
digital photographs. Optical microscopic studies include the finer details of the
intergranular corrosion at the corrosion front that were probably missed in the digital
macroscopic observation. Optical micrographs of the exfoliation corrosion damage after
15 and 102 days of exposure at 96% RH after the pretreatment are show in Figure 13 and
Figure 14, respectively.
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Table III Measured penetration depth for all specimen exposed to 95% RH

Expsoure
duration,
days
6
12
18
24
30
36
42
48
54
60
66
72
78
84
90
96
102

Sample 1

Sample 2

Sample 3

Average
penetration
depth, mm

0.189
0.307
0.163
0.425
0.430
0.436
0.703
0.662
0.524
0.684
0.771
0.760
0.887
0.786
0.961
0.989
1.112

0.230
0.338
0.212
0.391
0.465
0.443
0.691
0.504
0.521
0.581
0.699
0.821
0.869
0.714
0.954
1.102
1.025

0.205
0.321
0.201
0.409
0.456
0.431
0.673
0.601
0.506
0.608
0.776
0.779
0.836
0.702
0.939
1.064
1.079

0.208
0.322
0.192
0.408
0.450
0.437
0.689
0.589
0.517
0.624
0.749
0.787
0.864
0.734
0.951
1.052
1.072

Penetration depth, mm
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0.020
0.016
0.026
0.017
0.018
0.006
0.015
0.080
0.010
0.053
0.043
0.031
0.026
0.045
0.011
0.058
0.044
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Figure 12. Exfoliation depth as a function of time comparing data generated in this study
against the reference study conducted by Zhao and Frankel [34].
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Figure 13. Optical micrograph showing exfoliation corrosion damage after 15 days of
exposure at 96% RH after pretreatment
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Figure 14. Optical micrograph showing exfoliation corrosion damage after 102 days of
exposure at 96% RH after pretreatment

5.3.3. Mechanical testing
The results of the monotonic uni-axial loading both in tension and compression are given
in Table IV. MIL-HDBK-5B values and unexposed reference material properties are
provided for reference. The mechanical strengths (ultimate, yield and modulus) of unexfoliated 7178-T6 wing material taken from a retired aircraft show higher strengths than
the published MIL handbook values for new materials. A similar observation of higher
strength for the service material (extracted from the aircraft in service) compared to new
un-used material has been reported [66]. Static mechanical properties of the corroded
specimens did not show appreciable degradation compared to un-exfoliated specimens.
Most of the exfoliated loose grains are on or near the surface. The remaining corroded
regions are mostly intergranular and still carry load.
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Table IV. Mechanical properties of the un-exfoliated and exfoliated 7178-T6 specimens
at different conditions.
Condition
*

7178-T6

Reference

75% RH
102 Days

95% RH
102 Days

Specimen
1
2
3
4
5
Average
STD

Yield
tension,
ksi
76

Ultimate
tension, ksi
86

Modulus
Modulus
Yield
tension, compression, compression,
ksi
103 ksi
103 ksi
10.3
76
10.5

85.901
86.352
85.675
84.597
87.651

88.361
90.325
91.324
91.540
89.650

10.02
10.51
10.38
10.48
10.47

83.588
81.364
80.687
80.879
81.361

10.897
10.652
10.891
11.112
10.872

86.04
1.110

90.24
1.299

10.37
0.202

81.58
1.164

10.88
0.163

1
2
3
4
5
Average
STD

86.011
84.063
84.565
84.970
83.651

89.541
87.245
86.354
87.555
89.650

83.826
82.864
83.980
83.544
83.988

10.78
10.55
10.71
10.70
10.87

84.65
0.909

88.07
1.462

10.101
10.364
10.411
10.354
10.412
10.33
0.130

83.64
0.470

10.72
0.116

1
2
3
4
5
Average
STD

84.554
84.063
84.565
84.970
83.651

85.568
87.245
86.354
87.555
89.650

10.11
10.36
10.41
10.35
10.41

83.111
82.001
83.068
82.375
82.009

10.80
10.26
10.81
10.70
10.65

84.36
0.511

87.27
1.540

10.33
0.125

82.51
0.548

10.65
0.225

*

MIL-HDBK-5B, Vol.1 - Metallic Materials and Elements for Aerospace Vehicle
Structures, 15 Aug 1974.
Conversely, fatigue life of the exfoliated material shows an order of magnitude fewer
cycles to failure when compared to the un-exfoliated specimens. Figure 15 shows fatigue
life data for all the specimens tested. Data for similar 7178-T6 sheet specimens reported
by NASA [66] is provided for comparison. This fatigue debit for exfoliated specimens is
expected and can be related to both thickness loss as well as early crack nucleation from
corrosion damage. A similar reduction in fatigue life has been noted for low humidity
conditions (30% and 55% RH) where there was no appreciable thickness loss, and where
no exfoliation was observed. SEM observation of the fatigue fracture surface for the low
humidity, Table I condition, shows multiple cracks nucleated from the localized
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intergranular corrosion region. Representative fractographs of the crack nucleation site for
the specimens exposed to 30% RH and 55% RH atmosphere for 102 days is shown in
Figure 16 and Figure 17, respectively.

Figure 15. Comparison of fatigue life for the 7178-T6 specimens exposed to varying
relative humidity. Total exposure time was 102 days.
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Corrosion Damage

Corrosion Nucleation Site

Figure 16. SEM micrograph showing the fatigue crack nucleating from corrosion damage
for the specimen to 30% RH for 102 days.
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Corrosion Damage

Corrosion Nucleation Site

Figure 17. SEM micrograph showing the fatigue crack nucleating from corrosion damage
for the specimen to 75% RH for 102 days
5.4

Findings and Conclusions

The exfoliation corrosion model developed by Zhao and Frankel [34] was critically
evaluated. Thickness losses due to exfoliation corrosion damage was reproducible for the
7178-T6 material. The verification and validation procedure included artificial
electrochemical preconditioning by using a constant 5.5 mA/mm2 current density for 7
hours in 1 M NaCl solution. Exfoliation damage was studied at up to 96% relative humidity
for differing exposure times to replicate the effort done by Zhao and Frankel [34]. The
present study validates the growth kinetics reported by Zhao and Frankel [34]. The power
law model proposed was validated. However, it should be noted here that this study is only
relevant to the 7178-T6 material tested. Extension of this corrosion kinetics model for
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other 7XXX series aluminum should be used with the utmost care. It is worthwhile to
develop a similar corrosion kinetics model for other 7xxx-T6 metal systems.
The effect of exfoliation corrosion damage on mechanical properties was evaluated.
Strength degradation under static loading (both tension and compression) did not show
appreciable degradation. The fatigue life of specimens with exfoliation corrosion damage
was an order of magnitude less than that of unexposed specimens. A similar fatigue debit
for conditions (30 and 55 RH%) where no exfoliation was observed was primarily due to
multiple crack nucleation sites, in the form of corrosion pits and intergranular corrosion
sites.
6. Intergranular Corrosion (IGC) Model Validation and Mechanical Testing
6.1

