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ABSTRACT
This dissertation details my investigation of crevice corrosion and stress corrosion
cracking based upon the differential aeration hypothesis, currently considered the physical basis
of virtually all localized corrosion phenomena. The differential aeration hypothesis attributes
localized corrosion to a spatial separation of local anodes and local cathodes. The former occurs
in the region of a given system (e.g. within a crevice or crack) that has the least access to a
cathodic depolarizer (e.g. O2). The latter occurs in the region (e.g. on an external surface) with
the greatest access to a cathodic depolarizer. This hypothesis, combined with the natural law of
charge conservation, yields the measurements of the electron coupling current that flows from
local anodes to local cathodes, which contains valuable information concerning the processes that
occur within local anodes.
A simple crevice corrosion monitor was developed to monitor crevice corrosion in 1018
mild steel, Type 304 stainless steel, and Type 410 stainless steel in deionized water and in NaCl
solutions with and without the addition of a chemical corrosion inhibitor. The monitor, which
measures the electron coupling current that flows from the crevice to the external surface,
followed the evolution of crevice activity in a manner that can be understood in terms of the
cathodic process that occurs on the external surface and the partial anodic process that develops
within the crevice, due to the accumulation of H+ and Cl-. The crevice initiation time is typically
very short, but varies depending upon chloride concentration and, possibly, inhibitor
concentration. After initiation, the coupling current increases over time, passing through a
maximum, then decreasing and eventually changing sign, from positive to negative, which
indicates crevice inversion. This inversion is attributable to the gradual build-up of H+ within the
crevice to the extent that proton reduction within the crevice becomes the principal cathodic
reaction in the system, while the anodic reaction moves to the external surface. In addition,
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amines are effective corrosion inhibitors of crevice corrosion of mild steel and stainless steels in
NaCl solutions by forming a protective inhibitor film, thereby inhibiting the cathodic reaction
occurring on the external surface, provided that they are present in sufficiently high
concentrations.
The shape evolution of sensitized Type 304 stainless steel surface cracks in boiling water
reactor primary coolant circuit piping at 288 °C was explored as a function of environmental
variables—such as electrochemical potential, solution conductivity, flow velocity, and multiplier
of standard exchange current density for O2 reduction—using the coupled environment fracture
model (CEFM). For more accurate prediction of crack growth rate, Shoji’s approach for
calculating crack tip strain rate, together with a precise treatment of the stress intensity factor for
semi-elliptical surface cracks, has been integrated into the CEFM. This revised CEFM accurately
predicted the dependence of crack growth rates on the stress intensity factor and offers an
alternative explanation for the development of semi-elliptical cracks to those suggested by
fracture mechanics alone. Moreover, the CEFM predicted that the minor axis of the ellipse
should be oriented perpendicular to the surface, in agreement with observation. The development
of the observed semi-elliptical cracks with the minor axis perpendicular to the surface is therefore
attributed to the dependence of the crack growth rate on the electrochemical crack length.
The CEFM, which has been used extensively to predict intergranular stress corrosion
cracking in sensitized austenitic stainless steel components in the heat transport circuits of nuclear
power reactors, has been modified and calibrated to predict crack growth rates in Al-Mg alloys in
marine environments, and Alloy 22 in saturated NaCl solutions. Calibration involves
optimization of the CEFM on measured crack growth rate data of the materials of interest and,
after extracting values for essential parameters, calculation of crack growth rate data as a function
of independent variables of interest. The customized CEFM provided quantitative predictions of
the effects of O2 concentration, electrochemical potential, stress intensity factor, flow velocity,
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multiplier of the standard exchange current density for O2 reduction, and conductivity on crack
growth rates in lightly sensitized AA5083-H321 in 3.5 wt.% NaCl solutions. The importance of
external environment properties—such as conductivity, oxidant/reductant concentration, and the
kinetics of cathodic reactions on the surfaces external to the crack—has been confirmed. Crack
growth is attributable to a sequence of micro-fracture events at the crack front. Micro-fracture
frequency is determined by the mechanical conditions that exist at the crack tip and are governed
by the stress intensity. Micro-fracture dimension is determined by hydrogen-induced fracture.
The crack growth rate is the product of these two quantities.
Another area of exploration is the crack shape evolution of surface stress corrosion cracks
in lightly sensitized AA5083-H321 in 3.5 wt.% NaCl solutions. Evolution of semi-elliptical
surface cracks is attributable to the dependence of the crack growth rate on the electrochemical
crack length, rather than on variation in the local stress intensity along the crack front.
Accordingly, the evolution of the semi-elliptical shape depends upon environmental variables—
such as electrochemical potential, solution conductivity, flow velocity, and multiplier of standard
exchange current density for O2 reaction. The CEFM for lightly sensitized AA5083-H321 also
predicts that the local stress intensity along the crack front, assuming constant load conditions,
has an impact on the crack shape evolution after a certain time, due to the large differences in
stress intensities at the edge and the center of surface cracks. Nevertheless, the CEFM predicts
that all the aspect ratios at failure examined in this study fall within the range of 0.7 to 0.9, which
indicates a crack that is semi-elliptical in shape, with the long axis parallel to the surface.
Theoretical aspects of the stress corrosion cracking of Alloy 22 in contact with a
saturated NaCl solution was explored in terms of the CEFM, which was calibrated based upon
available experimental data. Crack growth rate was predicted as a function of stress intensity,
electrochemical potential, temperature, and electrochemical crack length. The CEFM for Alloy
22 predicts that the crack growth rate increases with temperature, passing through a maximum at

vi
about 80 °C, and that its electrochemical potential increases with temperature. Based upon the
dependence of the crack growth rate on the electrochemical crack length, the evolution of a semielliptical surface crack in a planar surface under constant loading conditions over the course of
one million years was demonstrated. One million years is the service horizon for some high level
nuclear waste repositories of the Yucca Mountain type. The CEFM suggests that stress corrosion
cracking is possible in Yucca Mountain-type repositories, provided that the crack can nucleate. It
predicts that a crack could penetrate the 2-cm thick outer shell of the waste package in a time of
1057 years at the selected temperature (110 °C), suggesting that through-wall cracking in the
outer shell of the waste package is dominated by the crack initiation.
The CEFM’s success in explaining the stress corrosion cracking of aluminum alloys and
Alloy 22, supports the notion that internal and external environments are strongly coupled.
Moreover, the CEFM, which was originally developed to describe intergranular stress corrosion
cracking in sensitized stainless steels is equally applicable for describing the stress corrosion
cracking in lightly sensitized aluminum alloys and Alloy 22.
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Chapter 1
Coupled Environment Models for Localized Corrosions

1.1 Introduction
The industrial importance of localized corrosion problems has been revealed in many
reports because these types of corrosions, such as pitting corrosion, stress corrosion cracking
(SCC), crevice corrosion, and etc., caused a sudden failure. More than 70% of corrosion failure
cases were caused by localized corrosions in a major chemical processing company [1].
Localized corrosion processes, including SCC [2–5] and crevice corrosion [6–11], may be
described within the framework of the differential aeration hypothesis (DAH), which was first
postulated by U. R. Evans in the 1920s [12]. This postulate attributes localized corrosion to a
spatial separation of the local anode and local cathode, with the local anode occurring in that
region of the system that has the least access to the cathodic depolarizer (e.g., oxygen), while the
local cathode occurs in that region that has the greatest access to the cathodic depolarizer.
In the case of a crack, as depicted schematically in Figure 1-1, the local anode exists
within the cavity, whereas the local cathode exists on the external surfaces. The voltage
difference generated between the cavity and the external surface causes a positive current to flow
through the solution from the local anode to the local cathode. Negative electron current flows
through the metal in the reverse direction and the two currents mutually annihilate at the external
surface via a charge transfer reaction, such as oxygen reduction, hydrogen evolution, etc. The
current is known as the ‘coupling current’ and is easily measured [2]. The coupling current has
been shown to contain a wealth of information concerning the processes that occur within the
cavity. The coupling current is generated within the cavity by anodic oxidation of the metal that
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may be unassisted by mechanical processes (e.g., crevice corrosion) or assisted by the presence of
a constant stress (SCC) or a cyclic stress (corrosion fatigue).

Fluid flow

O2 transport
Positive Current

Electron Current

Net Positive Current

H2O2 + 2H+ + 2e- → 2H2O
O2 + 4H+ + 4e- → 2H2O
2H+ + 2e- → H2
M → Mn+ + ne-

Positive Current

H2O2 + 2H+ + 2e- → 2H2O
O2 + 4H+ + 4e- → 2H2O
2H+ + 2e- → H2
M → Mn+ + ne-

Electron Current

Crack
Advance

Figure 1-1. Illustration of the DAH for localized corrosion [13] in boiling water reactor (BWR)
environments. O2 and H2O2 reductions are considered due to the radiolysis of water and H2 is
also important reducing species in BWR environments. φsm, φst, and φs∞ represent the
electrostatic potentials in the solution at the crack mouth, at the crack tip, and relatively far from
the crack, respectively.

Extensive experimental and theoretical work by our group [2–5] has demonstrated that
the coupling current is an effective indicator of crevice activity and provides a wealth of
information on the processes that occur within the crevice. Two other important conclusions
have been drawn concerning the role of the coupling current in localized corrosion, as follows:
(1) Localized (e.g., crevice) corrosion can be stopped or prevented by ensuring that the coupling
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current becomes zero; and (2) The kinetics of the reactions on the external surface are
instrumental in controlling the coupling current and hence determining the rate of damage
accumulation within the crevice. As an illustration of the first conclusion, we note that if the
external surfaces are coated with a thin film of electrophoretically-deposited and baked ZrO2, the
exchange current density for oxygen reduction is reduced to such a low value that the coupling
current is effectively zero and (in this case) intergranular stress corrosion cracking (IGSCC) in
sensitized Type 304 stainless steel (SS) in high temperature (288 °C) water ceases [3]. The in
situ formation of insulating coatings, such as those by adsorbed inhibitors, is also a major
mechanism of the chemical inhibition of localized corrosion and is applicable to all forms of
localized corrosion that are sustained by differential aeration. In the case of the second
conclusion, we note that the origin of the coupling current is the anodic processes that occur
within the crevice. While some researchers have argued that significant cathodic activity occurs
within the crevice and that this detracts from the magnitude of the coupling current [14–16],
numerous studies have shown that tight crevices, at least, are quickly depleted of cathodic
depolarizers, such as O2, and that the fraction of the coupling current that is consumed on the
crack walls compared to that which flows to the external surface is small and is inconsequential.
In these respects, monitoring of crevice corrosion behavior in low pressure steam turbine steels
via the coupling current is handled in Chapter 2 of this dissertation.
Two basic philosophies exist for predicting phenomena in the physical and engineering
sciences; empiricism and determinism. Empiricism is the philosophy that everything we can ever
know we must have experienced, while determinism posits that the future can be predicted from
the past upon the basis of the natural laws. In both cases, we must be able to specify the
corrosion evolution path (CEP) from the present to the future state in terms of those independent
variables (T, pH, [O2], etc) that have a significant impact on the damage accumulation rate (e.g.,
crack growth rate, CGR). In an empirical model the dependent variable is measured as a function
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of the various independent variables, with a matrix approach commonly being employed. For a
complex process like corrosion, in which many independent variables exist, many of which may
be non-linearly related, an enormous database is required to effectively describe the system.
Even then, the large prediction factor imposes an insurmountable barrier, because practical
prediction factors from empirical models seldom exceed 10 with sufficient accuracy for
engineering applications. In the alternative approach of determinism, one relies upon the timeand space-invariance of the natural laws and upon the ability of the natural laws to constrain the
prediction to that which is consistent with scientific experience (from which the natural laws are
condensed). In the deterministic approach, it is necessary to possess a general physico-chemical
model that accounts for all of the empirical knowledge of the system. Such a model must be
based upon an acceptable mechanism, which generally comprises constitutive relationships that
describe how the various components of the model are interconnected, and constraints, which
generally are the natural laws themselves (conservation of mass, charge, and energy and
Faraday’s law of mass-charge equivalence) with the sum of the two classes of relationships being
equal to the number of unknowns in the model. Deterministic models are much more effective
than are empirical models at large prediction factors and a perfectly designed deterministic
model, in principle, can have a prediction factor of a magnitude that is required for useful
predictions of corrosion damage. Of course, a “perfectly-designed” physical model does not
exist, because all models are figments of our imagination as viewed through imperfect senses and
synthesized through imperfect intellect.
Theoretical modeling of localized corrosions in a variety of metals and alloys has also
been vigorously pursued in order to explore the mechanisms and to estimate the impacts of the
chemical and electrochemical conditions (e.g., potential) on corrosion damages in a variety of
metals and alloys in aqueous solutions [13,17–29]. To date, Macdonald and his colleagues have
developed ‘coupled environment’ models, which are deterministic, for SCC (coupled
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environment fracture model, CEFM [13,22,29,30]), corrosion fatigue (coupled environment
corrosion fatigue model, CECFM [31,32]), pitting (coupled environment pitting model, CEPM
[24]), and crevice corrosion (coupled environment crevice model, CECM [33,34]). In this work,
the algorithms for predicting the shape of surface stress corrosion cracks are developed based on
the CEFM and the CEFM is upgraded and customized for Al-Mg alloys in marine applications
and for Alloy 22 in saturated NaCl solutions in order to investigate the SCC of above materials.
They are described in Chapters 3-5. Details of the CEFM are given in following Chapter 1.2.