Introduction

The intergranular corrosion (IGC) model selected predicts the maximum IGC fissure length
and follows the power rate law under a specific electrochemical experimental condition
[33]. The model developed was based on a full immersion condition at constant potential.
In arriving at the conclusion to use this model, the authors reviewed data to support the
penetration rate studies for different test conditions. The present work on IGC verified two
main components of the corrosion model:
•
•

Effect of potential on penetration depth
Effect of growth kinetics in different orientations

Penetration as a function of time was measured on “L” samples (ST surface) of 1.9 cm
thick AA2024–T3, under full immersion environment, bubbled using either oxygen or
argon at potentials from -675 to +500 mv SCE [33]. From this study, the model indicates
the growth kinetics in “L” samples (corrosion environment exposed to ST surface) was
independent of applied potential. Similarly, the IGC growth kinetics depends on the grain
morphology which in turns depends on the orientation. The model shows the IGC
penetration kinetics is fastest in “L” samples and slowest for the “ST samples (LT surface
exposed to corrosion). Thus, in this study, effort was made to verify the growth kinetics
independent of the corrosion potential.
In addition, to understand the effect of intergranular corrosion damage on mechanical
properties, tensile, compression and fatigue properties were evaluated after exposing the
specimens to selected full immersion conditions that corresponded to model verification
conditions. The details of electrochemical condition and mechanical tests are given below.
6.2

Experimental Method

Commercially available Al 2024-T3 with a thickness of 0.75” (1.9 cm) was procured and
all the specimens were machined for this study. IGC corrosion is largely affected by
microstructure and hence all testing was carried out on the original thickness material.
Alloy chemistry was verified using Thermo Scientific ARL Quanto Desk optical emission
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spectroscopy (OES), hardness and conductivity measurements. Based on the OES analysis,
hardness 145 VHN and 29.9% IACS conductivity values, the material confirms to Al 2024T3 temper. OES results are shown in Table V. For the corrosion model verification, 0.4” x
0.4” x 0.4” specimens were extracted from the top surface for all orientations. Three
replicates were used for both penetration studies as well mechanical testing. The maximum
depth of penetration for each specimen was measured and an average of these values was
used for verification of the corrosion model. Since the corrosion was mainly due to the
electrochemical reaction in full immersion mode, the samples for the mechanical testing
were coated with lacquer leaving 0.4” x 0.4” square in the center of the gauge or reduced
section of interest. Electrical contacts were by made drilling a 0.03” hole at the edge of the
specimen and tight fitted with pure aluminum wire. The connected wires were then coated
with lacquer to isolate them from the corrosion environment. Schematics of each specimen
type and geometry used for corrosion model verification and mechanical testing are shown
in Figure 18 and a close-up view of the experimental set up with the oxygen bubbler
arrangement is shown in Figure 19.
Table V. Chemical composition of Al-2024 used in the present study

* ASM Metals Handbook, Vol.2 - Properties and Selection: Nonferrous Alloys and
Special-Purpose Materials, ASM International 10th Ed. 1990.
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Figure 18. Schematic showing geometry of each specimen used for IGC model
verification and mechanical testing.
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Reference Electrode

Platinum Counter
Electrode

Oxygen Bubbler
Working Electrode

Area of interest

Figure 19. Experimental step for the electrochemical exposure (tension test specimen is covered with
lacquer except for the area of interest).

To verify the IGC penetration behavior is independent of the applied potential and compare
the corrosion damage, the penetration experiments were conducted in 1 M NaCl solution
bubbled with oxygen. These conditions correspond to those in the published paper used to
describe the model [33]. Electrochemical conditions were also tested. The penetration
experiments were conducted in oxygen-bubbled 1.0 M NaCl solution, under three different
anodic potentiostatic conditions (-580 mV, -490 mV and +500 mV). Oxygen gas bubbling
was used to maintain constant supply of cathodic reactant and to aid convection in the cell
[33]. Exposure at these potentiostatic conditions varied and penetration time is given
below. Potentials were selected to verify lower, mid and upper ranges.
•
•
•

-580 mV Vs SCE exposure times – 30 min, 3 h and 5 h
-490 mV Vs SCE exposure times – 15 min, 2 h and 5 h
+500 mV Vs SCE exposure times – 30 min, 2.30 min and 8 h.

Depth of the intergranular damage was assessed by sectioning, polishing, and observing
under an optical microscope. Polishing was accomplished using standard metallographic
techniques. Tension, compression and fatigue tests were carried out using a MTS 55 kip
servo hydraulic frame. To calculate the modulus, a clip gauge was used for measuring
strain during both tension and compression testing. Fatigue tests for the specimen corroded
in “L” direction (ST surface corroded exposed) was carried out at a maximum stress of 35
ksi, R of 0.06, whereas, “ST” samples (LT surface corroded) were tested at a maximum of
40 ksi, R of 0.06. Test coupons for static and fatigue were extracted in two different
orientations as shown in Figure 20.
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Figure 20. Schematic showing specimen layout for mechanical test specimens to study
the effect of IGC on orientation.

6.3

Results and discussion

6.3.1. Penetration depth
The microstructure of the as received 0.75” thick Al 2024-T3 in all three orientation are
shown Figure 21 - Figure 23). The results of the penetration depth studies in “L” samples
for the tested applied potential and exposure time are given in Table VI. The measured data
was then overlaid on data reported by Zhang and Frankel [33] to verify the reproducibility
of the IGC kinetics as a function of applied of potential. Comparison of the of penetration
study for “L” samples in oxygen bubbled 1 M NaCl solution is shown in Figure 24.
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Figure 21. Optical micrograph showing the microstructure of Al 2024 used in this study –
LT surface.
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Figure 22. Optical micrograph showing the microstructure of Al 2024 used in this study –
LS surface.
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Figure 23. Optical micrograph showing the microstructure of Al 2024 used in this study –
ST surface.