1.2 The Coupled Environment Fracture Model (CEFM)
The coupled environment fracture model (CEFM) was developed by Macdonald and coworkers to predict correlations between the IGSCC crack growth rate (CGR) and various
environmental variables, including electrochemical potential (ECP) and solution conductivity, in
sensitized Type 304SS in boiling water reactor (BWR) environments [13,22–24]. The first of the
CEFM was developed in 1991 [22]. The original CEFM employed rather simplistic treatments of
the crack tip area, adopted Ford et al.[20]’s relationship between the crack tip strain rate and
Mode I loading stress intensity, and employed Laplace’s equation for calculating the potential
distribution in the crack enclave. Since then, the CEFM is extended to include more accurate,
mechanism-based crack tip strain rate/stress intensity relationships in order to calculate the
frequency of rupture of the passive film at the crack tip in 1996 [13]. Additionally, both
Laplace’s and Poisson’s equations are employed to compute the potential distribution down the
crack. A modified version of the cavitation model developed by Wilkinson and Vitek [35] was
used to estimate CGR at sufficiently negative potentials, where environmental effects are not
evident. This is because it is well known that, in the fracture of sensitized stainless steels and
nickel alloys in high temperature, oxidizing aqueous media, the CGR becomes independent of
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potential at sufficiently negative ECP values and that the fracture morphology changes from
intergranular brittle fracture to ductile failure. The ductile fracture surfaces frequently yield
evidence of microvoid coalescence, with ductile tearing of the matrix between the voids. It
suffices to note that the Wilkinson–Vitek model [35] accurately describes creep crack growth in
stainless steels over the temperature range of interest (25-300 °C) [13]. In 2002, the CEFM for
IGSCC of Type 304SS in BWR primary coolant circuits has been extended to incorporate the
effects of sulphuric acid additions to the coolant and to include thermal activation of the crack tip
strain rate [29]. These extensions allow comparisons to be made between theoretically estimated
and experimentally determined CGRs over a considerable temperature range after calibration at a
single temperature. As noted elsewhere [13], the CEFM predicts that the CGR for given values
of stress intensity, ECP, conductivity, etc. depends upon the electrochemical crack length (ECL).
This prediction is consistent with the available experimental data [13,36,37]. Furthermore, we
note that the CEFM is used extensively in various corrosion damage codes developed by
Macdonald and coworkers (DAMAGE PREDICTOR, ALERT, REMAIN, FOCUS) [37,38] to
predict SCC damage in BWR primary coolant circuits. To date, fourteen BWRs have been
modeled and, where comparison is possible, the predicted damage is found to be in excellent
agreement with that observed in the field.
One of the important features of this model is that it describes, analytically, the positive
current that flows from the crack through the solution to the external surface and the electron
(“coupling”) current that flows through the metal from the crack tip to the external surface, as
dictated by the differential aeration hypothesis (DAH), as noted in Chapter 1.1. These two
currents annihilate at the external interface via a “charge transfer” reaction, which is most
commonly the reduction of oxygen and/or hydrogen evolution. The CEFM also invokes the
natural law of charge conservation, in order to specify the crack mouth potential, and the electroneutrality principle to estimate the crack tip potential, thereby rendering the model deterministic.

7
The model, itself, is based upon the DAH that is considered to be the physical basis of virtually
all localized corrosion phenomena, such as pitting, SCC, and crevice corrosion, and which has
stood the test of time for about ninety years. The important aspect that differentiates this model
for SCC from others is that the positive current must be consumed through the reduction of
cathodic depolarizers, such as the reduction of oxygen and/or hydrogen ion or water, on the
external surface, which represents strong electrochemical coupling between the crack internal and
external environments. Accordingly, the external surfaces are an integral part of any viable,
deterministic model for SCC and any other form of localized corrosion, but it appears that the
CEFM is the only deterministic treatment of SCC that recognizes this fact.
The physico-electrochemical basis of the CEFM is the DAH, as described above and
shown in Figure 1-1, and the governing system equation in the CEFM is a statement of charge
conservation that renders the model deterministic and can be express as follows:

icrack Acrackmouth   iCN ds  0
S

(1-1)

N

where iC is the net (cathodic) current density due to the charge transfer reactions on the external
surface and tends to zero asymptotically with distance away from the crack mouth, and ds is an
increment in the external surface area, as depicted in Figure 1-2. Likewise, icrack is the net
positive current flowing from the crack mouth; i.e., the difference between the positive current
due to anodic reactions and the negative current due to reduction processes that occur within the
crack, with the anodic processes dominating. The subscript S on the integral indicates that the
integration is to be performed over the entire external surface and Acrack mouth is the area of the
crack mouth.
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Lineal Current Density, i(x) / A cm-1

Local anode

Distance, x / cm

Local cathode

Figure 1-2. Schematic of the current distribution in a growing crack. The conservation of charge
requires that the area of the region over which anodic processes dominate (grey region) and the
region over which cathodic processes dominate (black region) must be equal and sum to zero.
This condition establishes the potential at the cavity mouth, while electro-neutrality establishes
the potential at the cavity tip. The potential on the external surface remote from the mouth is
given by –Ecorr where Ecorr is the corrosion potential. All potentials are electrostatic potentials
in the solution with respect to the metal.

The CEFM performs its calculations in two steps. In the first step, it calculates the ECP
on the external surface; in the second step, the CGR is estimated. The potential relatively far
from the crack, φs∞, is assumed to be unchanged by the presence of the crack and, hence, is equal
to the (negative of the) free corrosion potential (the ECP), as all “electrostatic” potentials in
Figure 1-1 are those within the solution they are all defined with respect to a common reference
electrode or with respect to the metal, which is regarded as being an equi-potential volume. Note
that the choice of reference electrode is strictly immaterial, as we are interested only in potential
differences. The ECP is calculated by using the mixed potential model (MPM) [39], which is
discussed in following session, in the CEFM for specified concentrations of O2, H2, and H2O2 in
the solution, the kinetics of the reduction of oxygen and hydrogen peroxide and hydrogen
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evolution, the kinetics of the electrodissolution of the alloy, and the assumed hydrodynamic
conditions. The calculated ECP is constrained by the conservation of charge at the interface (the
sum of partial currents on the surface being equal to zero).
In the CEFM, the CGR calculation relies on splitting the total environment of the system
into the crack-internal and crack-external environments (see Figures 1-1 and 1-2). The crack
mouth acts as the boundary between sub-environments. Figures 1-3 and 1-4 show the flow chart
of the CEFM for calculating CGR and electroneutrality-iteration on the crack tip potential, φst,
and charge conservation –iteration on the mouth potential, φsm, respectively. The problem of
predicting the current and potential distributions in the system is that the φsm and φst are not
known a priori. Thus, if we arbitrarily choose a value of the φsm, then there exist an infinite
number of solutions to the equations (Nernst-Planck equations) that describe current flow in the
external environment and, likewise, an infinite number of solutions exist for the equations
describing current flow in the crack cavity, depending upon the value selected.
A φsm is firstly calculated by solving Laplace’s equation for the external environment or it
is assumed and the internal current generated by metal electro-dissolution at the crack tip and the
external current due to reduction of the cathodic depolarizer on the external surfaces, both of
which depend upon the φsm, are then calculated iteratively by iterating on that potential until the
two are equal. This corresponds to the condition expressed by Equation (1-1). For calculating
the external current a 40-term Fourier series solution to Laplace’s equation is assumed, with the
coefficients being selected to conform to the exponential-like decay of the potential with distance
from the crack mouth. For the calculation of the internal crack current (see Figure 1-4), a φst is
assumed at the crack tip. This potential is changed until electro-neutrality is satisfied at the crack
tip. The electrochemical properties achieved at the crack tip depend upon the mechanical state
(stress intensity) imposed on the system and upon the electrodissolution reaction at the crack tip,
and upon the properties of the external environment through the kinetics of the cathodic reactions
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occurring on the external surfaces. Knowledge of both the φst and the φsm then allows calculation
of the CGR and specification of other properties, such as the crack tip pH, [Cl-], [Na+], etc. The
electrochemical crack advance is readily calculated from Faraday's law and added to creep crack
growth. When the crack tip strain rate is a function of the CGR, an iterative solution must be
found for the CGR and relative crack rate convergence is checked.

CGR

Solution
Conductivity

Strain Rate

φsm

Internal Current

No

External Current

Iint = Iext ?
Yes
Electrochemical
Crack Advance

Congleton/
Shoji ?

Yes

No
End

Figure 1-3. Flow chart of the CEFM for calculating CGRs.

CGR =
assumed?
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Crack Tip
Current

Concentration
Profile in Crack

Electroneutrality
at Crack Tip

External Current
No

Satisfied?

Calculation
Yes
End

End

Figure 1-4. Electroneutrality – Iteration on the crack tip potential, φst, and Charge conservation Iteration on the mouth potential, φsm.

An important conclusion that results from the CEFM is that the CGR is controlled by the
coupling current and hence by the reactions that occur on the external surfaces, because the crack
cannot grow any faster than the coupling current can be consumed on the external surface, this
being the theoretical justification for the often heard characterization of localized corrosion that it
involves “a small anode being driven by a large cathode”. It is further evident that φst, > φsm >
φs∞, where the inequality “ > ” means “more positive than”, in order for the positive current to
flow from the crack tip to the external surface remote from the crack. Crack advance in the
CEFM is envisioned to occur via a sequence of micro-fracture events that are initiated by straininduced fracture at the crack tip [2], with the strain being described by Ford’s [20] or Congleton’s
[40] or Shoji’s [41] fracture mechanics treatment. The micro-fracture events occur with a
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characteristic frequency, f

̇

, where ̇ is the strain rate and

is the fracture strain. Once

an individual strain-induced fracture has occurred, the brittle-like fracture may extend a distance,
ς, (“brittle microfracture dimension”) ranging from a small multiple of the burgers vector (nanometers in dimension), corresponding to the slip-dissolution-repassivation model (SDRM), to
supra-grain dimensions, as in the case of hydrogen-induced fracture [4,5,42]. Hydrogen is
generally involved in SCC, because once bare metal is exposed by the micro-fracture event, the
surface not only repassivates, but also evolves hydrogen via the reduction of protons that are
produced locally via the hydrolysis of metal cations that result from metal dissolution. Some of
the atomic hydrogen that is produced is envisaged to enter the metal and be transported by the
stress field to points ahead of the crack tip where it embrittles the matrix via a variety of
mechanisms. In any event, the CGR ( ̇ ) is given by ̇ = fς, where a is the physical crack length,
demonstrating that both the micro-fracture frequency and the micro-fracture dimension must both
be specified when calculating the CGR.
Of primary importance, when discussing CGR, is that the coupling current flows along
the least resistive path between the crack front (tip) and the external surface. The length of this
path is known as the “electrochemical crack length (ECL)”, which must be distinguished from the
mechanical crack length (MCL) that determines the stress intensity factor. The ECL is
instrumental in determining the CGR, because of the IR potential drop along the coupling current
path within the crack subtracts from the potential drop across the external surface that drives the
cathodic reaction. Thus, theory predicts that the CGR is a decreasing function of the ECL and
this is the fundamental origin of the evolution of the semi-elliptical crack shape, which is
described in Chapters 3, 4-2, and 5.
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1.2.1 Mixed Potential Model (MPM)
The electrochemical potential (ECP) is calculated by using the mixed potential model
(MPM) [39] in the CEFM for specified concentrations of O2, H2, and H2O2 in the solution, the
kinetics of the reduction of oxygen and hydrogen peroxide and hydrogen evolution, the kinetics
of the electrodissolution of the alloy, and the assumed hydrodynamic conditions. Therefore, it is
necessary to examine closely the MPM.
Wagner and Traud [43] formulated their mixed potential theory in electrochemistry, in
which the potential adopted by an electrode in contact with an aqueous solution containing both
oxidizing and reducing species is determined by a balance of the cathodic (reduction) and anodic
(oxidation) partial processes occurring at the surface. If the electrode is inert, the resulting
potential is known as the redox potential, Eredox. On the other hand, if the electrode is
electroactive and undergoes electro-oxidation (corrosion), thereby contributing to the total partial
anodic current, the potential is known as the ECP (or Ecorr), of the substrate. Thus, if the partial
current densities do not depend on the coordinate on the metal surface, the charge conservation
condition for the interface may be written as

i
k

a ,k

  ic , m  0

at E = ECP

(1-2)

m

where ia,k and ic,m are partial anodic and cathodic current densities, corresponding to the kth
anodic and mth cathodic reaction correspondingly. This simple theory has proved to have a
profound impact on how we interpret the corrosion of metals and alloys in a wide variety of
systems.
In boiling water reactors (BWRs) coolant circuit, radiolysis of the coolant water by
ionizing radiation (g-photons and neutrons) produces a myriad of electroactive species, some of
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which are oxidizing species (e.g., O2, H2O2, OH) and others that are reducing species (H2, H).
These species all contribute to the current flow across the interface, but the mixed potential theory
predicts that the contribution that any given species can make to the potential is roughly
proportional to its concentration. Thus, in BWR primary coolant circuits, the only species of
practical importance are O2, H2O2, and H2, since the concentrations of these species are orders of
magnitude greater than those of the other radiolytic species. The reactions describing each of the
electroactive species are described as redox reactions, which can be written in the general form as

R  O  ne 

(1-3)

where R and O are reduced and oxidized species, respectively. The kinetics of the reaction can be
described in terms of the generalized Butler–Volmer equation as follows

iR / O, j 

e
1
i0 ,j

ba , j  j
b

e


 bc , j  j
b

j

e a, j j e c, j


il , f , j
il ,r , j

(1-4)

where ba and bc are the anodic and cathodic inverse Tafel constants, i0 is the exchange current
density, il,f and il,r are the mass transport limiting current densities, and ηj is the overpotential that
is defined as the difference between the potential and the equilibrium potential for reaction j. The
parameters ba and bc are normally measured in separate experiments, but in principle can be
calculated ab initio. The exchange current density, i0, is almost always measured directly, as
theory is not sufficiently well developed to calculate this quantity from first principles. In
addition to the redox partial reactions (oxidation and reduction processes), the anodic oxidation of

15
the substrate also contributes to the total current density. In this case, the point defect model
(PDM) [21] provides the functional form of the anodic oxidation current density as

ia  A  Be CE

(1-5)

where A, B, and C are constants that depend upon the values of fundamental parameters in the
model and upon the properties of the system (e.g., pH). For metals and alloys that form n-type
passive films, in which cation interstitials and/or oxygen vacancies are the dominant defects, B =
0, and the anodic oxidation current density is independent of potential, unless there is a change in
the oxidation state of the metal ion (cation or interstitial) being ejected from the barrier oxide
layer at the barrier layer–solution interface. Systems of this type include iron and carbon steel,
the stainless steels, and the chromium-containing, nickel-based alloys, such as Alloys 600 and 22.
On the other hand, for metals that form p-type passive films (e.g., nickel), A = 0, and B and C are
greater than zero. In this case, the passive current density is described by the Tafel equation. The
conservation of charge requires that the sum of the partial current densities at the interface be
zero, with this condition being expressed as



ia ( E )  
j 1

e

ba , j  j
b

e


 bc , j  j
b

j

1 e a, j j e c, j


i0 ,j il , f , j
il , r , j

0
(1-6)

where τ is the total number of redox reactions in the system. Solution of Equation (1-6) yields the
ECP or the corrosion potential, Ecorr. The limiting currents can be written in terms of the mass
transfer correlations for the flow geometry and flow regime of interest.
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il , j   n j FA ' Re  Sc  COb / R .

(1-7)

where nj is the number of electrons involved in the reaction, A’, λ,and γ are Sherwood constants
(in the CEFM of this dissertation, 0.023, 0.8, and 0.5, respectively), Re = dV/ν is Reynolds
number, d is the hydrodynamic diameter of the channel, V is the flow velocity, ν = ˆ /  is the
kinematic viscosity, ̂ and  are the dynamic viscosity and the density, respectively, of the
medium, and COb / R is the concentration of the reactive species in the bulk environment. The
Schmidt number is defined as Sc = ν/D, where D is the diffusivity of the reacting species. The
sign convention is ‘+’ for the anodic reaction and ‘-’ for the cathodic reaction.
Based on the CRC Handbook of Physics and Chemistry [44], kinematic viscosity (m2/s)
and the density (kg/m3) for pure water (0-300 °C) can be expressed as




ˆ (T )  1 10 4 exp  6.140834 

1103 .164 457155 .3 

.
T
T2


 (TC )  981 .69673  0.526983113 TC  1.0159986  10 2 TC 2
 3.49002924  10 5 TC 3  5.638283345  10 8 TC 4

(1-8)

.

respectively, where T and TC are Kelvin and Celsius temperatures, respectively.

(1-9)

17
1.2.2 Ductile fracture model
A modified version of the cavitation model developed by Wilkinson and Vitek [35] was
used to estimate CGR at sufficiently negative potentials, where environmental effects are not
evident. The treatment of creep crack growth via cavity nucleation and linkage assumes that the
crack advances through a series of micro-events at the crack front and the CGR is derived (in one
dimension) as:

da
 cf
dt

(1-10)

where c is the dimension of micro-event and f is the micro-fracture event frequency (the
frequency of linkage of cavities nucleated in front of the crack tip), as given in following
Equation (1-11),

288 A sin 2 
f 
2(  sin  cos )Gc 4 (1   '  ' ) c(1 ' ') / 

(1-11)

where  is the equilibrium dihedral angle at the interface between the cavity and cavity axis, G is
the shear modulus, β´ is an exponent (= 1, for rounded, equilibrium shape) that describes the rate
of cavity growth on the local stress loading, and σc is the critical local stress needed for cavity
nucleation. The parameter λ is equal to δDΩG/kT, where D is the diffusivity of vacancies, δ is a
diffusion width, Ω is the atomic volume, and k is Boltzmann’s constant. A and α´ are parameters
that describe the distribution of stress in front of the crack tip. Inclusion of the appropriate stress
field in this model depends upon the macroscopic response of the matrix to crack loading. If the
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extent of plastic deformation ahead of the crack tip is small compared with c, then linear elastic
fracture mechanics approximation was adopted in the CEFM of this dissertation, in which case;

A

K I2
, ´ 0.5
2

(1-12)

where KI is stress intensity factor.

1.2.3 Solution conductivity
The specific conductivity of the external solution, κ, is defined as

   z i Ci 0i .

(1-13)

0
where zi is the charge, Ci is the concentration in mol cm-3, and  i is the limiting equivalent

conductivity, respectively, for the ith ion. Clearly, the conductivity of the solution will have a
marked effect on the potential and current distributions in the environment external to the crack
and hence upon the CGR. Limiting equivalent conductances (  i , cm2 Ω-1 equiv-1) for H+, OH-,
0

Na+ and C1- were taken from the work of Quist and Marshall [45]. These data have been
expressed as polynomials in Kelvin temperature as follows:

0H = -2759.6378 + 17.5151T- 0.028435T 2 + 1.569794 × 10-5T 3

(1-13)

0OH = -929.116 + 3.3085T + 0.003754T 2 - 7.326785 × 10-6T 3

(1-14)
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0Na = 85.971104 - 1.82398T + 0.00726322T 2 - 5.1394 × 10-6T 3

(1-15)

0Cl = -150.666999 - 0.493813T + 0.00554T 2 - 4.396 × 10-6T 3.

(1-16)

0HSO = 226.5844 – 2.7298T + 0.009082T 2 - 6.4037 × 10-6T 3.

(1-17)

0SO = 497.09 – 5.7410T + 0.018506T 2 – 1.32037 × 10-5T 3.