Table VI. Penetration depth in "L” orientation samples at different applied potentials and
exposure times.
Applied Exposure
potential
time

-580 mV

-490 mV

+500mV

30 min
3h
5h
15 min
2h
5h
30 min
2.30 h
8h

© SAFE, Inc. Proprietary

Penetration depth, mm
Sample 1 Sample 2 Sample 3
0.164
0.468
0.651
0.145
0.556
0.719
0.199
0.655
0.813

0.132
0.488
0.603
0.174
0.540
0.738
0.274
0.581
0.765

0.158
0.547
0.611
0.169
0.531
0.689
0.264
0.568
0.786

Average
depth,
mm

STD

0.151
0.501
0.622
0.163
0.542
0.715
0.246
0.601
0.788

0.017
0.041
0.026
0.016
0.013
0.025
0.041
0.047
0.024
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Figure 24. Penetration depth as function of applied potential and exposure duration in O2
bubbled 1 M NaCl solution (data from the present study is overlaid on the plot extracted
from the Zhang and Frankel report [33])
The results on the effect of applied anodic potential in the penetration depth agree well
with previously reported values. Representative micrographs of the polished cross
sectioned of “L” samples exposed to 3h and 5h in oxygen bubbled 1 M NaCl solution are
shown in Figure 25 and Figure 26. Similarly, the results of the penetration studies in two
orientations are given the Table VII.
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Table VII. Penetration depth in "L" and "ST" samples at constant - 580 mV applied
potentials
Exposure
time
30 min
3h
5h

Penetration depth for "L"
samples, mm

Average
depth,
mm
Sample 1 Sample 2 Sample 3
0.164
0.132
0.158
0.151
0.468
0.488
0.547
0.501
0.651
0.603
0.611
0.622

STD
0.017
0.041
0.026

Penetration depth for "ST"
samples, mm

Average
depth,
mm
Sample 1 Sample 2 Sample 3
0.024
0.065
0.046
0.045
0.202
0.169
0.162
0.178
0.264
0.298
0.351
0.304

STD
0.021
0.021
0.044

Figure 25. Optical micrograph showing the polished and etched cross section of the “L”
sample exposed to-584 mV anodic potential in 1M NaCl solution for 3 hours.
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Figure 26. Optical micrograph showing the polished and etched cross section of the “L”
sample exposed to-584 mV anodic potential in 1M NaCl solution for 5 hours.
The effect of growth kinetics in 0.75” thick Al 2024-T3 product at different orientations
on “L” and “ST” samples agrees with the reported values, as shown in Figure 27. The
results further confirm that the IGC growth kinetics in 2024 Al–T3 is microstructure
dependent i.e., dependent on grain size and aspect ratio. Thus, IGC behavior shows vast
differences in penetration rates depending on the orientation relative to the rolling
direction. Representative micrographs of the polished cross sectioned of “ST” sample
exposed to 3hours in oxygen bubbled 1 M NaCl solution is shown in Figure 28.
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Figure 27. Penetration behavior for “L” samples and “ST” samples tested at -580 mv Vs
SCE in 1 M NaCl oxygen bubbled solution.
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Figure 28. Optical micrograph showing the polished and etched cross section of the “ST”
sample exposed to -584 mV anodic potential in 1M NaCl solution for 5 hours.
6.3.2. Mechanical testing
The results of the monotonic uni-axial loading both in tension and compression are given
in Table VIII. MMPDS values are shown for comparison. As in the case of exfoliation
studies, the thickness loss due to corrosion was not included in the stress calculation, i.e.,
for the stress calculation, the original un-exposed cross sectional area was used for all the
static and fatigue studies. The mechanical strengths (ultimate, yield) and modulus of the
pristine 2024-T3 material from this study show higher strengths when compared to the
MMPDS handbook values. Further, static mechanical properties of the corroded specimens
did not show appreciable degradation compared to pristine un-corroded specimens.
Mechanical properties of all the material tested are given in standard representation with
respect to orientation of testing: i.e., L – refers to testing in rolling direction and LT refers
to transverse direction. The corresponding IGC penetration orientation is given in
parentheses.
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Table VIII. Mechanical properties of the un-corroded and corroded 2024-T3 specimens:
Electrochemical condition -580mV in oxygen bubbled 1 M NaCl solution at 1 hour and
8 hour exposure durations.
Modulus
Modulus
Yield
tension compression compression
ksi
103 ksi
103 ksi

Yield
tension
ksi

Ultimate
tension ksi

48
42

63
63

10.5
10.5

39
45

10.7
10.7

52.809
52.890
53.036

69.029
69.124
68.587

10.02
9.47
10.67

51.501
49.904
49.301

11.250
11.070
10.730

52.91
0.115

68.91
0.287

10.05
0.601

50.24
1.137

11.02
0.264

1
2
3
Average
STD

46.198
46.531
46.023

67.276
67.229
67.501

44.055
44.730
43.517

11.18
11.51
10.34

46.25
0.258

67.34
0.145

10.101
10.364
10.411
10.29
0.167

44.10
0.608

11.01
0.603

2024-T3-1h-L
(ST -Sample)

1
2
3
Average
STD

52.587
53.185
53.514

68.059
69.883
66.657

10.74
10.54
10.73

43.482
43.651
43.517

10.52
10.86
10.35

53.10
0.470

68.20
1.618

10.67
0.113

43.55
0.089

10.58
0.260

2024-T3-1h-LT
(L -Sample)

1
2
3
Average
STD

45.781
46.271
45.291

65.352
67.458
66.965

10.55
10.41
10.14

48.845
49.266
48.977

10.75
10.24
10.53

45.78
0.490

66.59
1.102

10.37
0.208

49.03
0.215

10.51
0.256

2024-T3-8h-L
(ST -Sample)

1
2
3
Average
STD

52.094
52.061
51.990

65.363
68.116
67.920

10.51
10.55
10.50

42.532
42.731
42.744

10.26
10.15
10.23

52.05
0.053

67.13
1.536

10.52
0.026

42.67
0.119

10.21
0.057

2024-T3-1h-LT
(L -Sample)

1
2
3
Average
STD

45.557
45.224
45.334

66.397
66.633
65.204

10.30
9.96
10.15

47.912
48.612
48.715

10.16
10.63
10.62

45.37
0.170

66.08
0.766

10.14
0.170

48.41
0.437

10.47
0.269

Condition

Specimen

*

2024-T3-L
2024-T3-L T

*

2024-T3-L - Present

2024-T3-LT - Present

1
2
3
Average
STD

* - Metallic Materials Properties Development and Standardization (MMPDS) –
DOT/FAA/AR-MMPDS-05, April 2010
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Fatigue life of all the specimens tested in pristine and corroded conditions is shown in
Figure 29. The fatigue debit due to IGC is as expected and can be related to both thickness
loss as well as orientation. Corrosion kinetics is slow in “ST” samples (L surface corroded)
and fatigue life is reduced by half or one third relative to the pristine specimens depending
on the exposure duration. However, in the case of “L” sample (ST surface corroded), the
fatigue life is reduced by an order of magnitude or more depending on the exposure
duration.