(1-18)






4

2
4

Because limiting equivalent conductances for the hydrolyzed metal species are not
available from any source that could be located in the literature, values for 0 for these species
were assigned equal to that for HSO4 at each temperature of interest. Since the hydrolyzed
metal ions are similar in size to bisulfate, this procedure is considered reasonable and the assigned
conductances are probably accurate to ± 25%.
The pH of the external environment was assumed to be neutral at all temperatures so that

C Hb  

10  ( pKw ) / 2
1000

(1-19)

where pKw is taken from Naumov et a1. [46], as:

pK w 

4446.2
 5.941  0.016638T
T

(1-20)

and the factor of 1000 appears in the denominator of Equation (1-19) to convert the concentration
of hydrogen ions from units of mol l-1 to units of mol cm-3.
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1.2.4 Crack tip strain rate
The crack tip strain rate has a key role in determining the CGR because it controls the
frequency of rupture of the passive film at the crack tip and hence the average dissolution current.
The development of an accurate approach for calculating the crack tip strain rate is therefore
essential if a fully deterministic model for SCC is to be devised. In previous CEFM, Ford’s and
Congleton’s approaches to the crack tip strain rate, ̇ , were used, as given by:

ct  4.11  10 11 K I4

a 
r 

ct  63.653

  y   R 
(1  2 ) K I2
    ln  
 yE
 E   r 

Ford’s et al [20]

(1-21)

Congleton’s et al [40]

(1-22)

respectively, where KI is the stress intensity factor in units of MPa(m)1/2, a is the CGR; r is a
small distance behind the crack tip, v is the Poisson’s ratio, σy is the Yield strength, E is the
Young’s modulus, α and β are material constants, and R is a scaling factor for the size of the
crack-tip plastic zone.
In the case of Ford’s approach, the equation for crack tip strain rates is a fully empirical.
It is not based on a fundamental knowledge of the dynamics of the crack tip plasticity or on any
theory of fracture mechanics. Thus, this formulation leads to a satisfactory empirical agreement
between the observed and predicted CGR only for a range of material and environment
conditions. The main drawback of Ford’s equation for crack tip strain rate is that it cannot
properly reflect the response of stress intensity versus CGRs. The fact is that when testing
specimens are free of applied stress, there will be no crack propagation. However, once
specimens are under tensile stress, the CGR will increase dramatically. After that, the impact of
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stress intensity on CGR will not be significant until the applied stress intensities are less than the
fracture toughness of material of interest.
Congleton et al.[40] have introduced the concept of crack tip opening displacement into
their work and the crack tip opening rate was converted to crack tip strain rate by making an
appropriate assumption for a length parameter such as the total width of the active flow bands.
Congleton’s approach can properly reflect the impact of stress intensity on CGRs. However, a
less satisfactory account was given of the dependence of CGR on KI and the model did not
satisfactorily yield the critical stress intensity factor, KISCC, for intergranular crack growth in Type
304 SS in BWR environments [13]. Hence, for the reason above, looking for better descriptions
for crack tip strain rates is necessary.
Recently, theoretical strain distributions at a stationary or growing crack tip were studied
by using numerical and analytical approaches by Shoji et al [41]. The plastic crack tip strain
equation proposed by Gao and Hwang [21], as shown below, for a growing crack in work
hardening materials under plane strain conditions predicted the strain profile ahead of the crack
tip:

nGH
GH 1

    R  n
 p    y ln  p 
 E   r 

(1-23)

where  is a material constant, nGH is the strain-hardening exponent in the Gao-Hwang equation
[47] and r the distance from a growing crack tip, and Rp is the plastic zone size, as given by

K
Rp   I

 y






2

(1-24)
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where λ is the dimensionless constants in the plastic strain calculation. This crack tip strain
equation is used in the calculation of crack tip strain rate according to the crack tip strain-gradient
theory proposed by Shoji et al [41]. Suggesting that the analytical strain rate equation should
include a term for the rate of change of strain with distance in front of the crack tip, owing to the
accumulation of strain with the crack growth, Equation (1-23) can be time-derivated.

d ct  d ct  da    ct  ct  da 


   
 
dt  da  dt   a
r  dt 

(1-25)

The resultant equation simply implies the rate of change in plastic strain at the crack tip,
which corresponds to the crack tip strain rate:


ct    y
 E

 nGH      K I

 ln  

n

1
 GH
   r   y
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nGH
nGH 1

 K I a 
 2
 
 KI r 

(1-26)

where K I is the rate of change in KI. Under plane stress and constant KI conditions, Shoji’s
approach for calculating the crack tip strain rate, which is only used for predicting CGR in this
work, can be defined as:


ct    y
 E

 nGH      K I

 ln  

n

1
 GH
   r   y
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(1-27)
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1.2.5 Internal current
The dissolution of the substrate, M, of interest can be expressed as:

M  M n  ne 

(1-28)

where n is the number of electrons involved. In general, it is assumed that the dissolution current
at the crack tip follows Tafel's law and that the average current, I 0 , corresponds to that flowing
at the time of average area

  L   M0
I 0  i00 A exp M
 ba





(1-29)

0
where i0 is the standard exchange current density in A cm-2, A is the average active crack tip

area in cm2, ML is the potential of the metal with respect to the solution, M0 is the standard
potential for the crack tip dissolution reaction, and ba is Tafel constant for the dissolution reaction
(1-28). It is advantageous to employ the average active crack tip area instead of the timedependent area when calculating CGRs as the active area varies with time during the whole
process of passive film rupture and repassivation. Because the properties of the environment
within the crack and those of the external environment are described in terms of the electrostatic
potential in the solution (with respect to the metal), the potential convention employed in
Equation (1-29) must be inverted to place the potentials on a common scale. This is done by
eliminating the subscript "M" and changing sign to write the current at the crack tip as
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  SL   S0 

I 0  i A exp 
b
a


0
0

(1-30)

Therefore,

 A
    ln  
 I0 
L
S

ba

0
S

(1-31)

where the subscript “S” has been added to signify that the potential is that at the crack tip in the
solution side.
According to the slip dissolution/repassivation model, the crack advance is cyclical since
the rupture of passive film should be accompanied although metal dissolution results in crack
advance. Thus, a certain period of time is needed for the local stress at the crack tip to reach
some critical level in order for slip to occur and hence the passive film ruptures. The average
area that exists over any cycle is given by

At




tf

At dt

0



tf

0

(1-32)

dt

where tf is the life of a cycle of rupture of passive film and At is the area of the bare metal surface
, which is given by a current transient by Ford et al [20], as:

At 

A0
t 
1   
 t0 

n

(1-33)
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where A0 is the area of the crack tip at t = 0. Substitution of Equation (1-33) with n = 0.5 into
Equation (1-32), therefore, yields

A
A 0
tf



tf

0

t
dt  2 A0 0
n
tf
t 
1   
 t0 
1

 t f

 t 0





1/ 2

1 
 
2


(1-34)

Thus, Equation (1-30) yields

t
I0  2A i 0
tf
0
0 0

 t f

 t 0





1/ 2

1    SL   S0 

  exp 
2 
ba 


(1-35)

The fracture frequency of the passive film, f r (=1 / tf), is simply equal to the crack tip
strain rate, ct , divided by the strain at fracture,  f , so that the electrostatic potential in the
solution adjacent to the crack tip is defined as


   f
1 
 2 A 0 i00 t 0 ct 
 
 f  t 0ct 2  

L
0
 S   S  ln 

I0







ba

(1-36)

Electrical neutrality inside the crack
It is assumed that electrical neutrality, as given below, is satisfied along the crack.

z C
i

i

0

(1-37)
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where zi and Ci are the charge and concentration of species i at any given point in the solution.
The species at the crack tip environment can be classified into two categories; non-electro-active
species i (for example, Na+, Cl-, SO42-, and HSO4-) and electro-active species (hydrolyzed species
j, OH-, and H+). Assuming steady state conditions and ignoring the movement of the crack tip,
we write the fluxes of non-electro-active species i within the crack from the Nernst-Planck
transport equation as

0   Di

dCi zi Di FCi d

dx
RT dx

(1-38)

where Ci is the concentration of species i in units of mol cm-3, Di is the diffusion coefficient of
species i [cm2 s-1],  is the electrostatic potential in the solution (Volts), F is the Faraday
constant (coulombs mol-1), R is the ideal gas constant (Joule mol-1 K-1), T is the absolute
temperature (K), x is the distance in cm, and zi is the number of charge of the ith species.
The environment at every point within the crack is assumed to be electrically neutral, so
that Laplace's equation for the electrostatic potential

 2  0

(1-39)

is expected to hold, provided that concentration gradients are negligible and the conductivity of
the medium is uniform. These conditions are not strictly satisfied because the net flux of species
out of a growing crack, even in the steady state, implies the existence of concentration gradients.
However, for slowly growing cracks, Laplace's equation provides an adequate description of the
potential distribution down a crack. For a one-dimensional crack, the solution to Laplace's
equation is therefore given as
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   tip mouth  x   mouth
L



(1-40)

where L is the length of the crack and  tip and  mouth are the electrostatic potentials at the crack
mouth and crack tip, respectively. With the following boundary condition

Ci

x 0

 Cbulk ,i

(1-41)

The solution to Equation (1-38) is

 z i F (tip   mouth )
Ci ( x)  Cbulk ,i exp 
RT


x

L

(1-42)

At the crack tip, x = L, this yields

 z i F (tip   mouth ) 
Ctip ,i  Cbulk ,i exp 

RT



(1-43)

It is assumed that the electro-dissolution reactions occurring in the matrix at the crack tip
can be described in terms of the dissolution of the individual components of the alloy, Mj.

( z n j )

M j  n j H 2O  M j (OH ) n j j

 n j H   z j e

(1-44)
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to form hydrolyzed ions in the crack environment. The parameter zj is the charge number of the
jth metal species, and nj is the number of electrons involved in the hydrolysis reaction producing
the jth metal species. The Nernst-Planck transport equation for hydrolyzed species j,
speciesj(OH)nj, is given by

J j  D j

dC j
dx



( z j  n j ) D j FC j d
RT
dx

(1-45)

where Cj is the concentration of species j in units of mol cm-3, Dj is the diffusion coefficient of
species j [cm2 s-1]. Assuming a linearly varying potential in the solution in the crack,

d tip  mouth


dx
L

(1-46)

and a current splitting in the following way

I j  F (z j  n j )J j  f j I

(1-47)

where Ij is the electronic current density (A cm-2) generated at the crack tip from the dissolution
reaction of jth metal and I is the total electronic current density generated at the crack tip and
ultimately consumed by oxygen reduction on the external surfaces. The Equation (1-45) can be
written as
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dC j



dx

( z j  n j ) F

Cj 

RT

f jI
F (z j  n j )D j

0

(1-48)

It is assumed that the matrix at the crack tip dissolves stoichiometrically (that is, no
preferential dissolution of any component occurs), so that the splitting fraction, fj, is defined as

fj 

 (z

( z j  n j )w j %

j

 n j )w j %   n j w j %

j



( z j  n j )w j %

j

(1-49)

z w %
j

j

j

where w% is weight percent of the electro-active species in the metal and

w

j

%  1.

j

At the crack tip, x = L, the solution to Equation (1-48) is

 ( z j  ni ) F (tip  mouth ) 
Ctip , j   j  (Cbulk , j   j ) exp 

RT



(1-50)

where



wj %

z w %
j

j 
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j

j

(z j  n j )

DjF 2
RT

(1-51)

(tip   mouth )

The Nernst-Planck transport equation for the hydrogen ion is given by

J H    DH 

dC H 
dx



DH  FC H  d
RT
dx

(1-52)
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Assuming a linearly varying potential in the solution in the crack [Equation (1-46)], and a
current splitting in the following way

I H   FJ H   f H  I

(1-53)

where

n w %
n w %
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(1-54)

i

The Equation (1-52) can be written as

dC H 



dx

f I
F
CH   H  0
RT
FD H 

(1-55)

At the crack tip, x = L, the solution to Equation (1-55) is

 F (tip   mouth ) 
Ctip , H    H   (Cbulk , H    H  ) exp 

RT



(1-56)

where

n w %
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i

DH  F 2
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(1-57)

(tip   mouth )
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Note that Na+ and C1- originate from the external environment, whereas the concentration
of hydroxide ion is established by the autoprotolysis of water. As the hydroxyl ion equilibrium is
assumed, hence

Ctip ,OH  

KW
Ctip , H 

(1-58)

where Kw is the ionic product of water at the temperature of interest (units of mol 2 cm-6).

Diffusivity of species in the system
Experimentally determined diffusivities for the various species in the CEFM are not
available. The temperature dependence of the diffusion coefficient in a dilute solution can be
obtained by using the formula based on Arrhenius Law as follows

 E 
D  A exp  a 
 RT 

(1-59)

Accordingly, activation energy, Ea, is expressed as

Ea 

R ln( D2 / D1 )
1 / T1  1 / T2

(1-60)

where D1 and D2 are diffusivities at temperatures T1 and T2 in infinitely diluted solution,
correspondingly. In the Table 1-1, T1 = 298.15 K and T2 = 369.15 K are taken in this dissertation.
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Values of D1 and D2 were calculated by using OLI’s software. Diffusivities at any arbitrary
temperature can be calculated, for example, via the equation:

 E  1 1 
D  D1 exp a   
 R  T T1 

(1-61)

Table 1-1. Diffusivities at T1 = 298.15 K and T2 = 369.15 K and corresponding activation energy,
Ea for several ionic species.
Ion

D1 (m2/s)

D2 (m2/s)

Ea (J/mol)

H+

9.30178 × 10-9

2.03842 × 10-8

10228

Na+

1.33312 × 10-9

4.70346 × 10-9

16437

Fe2+

7.11821 × 10-10

2.63706 × 10-9

17072

Ni2+

7.04509 × 10-10

2.60994 × 10-9

17072

Cr3+

6.03174 × 10-10

2.23452 × 10-9

17073

Fe(OH)+

7.11175 × 10-10

2.63148× 10-9

17057

Ni(OH)+

7.02729 × 10-10

2.59397 × 10-9

17026

Cr(OH)2+

6.02814 × 10-10

2.23166 × 10-9

17064

Cr(OH)2+

6.02497 × 10-10

2.22878 × 10-9

17054

OH-

5.24158 × 10-9

1.41962 × 10-8

12989

SO42-

1.06960 × 10-9

3.72875 × 10-9

16280

HSO4-

1.36227 × 10-9

4.39946 × 10-9

15283

CO32-

9.84477 × 10-10

3.64750 × 10-9

17074

HCO3-

1.18405 × 10-9

4.11947 × 10-9

16254

Al3+

5.41101 × 10-10

2.00450 × 10-9

17072

1.69765 × 10

-8

17612

7.37489 × 10

-9

16700

7.50116 × 10

-10

17075

6.57273 × 10

-9

15299

H2
O2
H2O2
-

Cl

4.39679 × 10

-9

2.04845 × 10

-9

2.02447 × 10

-10

2.03279 × 10

-9
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1.2.6 External current
According to the CEFM, the (electron) current released by dissolution of the substrate at
the crack tip is consumed at the external surfaces by the cathodic reactions such as oxygen
reduction and hydrogen evolution. However, it is recognized that cathodic processes can also
occur within the confines of the crack [either on the crack walls (O2 reduction) or at the crack tip
(H2 evolution or H injection into the metal)]. The current density for the cathodic reactions on the
metal surfaces external to the crack is described by a generalized Butler-Volmer equation
[Equation (1-4)], as described in the MPM (Chapter 1.2.1).

iR / O, j 

e
1
i0 ,j

ba , j  j
b

e

 bc , j  j



j

b

e a, j j e c, j


il , f , j
il ,r , j

(1-4)

where ba and bc are the anodic and cathodic inverse Tafel constants, i0 is the exchange current
density, il,f and il,r are the mass transport limiting current densities, and ηj is the overpotential that
is defined as the difference between the potential at the metal/solution interface and the
equilibrium potential for reaction j (in this case, oxygen/hydrogen peroxide reduction or hydrogen
evolution). Please refer to Chapter 1.2.1 for more details about the current density for the
cathodic reactions on the external surface and the mass transfer limited current.
The equilibrium potentials for the hydrogen, oxygen, and hydrogen peroxide electrode
reactions based on the Nernst Equation are given as
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(1-62)
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(1-63)

(1-64)

respectively, where  i0 is the standard potential, Khi is Henry’s constant for ith species, ρ is water
density. The standard potentials for cathodic reactions over the temperature range 0-300 °C are
given by [46]:

 H0  0

(1-65)

O0  1.518489  0.001121T  6.024  10 7 T 2  3.2733  10 10 T 3

(1-66)

2

2

 H0 O  1.978968  0.0007238 T  9.888  10 8 T 2
2 2

 3.67933  10 10 T 3  1.37202  10 103 T 4

(1-67)

and from Naumov et al. [46], Henry's constant is expressed as a function of temperature as
follows:

 log KhO2  

1202
 9.622  0.009049T
T

(1-68)

1321
 10.702  0.010468T
T

(1-69)

 log KhH 2  

The potential distribution in the environment outside the crack is described by Laplace's
equation:
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 2 s  2 s

0
x 2
y 2

(1-70)

which is valid provided that no significant concentration gradients exist in the solution. For
calculating the external current a 40-term Fourier series solution to Laplace’s equation is
assumed, with the coefficients being selected to conform to the exponential-like decay of the
potential with distance from the crack mouth, as given by



 S ( x j ,0)  [ S (0,0)   Se ] exp B



e
  S
X T  x j 
xj

(1-71)

where B is a shape parameter (in this dissertation, it is 5.0),  Se is the corrosion potential in
solution side, and XT is an effectively infinite distance from the crack mouth. Meanwhile, the 40term Fourier series solution to Equation (1-70) can be written as.

40

s ( x, y )   Dm cos(m x )e  y  Se
m

(1-72)

m 1

where λm is a constant and Dm is defined as

Dm 

[S (0,0)  Se ] exp Bx j /( X T  x j )
cos(m x j )

(1-73)
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The forty Dm value was solved using Gaussian elimination and XT is arbitrarily assumed
to be 10. After the first iteration to calculate Dm, the fact that the current density, which is
calculated from Ohm's law, outside of the crack must be equal to the current density consumed by
the cathodic reactions on the external surface, provide a way of estimating the reaction distance,
XT. After achieving the convergence for charge conservation outside the crack, Dm can be
calculated and then used as a solution for Equation (1-72).
Then, the current exiting the crack mouth is defined as:

 1 
 d
I 0m   (2W ) S
 dy
 S 



 xy00

(1-74)

where the superscript 'm' emphasizes that the current is that at the crack mouth, W is the principal
dimension of the crack (thickness of the CT specimen), δ is half of the crack mouth width, and ρS
is the resistivity [inverse of Equation (1-13)].

1.2.7 Electrochemical crack advance
Once the concentration profiles for all species in the crack and the current at the crack tip
have been derived, the CGR is readily calculated from Faraday's law as

M I0
da

dt 2  m z FW 

(1-75)

where ρm is the density of the metal (g cm-3), F is Faraday's constant (96,487 C equiv-1), a is the
crack length (cm), I 0 is the mean current at the crack tip (Equation (1-35)), M is the
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composition-weighted atomic weight of the alloy and z is the composition weighted oxidation
state of the metal dissolving at the crack tip.
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Chapter 2
Monitoring Crevice Corrosion via the Coupling Current: Detecting Crevice
Activation, Inversion, and Inhibition

2.1 Introduction
Localized corrosion processes, including crevice corrosion, pitting corrosion, stress
corrosion cracking, and corrosion fatigue are major forms of corrosive degradation in industrial
systems and typically occur where metallic components are in tight juxtaposition, such as in
flanges, pipe sleeves, valves, and bearings, or where a pre-existing crack or fissure establishes a
tight crevice [1–44]. The mechanism of localized corrosion is well-understood, in terms of the
differential aeration hypothesis (DAH), with the establishment of the local anode within the
crevice and the local cathode on the external surface, locations that have the least and greatest
access to the cathodic depolarizer, O2, respectively. To compensate for the accumulation of
positive charge in the crevice, in the form of metal cations and H+, which form from metal cation
hydrolysis (Mn+ + nH2O → M(OH)n + nH+), anions (most commonly Cl-) are transported from the
bulk electrolyte into the crevice. These processes result in a positive current flowing through the
solution from the crevice mouth to the external surface and an equal electron current flowing
through the metal in the same direction. The positive ionic current and the negative electron
current annihilate at the external surface via a “charge transfer reaction”, such as the reduction of
oxygen (O2 + 4H+ + 4e- → 2H2O) and/or the evolution of hydrogen (2H+ + 2e- → H2), as
illustrated in Figure 2-1. This type of model is termed a coupled environment (crevice) model
[36–41], as it emphasizes strong electrochemical coupling that exists between the crevice and the
external surfaces that results in the flow of the “coupling current” between the crevice and the
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external surfaces. Extensive experimental and theoretical work by this group [37–40] has
demonstrated that the coupling current is an effective indicator of crevice activity and provides a
wealth of information on the processes that occur within the crevice.

Fluid flow

O2 transport
Positive Current

Positive Current

Electron Current

O2 + 4H+ + 4e- → 2H2O
2H+ + 2e- → H2
Net Positive Current

O2 + 4H+ + 4e- → 2H2O
2H+ + 2e- → H2

Electron Current

Crack
Advance

Figure 2-1. Coupling of crack internal and external environments. Note that in the steady state,
the crack can grow only as fast as the positive current flowing from the crack can be consumed on
the external surfaces by oxygen reduction. The quantities φsm and φst are the electrostatic
potentials in the solution with respect to a reference electrode or the metal, respectively.
Two other important conclusions have been drawn concerning the role of the coupling
current in localized corrosion [33,36–41], as follows: (1) Localized (e.g., crevice) corrosion can
be stopped or prevented by ensuring that the coupling current becomes zero; and (2) The kinetics
of the reactions on the external surface are instrumental in controlling the coupling current and
hence determining the rate of damage accumulation within the crevice. As an illustration of the
first conclusion, we note that if the external surfaces are coated with a thin film of
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electrophoretically-deposited and baked ZrO2, the exchange current density for oxygen reduction
is reduced to such a low value that the coupling current is effectively zero and (in this case)
intergranular stress corrosion cracking in sensitized Type 304 stainless steel (SS) in high
temperature (288 °C) water ceases [38]. The in situ formation of insulating coatings, such as
those by adsorbed inhibitors, is also a major mechanism of the chemical inhibition of localized
corrosion and is applicable to all forms of localized corrosion that are sustained by differential
aeration. In the case of the second conclusion, we note that the origin of the coupling current is
the anodic processes that occur within the crevice. While some researchers have argued that
significant cathodic activity occurs within the crevice and that this detracts from the magnitude of
the coupling current [42–44], numerous studies have shown that tight crevices, at least, are
quickly depleted of cathodic depolarizers, such as O2, and that the fraction of the coupling current
that is consumed on the crack walls compared to that which flows to the external surface is small
and is inconsequential. However, the present work demonstrates that the build-up of H+ within
the crevice via the hydrolysis of metal cations may occur to the extent that the reduction of
protons within the crevice becomes the principal cathodic reaction in the system, resulting in
crevice inversion.
In this dissertation, we have demonstrated a simple crevice corrosion monitor that
employs the electron coupling current that flows between the crevice and the external surface,
where it is annihilated with the positive ion current flowing through the solution in the same
direction by a charge transfer reaction, such as oxygen reduction or hydrogen evolution, as an
indicator of crevice activity. This monitor has been used to follow the development of crevice
corrosion in 1018 mild steel, Type 304 SS, and in Type 410 SS in DI water, and in sodium
chloride solutions of varying [NaCl] with and without an amine chemical corrosion inhibitor
(Anodamine). Anodamine, which is a commercial branched, aliphatic polyamine, was
specifically developed to meet the metal protection demands of high pressure steam/water cycles,
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offering full standards compliance, thermally stability, and protection of all ferrous and mixed
metallurgy alloys. This inhibitor is expected to form the protective film on external surface and
hence suppress the cathodic reactions that occurring on external surface. The monitor effectively
detects crevice inversion and provides a convenient tool for determining inhibitor efficacy in
reducing crevice corrosion activity in mild and stainless steels.