Figure 29. Comparison of fatigue life for 2024-T3 specimens tested in pristine and
corroded conditions.
The reduction in the number of cycles to failure is primarily due to fatigue crack nucleation
from an IGC fissure. SEM observation of the fatigue fracture surface shows crack
nucleation from the intergranular corrosion region. Representative fractographs of fatigue
failure for different exposure conditions and orientations are shown in Figures (Figure 30
- Figure 33).
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Fatigue crack

IGC Fissures

Figure 30. SEM micrograph showing fatigue crack nucleation from an IGC fissure for the
2024-T3 “L” specimen (ST surface exposed). The specimen was electrochemically
treated at a -580 mV anodic potential in oxygen bubbled 1 M NaCl solution for 1 hour.
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Fatigue crack

IGC Fissures

Figure 31. SEM micrograph showing a fatigue crack nucleation from an IGC fissure for
the 2024-T3 “L” specimen (ST surface exposed). The specimen was electrochemically
treated at a -580 mV anodic potential in oxygen bubbled 1 M NaCl solution for 8 hours.
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Fatigue crack

IGC Fissures

Figure 32. SEM micrograph showing a fatigue crack nucleation from an IGC fissure for
the 2024-T3 “ST” specimen (L surface exposed). The specimen was electrochemically
treated at a -580 mV anodic potential in oxygen bubbled 1 M NaCl solution for 1 hour.
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Figure 33. SEM micrograph showing a fatigue crack nucleation from an IGC fissure for
the 2024-T3 “ST” specimen (L surface exposed). The specimen was electrochemically
treated at a -580 mV anodic potential in oxygen bubbled 1 M NaCl solution for 8 hours.
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6.3.3. Findings and Conclusions
The IGC corrosion model developed by Zhang and Frankel [33] was critically evaluated.
Thickness losses due to IGC damage in the full immersion mode under applied
electrochemical conditions were reproducible for the 2024-T3 0.75in thick plate material.
The present study verified and validated two main aspects: IGC penetration behavior is
independent of applied anodic potential as reported by Zhang and Frankel [33] and IGC
growth kinetics is faster in “L” specimen, i.e., corrosion exposed to ST surface, and least
in “ST” specimen, i.e., corrosion exposed to L surface.
The effect of IGC corrosion damage on mechanical properties was evaluated. Strength
degradation in static (both tension and compression) was negligible. A fatigue debit due to
corrosion damage was an order of magnitude or more for the “L” specimen specimens.
Based on the current study, the power law (d=atn, where a=0.0756 (for growth from the
LT surface “in the ST direction” in Frankel’s terms) for a 1.9 cm thick plate, t in (h)and
n = 0.5) proposed by Zhang and Frankel [33] can be used for this specific material.
7. Pitting Corrosion Validation and Mechanical Testing
7.1

Introduction

A model proposed by Woldemedhin et al. [50] predicts maximum pit size for 304L and
316L stainless steels based on their experimental study. The experimental study involved
exposure of 304L and 316L stainless steel with a thin film of ferric chloride solution with
a loading density of 400 μg cm−2 at a relative humidity of 97%. The model provides upperbound pit (flaw) sizes for damage tolerance analysis of stainless steels, but requires further
experimental work to support observations of electrochemical growth kinetics and
exposure conditions. The goal of this study is to validate the maximum pit size model
proposed by Woldemedhin et al. [50], and further investigate the effect of pitting on
mechanical properties for 316L stainless steel.
7.2

Experimental Method

The pitting corrosion in 316L stainless steel has been found to be independent of the
product form and temper. Hence, 0.25” and 0.75” plates were used in this study and temper
of the steel was not evaluated. Alloy chemistry was verified using Thermo Scientific ARL
Quanto Desk optical emission spectroscopy (OES). Based on the OES analysis, the
material confirms to 316L stainless steel. For the corrosion model verification, tension and
fatigue testing, specimens were extracted from 0.25” thick plate. For compression testing
specimens were extracted from 0.75” thick plates. The schematic of all the specimen type
and geometry used for corrosion model verification and mechanical testing is shown in
Figure 34. All the mechanical tests were carried out using 55 kip MTS servo hydraulic
frame.
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7.2.1. Anodic polarization scans
Anodic polarization scans were performed on 0.4” x 0.4” specimens of 316L stainless steel.
Samples were EDM cut, mounted in the same orientation with respect to the base material,
and polished to 1 um. An electrochemical cell was prepared using a 0.4 M ferric chloride
(FeCl3) solution in deionized water, Ag/AgCl reference electrode, and Pt counter
electrode. Potentiostatic holds were performed on the stainless steel samples at +750 mV
vs SCE for 5, 45, or 120 min. After a single hold, each sample was scanned from +500 to
-500 mV vs SCE to determine the corrosion potential for the exposed area. Table IX
provides a detailed summary of experimental parameters.

Figure 34. Schematic showing geometry of all specimens used for pitting model
verification and mechanical testing.

Table IX. Summary of anodic hold and scan parameters for the reference [50] and current
studies.
Parameter

Woldemedhin et al. [50]

Current Study

Sample

Wire, d=50 µm

1.0 cm x 1.0 cm surface
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Surface
Finish

600 grit SiC

Cleaning

Water rinse, N2 dry

Solution

0.4 M FeCl3

Exposure
Time
Potential
Scan Rate

5, 10, 15, 20, 45, 60, 120
min
+0.750 V vs SCE
1 mV/s

Scan Range

+0.5 to -0.5 V vs SCE

Polished to 1 µm
Soap and water scrub, water rinse, isopropyl
alcohol (IPA) rinse, cool air dry
0.4 M solution FeCl3
64.88 g FeCl3 in 1000 mL D.I. water
5, 45, 120 min
+0.750 V vs SCE (+0.705 mV vs Ag/AgCl)
1 mV/s
+0.5 to -0.5 V vs SCE (+0.455 to -0.545 V vs
Ag/AgCl)

7.2.2. Cathodic polarization scans
Cathodic polarization scans were performed on 1.0 x 1.0 cm specimens of 316L stainless
steel. Samples were EDM cut, mounted in the same orientation with respect to the base
material, and polished to 1 um. An electrochemical cell was prepared using a 0.2 M ferric
sulfate (Fe2(SO4)3) solution in deionized water, Ag/AgCl reference electrode, and Pt
counter electrode. Each sample was scanned from +100 vs OCP to -750 mV vs SCE to
verify cathode kinetics reported in the reference study [50]. Table X provides a detailed
summary of cathodic scan parameters
Table X. Summary of cathodic scan parameters for the reference [50] and current study.
Parameter

Woldemedhin et al. [50]

Current Study

Sample Size
Surface Finish

2.4 x 2.4 cm
600 grit SiC
D.I. water, acetone, ethanol,
plasma cleaned O2 150 W/1
hr

1.0 x 1.0 cm
Polished to 1 µm

Cleaning

Soap and water scrub, water rinse, Isopropyl alcohol
rinse, cool air dry

Solution

0.2 M Fe2(SO4)3

0.2 M solution Fe2(SO4)3
80.0 g Fe2(SO4)3 in 1000 mL D.I. water

Open Circuit
Potential

+0.500 V vs SCE

-0.089 V vs SCE (-0.134 V vs Ag/AgCl)

+0.100 V vs OCP to -0.750
V vs SCE
1 mV/s

+0.100 V vs OCP to -0.750 V vs SCE (-0.134 V to 0.795 V vs Ag/AgCl)
1 mV/s

Scan Range
Scan Rate

7.2.3. Exposure studies
Pitting exposures were replicated on 1 cm x 1 cm square witness coupons, with 4 replicates
per condition. Details of the experimental procedures compared to the reference study are
provided in Table XI. A 400 g cm-2 dose of ferric chloride (FeCl3) was applied to each
specimen by micropipette dosing of a methanol-based solution. Methanol has adequate
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solubility to fully dissolve the ferric chloride, and evaporation following dosing left an
evenly distributed salt with no residue. Potential residue described here refers to undissolved salts in methanol left on the surface. Since FeCl3 dissolves in methanol, no
residue was observed on the surface. Exposure was accomplished by placing the specimens
into a closed plastic container where in-flow of humid air was used to maintain 97%
relative humidity (RH) for 168 hours. During exposure, the salt formed a thin electrolyte
layer evenly covering the surface of each specimen. Continuous RH monitoring was
conducted through each exposure to ensure consistency. A small fan provided some air
flow in the closed chamber. Specimens were removed from the chamber at the end of the
test duration, scrubbed iteratively with isopropanol-soaked cotton tipped applicator to
remove bulk surface salts, then ultrasonically cleaned in acetone then isopropanol.
Measurements of the pit diameter were achieved using either a HIROX microscope or
optical microscopy. Optical measurements were taken via linear measurement at a
magnification of 80x.
Table XI. Summary of exposure conditions for the reference [50] and current studies.

Parameter

Woldemedhin et al. [50]

Current Study

Sample
Surface Finish

2.4 x 2.4 cm
600 grit SiC
Soap and water, water rise,
ethanol, acetone, O2 plasma
clean 150W for 1 hour

1.0 x 1.0 cm
500 grit abrasive disc, polished to 1 µm

Pre-Cleaning
Ferric
Chloride
Exposure
Time
Measurements
Post-Cleaning

Soap and water, water rinse, IPA rinse, cool air dry,
O2 plasma clean 100W for 1 hour

400 µg/cm2

400 µg/cm2:10 g of FeCl3 in 100 mL methanol, 4
doses of 1µL applied

168 hours

168 hours

Pit diameter
10% nitric acid at 60°C, 20
min immersion, soap and
water scrub, acetone then
IPA rinse

Pit diameter, pit depth

Instrument

HIROX 0.5 um resolution

Method

Identify largest pit. Record
pit radii for pits within 4 to
5 mm radial distance that
are with diameters >50 um.
Reported average value and
standard deviation of 11 pits
total from two different
samples.
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IPA scrub, ultrasonic cleaning in acetone (10 min)
and IPA (10 min), cool air dry
HIROX 0.5 to 0.2 um resolution, optical microscopy
(10, 30, 80x)
HIROX: Use darkfield imaging to identify largest
pit areas (x4). Conduct measurements of pits
diameter >50um within those areas.
Optical: Image each specimen and measure pit
diameters from 3-10 largest pits at 80x. Record 3
largest pits for each specimen and record average,
total 12 pits per surface condition.
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7.2.4. Mechanical testing
Tensile specimens were obtained from 0.25in and compressions specimens from 0.75in
thick 316L stainless steel plates. A 400 g cm-2 dose of ferric chloride (FeCl3) was applied
to the gauge section via methanol-based solution. Stop-off lacquer and nail lacquer were
used to mask the remainder of the sample, with nail lacquer used to precisely seal the edges
adjacent to the exposure area. Salt loaded specimens were exposed to 97% RH for 6 and
168 hours. The masking was removed, followed by ultrasonic cleaning in acetone and an
isopropanol rinse. Tension testing was conducted at room temperature at a constant
crosshead strain rate of 0.005 in/min through yield, and 0.050 in/min through final fracture.
A clip gage was used to record elongation across a 1in gage section through yield.
Compression testing was conducted until yield.
Fatigue samples were machined from 0.25 in thick 316 stainless steel sheet with a surface
finish of 32 Ra. A 400 g cm-2 dose of ferric chloride (FeCl3) was applied via methanolbased solution to a 0.75 in length of the smallest reduced section. Stop-off lacquer and nail
lacquer were used to mask the remainder of the sample, with nail lacquer used to precisely
seal the edges adjacent to the exposure area. Samples were exposed to 97% RH for 6 and
168 hrs. The masking was removed, followed by ultrasonic cleaning in acetone and an
isopropanol rinse. Fatigue tests were conducted at room temperature with an applied load
of 69 ksi (476 MPa), R of 0.1, and at a frequency of 20 Hz.
7.3

Results and discussion

7.3.1. Material characterization
Table XII provides the chemical composition values for the current study, reference study,
and AISI 316L specifications. Measurements for the current study were obtained by spark
optical emission spectroscopy (OES). Chemical compositions for all experimental alloys
were consistent with 316L, though the alloy for the current study was notably lower in
sulfur and manganese and higher in molybdenum than the reference study plate material
used for exposure testing.
Table XII. Chemical Composition of 316L Alloys used for Current and Reference Studies, wt. %
Alloy

C

Si

Ni

Cr

Mn

Mo

Cu

S

P

Fe

Current Study
Plate/rod [50]
Wire [50]

0.01
0.030
0.019

0.29
0.75
0.41

10.0
10.3
10.7

16.5
16.4
17.1

1.18
2.16
1.36

2.10
2.00
2.16

0.42
N/R
N/R

0.003
0.030
0.029

0.036
0.045
0.030

Bal.
Bal.
Bal.