2.2 Experimental
Crevice corrosion tests were conducted by measuring coupling current that flows from
the local cathode that normally exists on the external surface to the local anode that normally
exists within the crevice. Two rectangular coupons were fabricated from sheets of the alloys of
interest and stainless steel wires were attached to the edges by silver-soldering. Typical
dimensions of the two crevice formers (see Figure 2-2) were 1 and 2.5 inches in length by 0.5
inches in width by 0.118 inches in thickness. Prior to assembling the crevice monitor, the
coupons were physically polished with a SiC paper (320 grit) and 3M electroplating tape and
Micro-stop lacquer were utilized to isolate both coupons electrically from each other and to
prevent any electrochemical reaction on the outer surfaces of the crevice formers and hence to
restrict the cathodic reactions to the exposed area of the longest crevice former (colored white in
Figure 2-2). Once coated, the crevice formers were dried in air for 24 h. A PTFE film, with the
thickness of 50 µm and binder clip, were used in order to generate a crevice gap of known
dimension (50 µm), as shown in Figure 2-2. A GAMRY potentiostat was used as a zero
resistance ammeter (ZRA) to measure the coupling current. The crevice monitor was placed in an
electrochemical cell containing the solution of interest. Optical microscopy has been used to
characterize the morphology of the surface of crevice.
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Figure 2-2. The schematic experimental setup for the crevice corrosion test. Note that the width
of the crevice gap is set by the thickness of the PTFE film at 50 µm. Also note that the surface of
the longer crevice former is covered with 3M electroplating tape within the crevice.

In order to compare the results of coupling current measurement, traditional crevice
corrosion tests were conducted for 30 days in 3.5 wt.% NaCl solution at ambient temperature. A
test specimen (1 by 2 inches) was prepared in accordance with ASTM G48 [45] from sheets of
the alloys of interest and followed by physical polishing with a SiC paper (320 grit). Two TFEfluorocarbon blocks were fastened to the test specimen with O-rings as shown in Figure 2-3. The
small O-ring (inside diameter of 0.8 inch) was used for the 1-in. dimension and the large O-ring
(inside diameter of 1.1 inch) for the 2-in. dimension. After the test has been completed, the test
specimens were removed from the bath, and then scrubbed with a nylon bristle brush under
running water to remove corrosion products, and then cleaned with methanol and distilled water,
and dried in air. The mass of the specimens before and after crevice corrosion tests was obtained
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with a balance having the resolution of 0.1 mg. The mass loss reported in this work is the
average of four tests.

(Top view)

(Side view)

Figure 2-3. The photographs of the specimens for the chloride crevice corrosion test.

2.3 Results and Discussion

Uninhibited Systems
The coupling current measurements were performed on 1018 mild steel in DI water at
50 °C and in 3.5 wt.% NaCl solution at room temperature without an amine chemical corrosion
inhibitor (Anodamine). In these experiments, the crevice is electrically coupled to the bare
external surface of the longer crevice former via the ZRA, as shown in Figure 2-2. As the crevice
becomes active, due to the establishment of a differential aeration cell, with the local anode
occurring within the crevice and the local cathode occurring on the external surface, in the
“normal state”, a positive current flows through the solution from the crevice mouth to the
external surface, which is detected and measured as an electron current flowing through the metal
(and through the ZRA) in the same direction (crevice to external surface). As noted above, the
coupling current is a direct measure of the net crevice activity and is an ideally-suited tool for
exploring the chemical inhibition of crevice corrosion.
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Figure 2-4 shows the measured coupling current on 1018 mild steel in both solutions. In
the case of the coupling current in 3.5 wt.% NaCl solution, the current started to increase
dramatically after about 10 minutes and reached the maximum current, 51 µA, after about 40
minutes, indicating that the crevice had become active. However, very small current was
measured and no crevice action occurred after more than 20 hours in DI water at 50 °C, due to the
lack of charge-compensating anion (e.g. Cl-) in DI water. Optical microscope images of the
crevice and the external surfaces after the test with 3.5 wt.% NaCl solution are shown in Figure 25. Crevice corrosion damage was observed in the test with 3.5 wt.% NaCl solution, but not for
that in DI water, primarily because of the lack of a charge-compensating anion in DI water and
hence the lack of crevice activity. However, general corrosion of the external surface was
detected in DI water at 50 °C.
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Figure 2-4. Plots of the coupling current measured with 1018 mild steel in 3.5 wt.% NaCl
solution at ambient temperature and in DI water at 50 °C.
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Figure 2-5. Optical microscope images of (a) the external surface and (b) the crevice wall of 1018
mild steel crevice specimens after the test in 3.5 wt.% NaCl solution at ambient temperature.

We also carried out crevice corrosion tests with various concentrations of NaCl in the
solutions, in order to investigate the effect of Cl- concentration. The coupling current started to
increase dramatically after exposing the specimens to the chloride-containing solutions and
passed through maxima within a day of exposure, as shown in Figure 2-6. The coupling current
then decreased with additional exposure and eventually changed sign, indicating crevice inversion,
which has been studied theoretically [41], but which is not well-defined experimentally.
Inversion occurred after 2 days 15 hours and 24 minutes in 0.1 ppm NaCl solution and after 4
days 8 hours 20 minutes in the 1 ppm NaCl solution. The coupling current for the highest
chloride concentration (10 ppm NaCl) sharply decreased after about 30 hours and changed sign
after 2 days, 21 hours, and 26 minutes. Figure 2-7 shows photographs of the 1018 mild steel
surface in the crevice corrosion monitor after exposure to 1 ppm NaCl solution as a function of
immersion time. It was observed that as the experimental time increased, corrosion on the
external surface increased. Inversion of the crevice results from the partial anodic process
moving to the external surface and the partial cathodic process moving into the crevice,
presumably because of the continual build-up of H+ in the crevice, which then acts as an effective
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cathodic depolarizer with the principal cathodic reaction then occurring within the crevice.
Theory also predicts that when the H+ within the crevice has been consumed, the crevice will
invert again back to its original, “normal state” and hence inversion should be a cyclical process.
Of course, inversion cannot be expected to repair the damage (metal lost by dissolution) incurred
during its normal state, but it does suggest that damage within the crevice should accumulate
primarily during the normal, non-inverted state and not when inversion has occurred. The
experimental demonstration of these important conclusions has yet to be reported.
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Figure 2-6. Plots of the coupling current measured with 1018 mild steel in different NaCl
concentrations at ambient temperature.
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Figure 2-7. Photographs of the 1018 mild steel crevice specimens along the immersion time in 1
ppm NaCl solution at ambient temperature.

Crevice inversion is not an unknown phenomenon, but it has only rarely been discussed
[42–44]. Abella, et.al. [42] reported the inversion of simulated tube/tube support plate crevices in
nuclear steam generators under heat transfer conditions, with heat flow occurring from the inside
of the tube (the “primary side”) through the annular gap (crevice), and into the carbon steel
support plate (the “secondary side”). In this case, a positive current was observed to flow through
the solution from the external surfaces into the crevice mouth, particularly from the external tube
surfaces into the crevice. A large current was also observed to flow within the crevice from the
carbon steel support plate to the Alloy 600 tube surfaces, accounting for the oxidation of iron to
magnetite and hence for the phenomenon of denting corrosion. In the absence of heat transport,
the crevice was not inverted with the positive current flowing in the “normal” direction from the
crevice mouth to the external surfaces. Accordingly, in this case, it may be argued that crevice
inversion is the direct result of heat flow. Kennell and Evitts [43] interpreted crevice corrosion in
terms of scaling laws, with emphasis on identifying those crevices that will become active as
opposed to those that will remain passive; an issue that has also been addressed by Engelhardt
and Macdonald [41]. However, these authors did not discuss crevice inversion per se and hence
did not throw any light on the cause. On the other hand, Lu and Li [44] reported that crevice
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inversion is a common phenomenon in the case of copper and copper alloys, where the crevices
are commonly observed not to be corroded, but where corrosion is observed on the external
surfaces close to the crevice mouth. The authors relate the inversion to the formation of different
oxides within the crevice and the external surface, but the present authors find the explanation to
be less than compelling, in that the different oxides are undoubtedly the result of crevice
inversion, not the fundamental cause.
Figure 2-8 shows the coupling currents measured on different materials in 3.5 wt.% NaCl
solution. The coupling current of 1018 mild steel started to increase dramatically after immersing
the specimens into the solution with little or no induction time (see inset), whereas the coupling
current for Type 410 SS started to increase more slowly than that of 1018 mild steel in the
beginning and eventually attained a quasi-steady state, indicating that the crevice remains active
and not inverted. Type 304 SS displayed little crevice activity in these tests, as shown by the
coupling current. It is postulated that the magnitude of the coupling current represents the rate of
accumulation of crevice corrosion damage and 1018 mild steel showed the highest susceptibility
to crevice corrosion and Type 304 SS displayed the least over the selected time period in this
work.
A conventional crevice corrosion test, measuring a mass loss after immersing the
specimens, as shown in Figure 2-3, for a certain period of time in a corrosive environment was
performed. This immersion test was conducted with each of the specimen materials for 30 days
in 3.5 wt.% NaCl solution at ambient temperature, in order to compare qualitatively with the
results of the coupling current measurements. The mass loss obtained from the immersion tests
and average current calculated from Faraday’s laws are listed in Table 2-1. As indicated in the
coupling current measurement, the immersion tests also showed the same tendency; 1018 mild
steel showed the highest mass loss and Type 304 SS displayed the lowest. However, in the case
of 1018 mild steel, the majority of the mass loss resulted from damage on the external surfaces.
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The photographs of the test specimens, taken after the immersion tests in 3.5 wt.% NaCl solution
for 30 days, are shown in Figure 2-9. From Figure 2-9 (a), it is found that inside the crevice
formers (TFE-fluorocarbon blocks or the O-ring) there was light corrosion damage, but on the
external surface significant corrosion damage was observed, which parallels the crevice inversion
that is observed in 1018 mild steel in the coupling current measurement. In the case of Type 410
SS, significant crevice corrosion damage under the crevice formers was observed, as shown in
Figure 2-9 (b), but there is no corrosion damage in Type 304 SS, as also indicated in the coupling
current measurements. Although it is difficult to compare quantitatively the results obtained from
the immersion tests and the coupling current measurements, it is clear that the coupling current
provides “real time” monitoring of crevice activity and is particularly effective in detecting
crevice inversion.
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Figure 2-8. Coupling currents measured on 1018 mild steel, Type 304 SS, and Type 410 SS in 3.5
wt.% NaCl solution.
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Table 2-1. The chloride crevice test results in accordance with ASTM G48.
Specimens

Mass loss (mg)

Calculated current(μA)

148.85 ± 9.41

198.44 ± 12.55

Type 410 SS

28.9 ± 6.58

38.53 ± 8.77

Type 304 SS

0.025 ± 0.13

0.033 ± 0.17

1018 mild steel

(a) 1018 mild steel

(b) Type 410 SS

(c) Type 304 SS
Figure 2-9. The photographs of the test specimens [(a) 1018 mild steel; (b) Type 410 SS; (c) Type
304 SS] after the chloride crevice corrosion test.
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Figure 2-10. Optical microscope images of the crevice wall of Type 410 SS after the crevice test
in 3.5 wt.% NaCl solution.