AISI 316L (max)

0.030

0.75

10.0-14.0

16.0-18.0

2.0

2.0-3.0

N/R

0.030

0.045

Bal.

Representative optical micrographs of the 316L austenitic microstructure at two different
magnifications is shown in Figure 35. The microstructure indicates equiangular grains
with some twin boundaries inside the grains.
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(a)

(b)

Figure 35. Optical micrograph of 316 SS following metallographic preparation and
chemical etching with Marble’s reagent.
7.3.2. Anodic polarization scans
Anodic scan data for samples with potentiostatic hold times of 5 min, 45 min, and 120 min
are shown in Figure 36. All show polarity reversal (sharp drop in current density) as the
surface reaction transitions from cathodic to anodic.

(a)
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(c)
Figure 36. Anodic polarization scans of 316 stainless steel coupons after a potentiostatic
hold at +750 vs SCE for (a) 5 min, (b) 45 min, and (c) 120 min.
Figure 37 shows anodic polarization scans from the current study and reference study [1].
The repassivation potential (Erp) was conservatively estimated as the potential at which
the current changes polarity in the reference study [1]. Erp for a single, 1-dimensional pit
ranged from -230 mV vs SCE to -10 mV vs SCE. Using the same criteria, Erp for bulk
scans ranged from +0.037 vs SCE to +0.075 vs SCE.

(a)

(b)

Figure 37. Anodic polarization scan results from after holding at +750 mv vs SCE for 5,
45, or 120 min then scanning +500 to -500 mV vs SCE from (a) current study and (b)
reference study [50]. Solution was 0.4 M FeCl3 in D.I. water
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Addressing the differences in scan profiles and Erp values, literature data demonstrates
electrochemical responses of a single pit. The plateau at high potential corresponds to
diffusion limited pit growth, and the anodic/cathodic surface reaction transition is marked
by a sharp decrease in current density. A bulk surface scan captures the cumulative
response of many pits across the sample surface, thus sharp transitions are obscured.
Reproducing these scans for bulk surface pitting does not provide a useful reproduction of
single pit behavior. It does indicate that model parameters derived from single pit growth
kinetics may not fully capture bulk material behavior, as they do not account for interaction
with neighboring pits.
7.3.3. Cathodic polarization scan
Cathodic scan profiles for the current study are consistent with other literature data. While
experimental parameters are not identical to the current study, a similar curve shape is
noted. Figure 38 shows a cathodic scan data from the current study and overlay of reference
data [50]. The truncation of the scan range for the current study is due to a difference in
open circuit potential (OCP). The experimentally determined OCP for the current study
was -0.089 V vs SCE (-0.134 V vs Ag/AgCl) compared to +0.500 V vs SCE for the
reference study [1]. The corrosion potential differs significantly based on the surface
condition, oxide thickness, wettability, and impurities or micro alloying elements present
in the material (sulfur, manganese). However, data was consistent between the current and
reference studies for the overlapping scan range. Specifically, both in the current and
reference studies a very high diffusion limited current density was observed.

Current study

Reference [50]

Figure 38. Cathodic polarization scans of stainless steel coupons from +100mV vs OCP
to -750mV vs SCE. Current study (solid lines) with reference study overlay - dashed line.
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7.3.4. Exposure studies
Exposure testing on specimens polished to a 1 µm surface finish with diamond suspension
to facilitate pit size measurements resulted in smaller pit diameters than expected, with an
higher frequency and with shallow profiles compared to the reference study [50]. The
difference in surface finish compared to the reference study was thought to be the reason
for the discrepancy. A second set of four (4) specimens was ground to 500 grit using an
abrasive disc, then dosed and cleaned with the same procedures as mentioned in this study.
Figure 39 shows pitting results for each surface condition. Comparison of pit size data for
the reference study [50] and current study with two different surface conditions is shown
Figure 40. Both specimens had smaller pit sizes than expected, with slightly smaller pit
sizes observed with the ground specimens. Pit sizes observed in the current study were well
below values predicted by the maximum pit size model (245 µm radius at 60% saturation,
170 µm at 80%, 130 µm at 100%).

(a)

(b)

Figure 39. Stereoscopic images of 316 stainless steel witness samples after 400 µg/cm2
dose of FeCl3 and 168-hour exposure at 97% RH. Surface finish was (a) 500 grit SiC and
(b) polished to 1µm.
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Figure 40. Pit radii as a function of exposure time reported in the reference study [50]
with corresponding data from the current study. Error bars represent one standard
deviation from the mean.

7.3.5. Mechanical testing
Table XIII provides tensile testing summary statistics. Values represent no less than 4
replicate tests, with uncertainty reported as one standard deviation from the mean. The 6and 168-hour exposures did not have a statistically significant effect on mechanical
properties. Reference values are for 316 stainless steel annealed and annealed and cold
drawn bar [68]. Figure 41 shows representative fractographs of the as-received and 168-hr
exposure specimens. Both conditions exhibit extensive shear lips and central ductile void
coalescence, indicating ductile fracture.
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Table XIII. Summary of tensile testing data for 316 Stainless Steel in as-received, 6 hour,
and 168-hour exposure conditions.
Exposure
Time, hr

Modulus,
103 ksi

𝐘𝐢𝐞𝐥𝐝
tension,
ksi

Ultimate
tension, ksi

Reference

28.6 ± 0.5

49.8 ± 0.2

89.7 ± 0.2

6

29.3 ± 1.2

50.6 ± 0.2

90.0 ± 0.3

168

28.3 ± 0.5

50.1 ± 0.1

89.8 ± 0.1

60 [68]

90 [68]

316 SS

*

29.0

Uniform
Elongation,
%
41.7 ±
3.6
43.7 ±
0.7
43.3 ±
0.5
45 [68]

Reduction in
area, %
86.5 ± 3.0
82.0 ± 2.0
86.0 ± 1.0
65 [68]

Metallic Materials Properties Development and Standardization (MMPDS) –
DOT/FAA/AR-MMPDS-05, April 2010
*

Shear Lips

Shear Lips

(a)

(b)

Figure 41. Representative fractographic images of tensile tested 316 stainless steel (a) asreceived and after a (b) 168-hour ferric chloride exposure (400ug/cm2, 97% RH). For the
pitted sample, the exposed surface is on the top of the image.
The results of all the compression test specimens are given in the Table XV. There was no
observed difference in Young’s modulus or compressive yield strength with pitting
exposure, and data are in reasonable agreement with reference values.
The results of fatigue testing data for pitted and unpitted specimens did not show a
significant difference in fatigue life to failure. Unpitted specimens failed in the range of
165,713 to 188,467 cycles, all by corner crack nucleation or outside the gage section.
Specimens that failed outside the gauge section were omitted and considered invalid tests.
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Pitted samples failed in the range of 125,227 to 175,932 cycles by either corner crack
nucleation or double crack nucleation. A summary of all the fatigue tests and observations
is given in Table XIV. Macroscopic observation of a corner crack nucleation and double
nucleation (corner and surface) are shown in Figure 42(a-b). Therefore, pitting did not
affect the fatigue life for 316L stainless steel for the current test conditions (pit sizes) which
is counter to what the literature shows. It is probably due to the fact that the pits sizes are
small and shallow and does not contribute to a high stress concentration in high strength
materials. The fatigue strength of low carbon and medium carbon steel specimens
containing very small artificial defects (40 to 200 m) have been reported [69]. It was
found that the fatigue strength of the steel containing these small defects were almost the
same order of magnitude as the fatigue limit of the plain specimen [69]. The existence of
the very small defects did not cause appreciable decrease in the fatigue strength. Hence,
the present observation of similar fatigue life in both unpitted and pitted conditions can be
attributed to the small defect size that does not influence the notch sensitivity of the
material. In general, notch sensitivity is related to how sensitive a material is to geometric
irregularities or notches. Geometric irregularities such dents, discontinuities or corrosion
pits act as stress raisers but all of these depend on the stress concentration. Not all materials
are sensitive to notches and sensitivity depends on the stress concentration factor. Small
shallow pits observed in the present study falls under this category. The pits do not affect
the notch sensitivity, and therefore do not influence the fatigue properties.
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Table XIV Summary of fatigue test data for 316 Stainless Steel in the as received and 168-hour exposure
condition

Condition

Reference
Unpitted

Fatigue life,
cycles
188,467
165,713
184,100
185,820
209,641
125,227

Pitted

175,932
214,678
136,945

Test
validity

Failure Location
Corner crack, gauge section
Corner crack, outside gauge section
Corner crack, gauge section
Double nucleation. Corner and a surface crack, both in
the gage section
Corner crack, gauge section
Corner crack, gauge section
Double nucleation. Corner and a surface crack, both in
the gage section
Corner crack, outside gauge section
Corner crack, gauge section

Valid
In-Valid
Valid
Valid
Valid
Valid
In-Valid
Valid

Table XV. Summary of compression test data for 316L Stainless Steel in as-Received, 6
hour, and 168-hour exposure conditions.

Exposure
Time, hours
Reference
6
168
316 SS

Modulus
compression, 103
ksi
29.7
29.8
29.7
*
28.0

Yield
compression, ksi
41.0
40.1
40.8
*
23-29

Metallic Materials Properties Development and Standardization (MMPDS) –
DOT/FAA/AR-MMPDS-05, April 2010
*

(a)
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Figure 42 Stereo-macrographs show: (a) Corner nucleation and (b) double nucleation, from
pitted specimens
7.3.6. Findings and Conclusions
The pitting corrosion model developed by Woldemedhin et al. [50] was critically
evaluated. 316L stainless steel was used in this study. The present study was able to
reproduce the maximum pit diameter study. There was difficulty in reproducing the anodic
polarization scan results due to the difference in the experimental material. Anodic
polarization studies rely on the one dimensional pit growth, however, the size of the one
dimensional pit is dictated by the diameter of the wire used for creating pit studies.
Optimizing to the appropriate wire diameter is a crucial step for this model that has not
been accomplished. The existing model was developed based on using only a single
diameter wire to calculate anodic kinetics. Thus there is a certain unknown risk in
completely relying on the model. Upper and lower bound pit size values are currently based
on salt loading density, which in turn are calculated from anodic and cathodic kinetic
studies. Several attempts were made to reproduce the pit size as reported in the reference
study but in all the cases the pit sizes were smaller than expected (two thirds of the reported
value). There was no appreciable degradation in strength in either static or fatigue loading
conditions. The maximum pit radius produced from the present exposure study was
significantly smaller of the order of 100 m (pit depth about 50 m) compared to 160m
in the reference study [50].
8. Corrosion model integration in AFGROW
AFGROW is a Damage Tolerance Analysis (DTA) software tool that allows users to
analyze crack initiation, fatigue crack growth, and fracture to predict the life of metallic
structures. It is now being developed and maintained commercially by LexTech, Inc. The
current version of the AFGOW allows only Damage Tolerance Analysis (DTA) with the
only allowable defects as a crack placed at various geometry and locations. The purpose of
this effort was to incorporate a new capability into AFGROW to account for the effect of
corrosion on crack growth life. Effort has been made to incorporate different corrosion
modes in life prediction. With this development, DTA engineers will be able to perform
life predictions incorporating different corrosion modes. The following describes the
enhanced corrosion capability tool incorporated into AFGROW.
8.1

Corrosion Capability

This capability has been organized in two categories (material loss and initial crack size).
They may be selected for use in the Tools Menu as shown Figure 43.
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Figure 43. Corrosion material loss menu.
The corrosion Material Loss menu will have the option of selecting different corrosion
modes as shown in Figure 44.

Figure 44. Corrosion mode menu.
These two types of material loss models (exfoliation and intergranular corrosion) have been
added and may be selected from the Corrosion Material Loss menu. Both of these models
are time dependent and must be used with a time dependent spectrum which provides the
relationship between applied loading and total elapsed time (seconds). If a time dependent
spectrum is not used, the material loss will not be calculated and will have no effect on life
prediction.
A general description of each material loss model and associated parameters is given in the
following sections.
8.2

Exfoliation (Corrosion Material Loss)

The current version uses material loss due to exfoliation corrosion developed by Zhao and
Frankel [34]. This exfoliation model uses a linear rate law. The empirical model is based
on experimental exfoliation corrosion data on an L-T surface of 7178-T6 aluminum
recovered from wing skin of a legacy aircraft performed by X. Zhao and G.S. Frankel [34].
When the exfoliation corrosion model is selected in AFGROW, the material loss rate and
the remaining thickness are calculated and are documented for each output interval. Since
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plate thickness has a direct effect on crack growth, the predicted life will be affected by the
use of this model. To avoid the possibility that thickness loss may be predicted to outpace
crack growth for corner cracks (effectively removing the crack), thickness loss is modeled
on the side of the plate away from the corner crack origin. While selecting the exfoliation
material loss from the tool menu, the computation is based on thickness change. This
thickness change is a function of humidity. The following drop down menu, shown in
Figure 45, illustrates the input screen for different parameters used to calculate thickness
change and life prediction.