Figure 2-10 presents optical microscopic images of the crevice wall of Type 410 SS after
the crevice test with coupling current measurements. The bright part of Figure 2-10 (a) is the
crevice tip, which was little corroded, while the black part was severely corroded due to crevice
corrosion. It is worth mentioning that crevice corrosion is not initiated from the very tip of
crevice. A closer look into the severely corroded area reveals stable pits, as shown in Figure 2-10
(b) and (c). The occurrence of pitting on the crevice wall has also been reported by Shu et al.
[46]. Stockeert and Boehni [47] suggested that crevice corrosion is initiated by metastable pitting
within the crevice, which may either repassivate or reach a stable state. This suggestion was also
supported by other researchers [48–51]. Therefore, it is thought that the initiation and
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stabilization of crevice corrosion on 410 SS may be also related to the pitting corrosion on the
crevice wall.

Corrosion Inhibition
Coupling current measurements were performed on 1018 mild steel and Type 410 SS at
ambient temperature in 3.5 wt.% NaCl solution containing 20 ppm Anodamine corrosion
inhibitor. It should be stressed that the concentration of corrosion inhibitor in the present work is
that of as-received Anodamine. In these experiments, like those reported elsewhere in this
dissertation, the crevice is electrically coupled to the bare external surface via the ZRA, as shown
in Figure 2-2. As the crevice becomes active, due to the establishment of a differential aeration
cell, with the local anode occurring in the crevice and the local cathode occurring on the external
surface, a positive current flows through the solution from the crevice mouth to the external
surface, which is detected and measured as an electron current flowing through the metal (and
through the ZRA) in the same direction (anode to cathode).
Figure 2-11 shows the effect of Anodamine corrosion inhibitor on the crevice corrosion
behavior of 1018 mild steel and Type 410 SS in 3.5 wt.% NaCl solution. The addition of 20 ppm
Anodamine corrosion inhibitor significantly affected the crevice corrosion behavior of 1018 mild
steel, as shown in Figure 2-11 (a). The coupling current increased up to 89 µA in the beginning
of the experiment and reached a quasi-steady state for about 10 minutes. However, after that
short period, the coupling current decreased continuously and finally changed sign after about 11
hours indicating crevice inversion, unlike that for 1018 mild steel in the solution that does not
contain Anodamine. After this crevice corrosion test, the 1018 mild steel specimen showed
considerable corrosive attack on the external surface, presumably occurring after crevice
inversion, when the local anode was forced out onto the external surface in response to the local
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cathode existing within the crevice, because of the high concentration of H+. Unlike 1018 mild
steel, it was difficult to ascertain whether the addition of 20 ppm Anodamine affected the crevice
corrosion behavior of Type 410 SS [Figure 2-11(b)]. Therefore, we increased the Anodamine
concentration in the 3.5 wt.% NaCl solution and repeated the experiments.
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Figure 2-11. Plots of the coupling current measured with (a) 1018 mild steel and (b) Type 410 SS
at ambient temperature in 3.5 wt.% NaCl solution and 3.5 wt.% NaCl solution containing 20 ppm
Anodamine corrosion inhibitor.

Figure 2-12 shows the coupling current measured on Type 410 SS in 3.5 wt.% NaCl
solution with various concentrations of Anodamine. It was recognized that the coupling current
of Type 410 SS in the solution without corrosion inhibitor has the trend of gradually decreasing
toward a steady state, whereas that, in the solution with Anodamine corrosion inhibitor, the
coupling current, while being lower, especially at the highest concentration, tends to increase over
the experimental period. Thus, for any given time, as the concentration of Anodamine increases,
the coupling current in the steady state decreased. In particular, in the solution with 500 ppm of
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Anodamine, the coupling current increased after about 2 hours, as shown in the inset of Figure 212, and after the crevice corrosion test of 6 days, we could not observe significant corrosion
attack by visual inspection. When a sufficient amount of Anodamine exists in the solution,
crevice corrosion of Type 410 SS can be effectively inhibited by forming a protective inhibitor
film, thereby inhibiting the cathodic reaction occurring on the external surface. This results in a
decrease in the magnitude of the coupling current, and hence a reduction in the incurred rate of
damage accumulation.
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Figure 2-12. Plots of the coupling current measured on Type 410 SS at ambient temperature in
3.5 wt.% NaCl solution containing different concentration of Anodamine corrosion inhibitor.

The effect of the Anodamine corrosion inhibitor on the ongoing crevice corrosion was
also studied. Type 410 SS crevice specimen with 0.6 mm gap was first immersed in 3.5 wt.%
NaCl solution without any corrosion inhibitor. During the test, 18.4 ml of 1000 ppm Anodamine
was injected into the solution to yield a concentration of around 50 ppm. As shown in Figure 2-
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13, right after the injection, the current increased instantly and then relaxed to a value that is
much lower than the previous steady current. It seems that Anodamine is notably effective in
suppressing the ongoing crevice corrosion. At the second injection to give a total inhibitor
concentration of 100 ppm, the same phenomenon occurred, although the resulting steady-state
current only changed a little. As mentioned before, Anodamine could inhibit crevice corrosion
through suppressing the cathodic reaction on the external surface.
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Figure 2-13. Plot of the coupling current measured on Type 410 SS at ambient temperature in 3.5
wt.% NaCl solution with injections of Anodamine corrosion inhibitor.

From these observations, we conclude that Anodamine is an effective inhibitor of crevice
corrosion in both mild steel and ferritic stainless steels, provided a sufficiently high concentration
is present in the solution. Furthermore, monitoring the coupling current provides a “real time”
method of monitoring crevice activity and represents the most reliable method for determining
the efficacy of an inhibitor of stifling crevice corrosion.
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2.4 Summary and Conclusions
A simple crevice corrosion monitor was demonstrated, which employs the electron
coupling current that flows between the crevice and the external surface, where it is annihilated
with the positive ion current flowing through the solution in the same direction by a charge
transfer reaction, such as oxygen reduction or hydrogen evolution, as a means of monitoring
crevice activity and inhibition in “real time”. This monitor has been used to follow the
development of crevice corrosion in 1018 mild steel, Type 304 SS, and in Type 410 SS in DI
water and in sodium chloride solutions of varying [NaCl] with and without a chemical corrosion
inhibitor being present. The principal findings of this study are as follows:
1. The monitor accurately follows the evolution of crevice activity in a manner that can be
understood in terms of the cathodic process that occurs on the external surface (oxygen
reduction) and that which develops within the crevice due to the accumulation of [H+]
and provides a “real-time” method of monitoring crevice activity and inhibition.
2. The crevice initiation time is typically very short (less than 2 hours for the experiments
reported here), but appears to depend upon the chloride concentration and possibly on the
inhibitor concentration.
3. The coupling current increases with time after initiation, passes through a maximum and
then decreases, eventually changing sign to mark crevice inversion. The inversion is
attributed to the gradual build-up of H+ in the crevice to the extent that proton reduction
within the crevice becomes the principal cathodic reaction in the system, while the anodic
reaction moves to the external surfaces.
4. In the absence of a charge-compensating anion (chloride, in this case), crevice corrosion
does not initiate, as there is no means of balancing the positive charge being injected into
the crevice by metal dissolution.
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5. Anodamine is an effective corrosion inhibitor of crevice corrosion of both mild steel and
ferritic stainless steels in sodium chloride solutions, provided that it is present at a
sufficiently high concentration.
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Chapter 3
On the Shape of Stress Corrosion Cracks in Sensitized Type 304 SS in Boiling
Water Reactor Primary Coolant Piping at 288 °C

3.1 Introduction
A continuing quest in the nuclear power industry is to devise models and algorithms that
can be used to predict the accumulation of damage due to stress corrosion cracking (SCC) in
stainless steels (e.g., Type 304 SS) and nickel-based alloys (e.g., Alloys 600 and 690) in the
coolant circuits of water-cooled nuclear power reactors. In response to this quest, we have
developed deterministic codes that incorporate algorithms for describing the radiolysis of water,
the electrochemistry of the coolant circuit, the growth of stress corrosion cracks [via the coupled
environment fracture model, CEFM)], and the accumulation of damage over the corrosion
evolutionary path of a boiling water reactor (BWR) [1]. Surface stress corrosion cracks in reactor
coolant circuit piping are commonly semi-elliptical in form [2–6], suggesting a variation in the
crack growth rate (CGR) along the crack front, with the CGR being greatest at the intersection of
the crack with the external surface (thereby defining the major axis) and least at the center
(thereby defining the minor axis). Note that perforation of the pipe wall occurs, because of crack
growth along the minor axis and it is the CGR along this axis that depends upon the
electrochemical crack length (ECL) and that ultimately may result in pipe failure. In the past, the
evolution of semi-elliptical cracks has been attributed to variations in the local stress, and hence
in the local stress intensity factor (KI), along the crack front [3,5,7–9]. However, given the weak
dependence of the CGR on KI in the Stage II region of the log (CGR) vs. KI correlation, that
explanation has always been problematic and some analyses suggest [3,10,11] that the major axis
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might even be oriented perpendicular to the surface, rather than being coincident with the surface,
as is normally observed for a semi-elliptical surface crack.
The analysis of crack growth in reactor coolant circuit materials using the CEFM offers
an alternative explanation for the development of semi-elliptical cracks based on the dependence
of the CGR on the ECL [12]. The ECL is defined as being the least resistive path for current flow
through the in-crack environment between the local crack front, where the current is generated,
and the external surface, where the current is consumed via the reduction of the cathodic
depolarizer (e.g., oxygen). The length of this path may not be coincident with the mechanical
(loading) crack length (MCL), which determines the value of KI. This important feature, which
has been seldom recognized in the past, is evident by considering a through-section fracture
toughness specimen (i.e., at CT), in which the ECL remains practically constant while the MCL
increases with crack growth. The ECL is instrumental in determining the CGR, because of the IR
potential drop down the crack enclave, resulting from the flow of the coupling current, that
reduces the potential drop across the external surface that is available for driving oxygen and
hydrogen peroxide reduction. Accordingly, the rates of oxygen and hydrogen peroxide reduction
are reduced and so is the coupling current. Thus, theory predicts that the CGR is a decreasing
function of the ECL, as shown in Figure 3-1, and this is the fundamental origin of the evolution of
the semi-elliptical crack shape.
For an initially semi-circular crack nucleus, the CEFM predicts that the ECL is least, and
hence the CGR is greatest, at the points of intersection of the crack with the external surface and
that the ECL is greatest (and becomes progressively more so), and hence the CGR is least, in the
center. These relationships, therefore, define the major and minor axes of the semi-ellipse,
respectively, with the major axis being coincident with the surface and the minor axis being
perpendicular to the surface (Figure 3-2). However, as the semi-elliptical crack develops, KI also
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evolves at the tip of the minor and major axes, and this factor must first be analyzed before
focusing on the impact of the ECL.