Figure 45. Exfoliation material loss input parameters.
8.3

Intergranular Corrosion (Corrosion Material Loss)

Microstructure of the engineered metallic alloys is largely affected by the way they are
processed and the effect on the local chemistry along the grain boundaries. This
compositional difference between the grain interior and grain boundary creates an
electrochemical potential resulting in corrosion along the grain boundary. This is referred
to as intergranular corrosion. This intergranular corrosion (IGC) model is based on the
work of Zhang and Frankel [33]. This model is a power rate law that allows the user to
input equation coefficients (A & N) and initial defect size. AFGROW calculates the IGC
crack length and the IGC rate for times up to a 100 hours. When the IGC model is selected
in AFGROW, the predicted IGC growth rate is calculated, added to the initial defect size,
and documented for each output interval. The required input parameters are shown in the
dropdown tool shown in Figure 46.
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Figure 46. IGC coefficient inputs.
The input parameters for the IGC in the AFGROW are defined below:
A:
Material constant based on exposure and condition (length/sec)
t:
Exposure time
N:
Material constant based on exposure and condition
Initial defect size: User defined initial flaw size (length)
It should be noted here that AFGROW does not use the IGC calculations as part of the life
prediction process. The intergranular corrosion rate and total IGC length are provided to
users so that they may compare the potential effect of IGC to a baseline crack growth
prediction and/or calculate the loss of mechanical strength due to intergranular corrosion.
8.4

Pitting (Initial Crack size)

A pit is treated as an initial crack flaw. Hence the tool provides a description of the
corrosion pit as an initial crack size. Selection of this menu will only provide pitting options
as shown below in Figure 47.

Figure 47. Pitting drop down menu.
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This pitting model is based on the work Woldemedhin et. al. [50] and the pitting kinetics
depends on the salt loading density and relative humidity. Since, this model was developed
for 17-4 PH, 316L and 304L stainless steel, current input parameters are applicable to these
specific materials as shown in Figure 48.

Figure 48. Corrosion pitting drop down menu.
Select the Calculate button to determine the maximum pit size for the input conditions.
The single, user-defined input parameter is Deposition/Loading Density and is entered in
units of weight/area.
The maximum pit size calculated from this method may be used to define an initial crack
length for a subsequent life prediction. This will enable users to account for the total
damage accumulated due to pitting corrosion for a given material and environmental
conditions.
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9. Conclusion
The literature was thoroughly reviewed to assess the state-of-the-art for corrosion models,
the outputs of which could be coupled to current structural integrity codes. The range of
corrosion modes was considered, and four models were found to have sufficient maturity
that their outputs could serve as inputs to current structural integrity models: exfoliation,
intergranular, pitting and crevice corrosion. However, due to lack of applicability and
difficulty in creating crevice corrosion on specimens for mechanical testing in Ni
specifically in sulfuric acid, crevice corrosion validation is omitted from the validation and
mechanical testing.
The exfoliation corrosion model developed by Zhao and Frankel [34] was critically
evaluated. Thickness losses due to exfoliation corrosion damage were reproducible for the
7178-T6 material. The verification and validation procedure included artificial
electrochemical preconditioning by using a constant 5.5 mA/mm2 current density for 7
hours in 1 M NaCl solution. Exfoliation damage was studied at up to 96% relative humidity
for differing exposure times to replicate the effort done by Zhao and Frankel [34]. The
present study validates the growth kinetics reported by Zhao and Frankel [34]. The power
law model proposed was validated. However, it should be noted here that this study is only
relevant to 7178-T6 material tested. Extension of this corrosion kinetics model for other
7XXX series aluminum should be used with the utmost care. It is worthwhile to develop a
similar corrosion kinetics model for other 7xxx-T6 metal systems.
The effect of exfoliation corrosion damage on mechanical properties was evaluated.
Strength degradation under static loading (both tension and compression) was negligible.
The fatigue life of specimens with exfoliation corrosion damage was an order of magnitude
less than that of unexposed specimens. A similar fatigue debit for conditions (30 and 55
RH%) where no exfoliation was observed was primarily due to multiple crack nucleation
sites, in the form of corrosion pits and intergranular corrosion sites.
The IGC corrosion model developed by Zhang and Frankel [33] was critically evaluated.
Thickness losses due to IGC damage in the full immersion mode under applied
electrochemical conditions were reproducible for the 2024-T3 0.75in thick plate material.
The present study verified and validated two main aspects: IGC penetration behavior is
independent of applied anodic potential as reported by Zhang and Frankel [33] and IGC
growth kinetics is faster in “L” specimen, i.e., corrosion exposed to ST surface, and least
in “ST” specimen, i.e., corrosion exposed to L surface.
The effect of IGC corrosion damage on mechanical properties was evaluated. Strength
degradation in static (both tension and compression) was negligible. A fatigue debit due to
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corrosion damage was an order of magnitude or more for the “L” specimen specimens.
Based on the current study, power law (d=atn, where a=0.0756 (for growth from LT surface
“in the ST direction” in Frankel’s terms) for a 1.9 cm thick plate, t in (h) and n = 0.5)
proposed by Zhang and Frankel [33] can be used for this specific material.
The pitting corrosion model developed by Woldemedhin et al. [50] was critically
evaluated. 316L stainless steel was used in this study. The present study was able to
reproduce the maximum pit diameter study. There was difficulty in reproducing the anodic
polarization scan results due to the difference in the experimental material. Anodic
polarization studies rely on the one dimensional pit growth, however, the size of the one
dimensional pit is dictated by the diameter of the wire used for creating pit studies.
Optimizing to the appropriate wire diameter is a crucial step for this model that has not
been accomplished. The existing model was developed based on using only a single
diameter wire to calculate anodic kinetics. Thus there is a certain unknown risk in
completely relying on the model. Upper and lower bound pit size values are currently based
on salt loading density, which in turn are calculated from anodic and cathodic kinetic
studies. Several attempts were made to reproduce the pit size as reported in the reference
study but in all the cases the pit sizes were smaller than expected (two thirds of the reported
value). There was no appreciable degradation in strength in either static or fatigue loading
conditions. The maximum pit radius produced from the present exposure study was
significantly smaller of the order of 100 m (pit depth about 50 m) compared to 160m
in the reference study [50].
Exfoliation, IGC and pitting models were incorporated into AFGROW. This capability
enables the DTA engineer to combine fatigue crack growth analysis with corrosion
analysis. When executing this combined analysis technique, pitting is used to produce an
initial flaw size. The exfoliation and IGC models are used to calculate material loss and
that is fed into the crack growth model.
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