-7

Crack Growth Rate, CGR / cm/s

10

ECL (cm)
0.01
0.05

-8

10

0.10
0.50
1.00

-9

10

-10

10

-0.6

-0.4

-0.2

0

0.2

0.4

Electrochemical Potential, ECP / VSHE
Figure 3-1. Predicted dependence of CGR on ECP for IGSCC in Type 304 SS in high
temperature water (288 °C) for different electrochemical crack lengths [12].

In this dissertation, we explore theoretically the evolution of crack shape as a function of
various independent variables, such as electrochemical potential (ECP), solution conductivity,
flow velocity, and multiplier of the standard exchange current density of oxygen reduction
reaction on the surface external to the crack. The calculations are made for constant loading
conditions, by also incorporating the change in the KI at the crack edges and at the crack center of
surface cracks in sensitized Type 304 SS in simulated BWR primary coolant(i.e., the liquid
phase) at the reactor operating temperature of 288 °C.
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Figure 3-2. Semi-elliptical surface crack in a plate. The major axis of the ellipse is 2b and the
minor axis is represented by a. T is the thickness of the section perpendicular to the crack plane,
while W and B are the specimen dimensions within the crack plane, as indicated in the figure.
is the angle between any point on the crack front and the major axis [13].

3.2 Theory and Calculation

Crack tip strain rate
For more robust prediction, the CEFM was improved in terms of crack tip strain rate,
which is an important factor in determining the CGR. This is, because the rate of exposure of the
bare metal surface to the crack tip environment is determined by the frequency of the crack tip
matrix/oxide film rupture and this frequency is controlled by the crack tip strain rate and the
fracture strain. In previous CEFMs, Ford et al.’s [14] or Congleton and coworker’s [15]
approaches for estimating the crack tip strain rate were employed. However, these approaches
assume that the CGR approaches zero as the KI goes to zero; therefore, a less satisfactory account
was given of the dependence of CGR on KI and the model did not satisfactorily yield the critical
stress intensity factor, KISCC, for intergranular crack growth in Type 304 SS in BWR
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environments, as observed in previous work [12]. Numerous studies suggest that KISCC for Type
304 SS in BWR environment is of the order of the 5-15 MPa(m)1/2 [16–20].
In order to improve the robustness of SCC prediction provided by the CEFM, Shoji’s
approach for calculating the crack tip strain rate, ̇ , under plane stress and constant KI
conditions was integrated into the previous CEFM by incorporating the following expression [20]:

̇

( )(

){

[( ) ( ) ]}

̇

[ ]

(3-1)

where σy represents the yield strength (MPa), E is the elastic (Young’s) modulus (MPa), ̇ is the
CGR (m/s), r is a distance into the matrix from the growing crack tip (m), and nGH is the strainhardening exponent of Gao and Hwang [21]. The parameters β1 and λ denote dimensionless
constants in the plastic strain calculation [20].

Stress intensity factor for semi-elliptical crack
In predicting the shape evolution of a surface crack, it is necessary to consider the
variation of KI along the crack front. The value of KI for a semi-elliptical surface crack in an
infinite plate under uniform stress,

, normal to the crack surface (i.e., in the z direction shown

in Figure 3-2), is as follows [13]:
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, and E(k) is the complete elliptical integral of the second kind. The parameters a and b
represent the crack length perpendicular to and along the surface, respectively (see Figure 3-2).
Thus, the values of KI at the edge and the center of the surface crack are
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respectively, where the angle θ is defined in Figure 3-2.

Crack length as a function of elapsed time
The dependence of the CGR on ECL provides a ready explanation for the shapes of
cracks in plane surfaces (i.e., “surface cracks”). The CEFM predicts that for a given value of the
ECP, as the ECL perpendicular to the surface (i.e. along the minor axis) increases the CGR
decreases (see Figure 3-1), and further noting that the ECL at the intersection of the crack and the
external surface is invariant, then the CGRs along the surface and perpendicular to the surface are
different. If Lmajor and Lminor represent the crack length along and perpendicular to the surface,
respectively, they can be expressed by the following recursive equations.

( )

(3-5)

( )

(3-6)

and
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where l0 is the initial ECL (taken as the radius of the crack nucleus), ∆ is time increment, and
( )

represents the CGR at the ECL of l(j), which is the shortest distance between the crack

front and the external surface at this location.

3.3 Results and Discussion
The theory outlined above is now used to predict the evolution of crack shape in pipe
surfaces in the primary coolant systems of BWRs as a function of important operational
independent variables, such as the ECP, coolant conductivity, flow velocity, and stress. The
calculations are performed in a parametric sense, with the ranges explored in individual
parameters being much greater (but including) those that characterize operating reactors. Where
possible and appropriate, comment is made on the implications for the failure of piping in BWR
coolant circuits, in order to provide a link between the calculations reported here and reactor
operation.
Figure 3-3(a) shows the experimental CGR data for Type 304 SS in BWR primary
coolant at 288 °C extracted from the literature [14] and the predicted CGR vs. ECP based on the
advanced CEFM, at different solution conductivities. The majority of the experimental data fall
within the band defined by the calculated CGR when solution conductivity was varied over the
selected range, indicating that the model is capable of reproducing the observed dependence of
the CGR with respect to the ECP. The fact that only a single experimental point was required for
calibrating the model indicates that a high level of determinism has been achieved.

71
-6

-6

10

-7

10

Experimental data
o
Solution conductivity at 25 C
0.1S/cm
0.5 S/cm
KI=27.5 MPa(m)

-8

10

Crack Growth Rate, CGR / cm/s

Crack Growth Rate, CGR / cm/s

10

1/2

Flow velocity = 100 cm/s
o
Temp.= 288 C

-9

10

ECP
-0.07 VSHE

-7

10

0.03 VSHE
0.11 VSHE

-8

10

-9

10

-10

o

10

KISCC

Conductivity(25 C) = 0.1 S/cm
o
Temp. = 288 C
Flow velocity = 100 cm/s

5

10 15 20 25 30 35 40 45 50

-11

10

-10

10

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

Electrochemical Potential, ECP / VSHE

(a)

0

Stress Intensity Factor, KI / MPa (m)

1/2

(b)

Figure 3-3. Dependence of CGR on (a) ECP and (b) KI for IGSCC in Type 304 SS in water at 288
ºC, calculated with Shoji’s approach for estimating the crack tip strain rate.

Using previous CEFMs [1,12,16,22,23], less satisfactory account was obtained of the
dependence of CGR on KI and we could not predict the KISCC of Type 304 SS in BWR
environments, but the advanced CEFM described here, which incorporates Shoji’s equation for
estimating the crack tip strain rate, provides a much better account of that relationship.
Furthermore, the KISCC value of about 8 MPa(m)1/2 is obtained from the relationship between
CGR and KI [Figure 3-3(b)], which is in good agreement with the experimental value of about 9
MPa(m)1/2 [see Figure 3-3(b)] [17]. The reader will note that the predicted CGR vs. KI
correlations are typical of IGSCC in sensitized Type 304 SS [19,20] in that at low values of KI, in
the Stage I region, the CGR is very dependent upon the KI, but at higher values of KI the CGR is
only a weak function of KI. As expected from Figure 3-3(b), the CGR at any KI value is predicted
to be very dependent upon the ECP. These relationships (small dependence of CGR on KI but a
large dependence of CGR on ECP) are the basis for concluding that IGSCC in sensitized Type
304 SS under environmentally-assisted cracking (EAC) conditions is primarily an

72
electrochemical phenomenon and not a mechanical phenomenon. Following the general precept
that the character of a model (electrochemical vs mechanical) must reflect the character of the
empirical data upon which it is based it is clear that this precept is met by the CEFM.

3.3.1 Evolution of semi-elliptical surface crack
As a semi-elliptical crack develops, KI also evolves at the tip of the major and minor axes,
and, as noted above. Accordingly, this factor must first be analyzed before focusing on the
impact of the ECL. As mentioned above, the KI values at the edge and center of the surface crack
are different, depending on the crack lengths perpendicular to the surface (i.e., along the minor
axis), a, and along the surface (i.e., the major axis), b, in Equations (3-3) and (3-4), resulting in
variation in CGR along the crack front. Figure 3-4 (a) shows the predicted CGRs along the major
and minor axis directions with respect to elapsed time for sensitized Type 304 SS in BWR
coolant environment (pure water) at 288 ºC. In this calculation, the initial KI is the KISCC of
sensitized Type 304 SS in BWR environment (taken as 8 MPa(m)1/2) and the variation of KI along
the crack front with crack advance is only employed for predicting CGR with elapsed time, as
shown in Figure 3-4 (b). It is also assumed that the crack nucleus is semi-circular of radius 10
µm. In the beginning of the development of surface cracks, the CGR increases sharply with
increasing KI above the KISCC, but soon reaches the plateau that displays a weak dependence of
CGR on KI, which is generally illustrated in the log (CGR) vs. KI correlation, as noted above.
The KI value at the edge is slightly higher than that at the center, due to the geometrical aspects of
the crack, which is, perhaps, the reason why the evolution of semi-elliptical cracks has been
attributed to variations in the local KI along the crack front in the past [3,5,7–9]. Note that in the
calculation shown in Figure 3-5, the ECL was arbitrarily set equal to 0.001 cm. Even though the
ECP is more positive than EIGSCC (-0.25 VSHE, Figure 3-3), and hence IGSCC occurs

73
spontaneously, holding ECL constant prevents a difference from developing between the lengths
of the minor and major axes, and hence forces the crack to adopt a semi-circular shape. Thus, the
CGR along both directions are predicted to be almost the same, as shown in Figure 3-4 (a).
Based on the predicted crack length in both directions [Figure 3-5 (a)], the shape of surface
cracks with elapsed time is plotted in Figure 3-5 (b) using the simple elliptical equation with
specified minor and major axis lengths. The shape of the surface crack, when the variation of KI
is considered only, is predicted to be a semi-circular (because ECL is constant for both the minor
and major axes), which is not the case observed in water-cooled nuclear power reactor piping,
where semi-elliptical cracks are commonly observed (see Figure 3-6),. No significant variation
of the aspect ratio (Lminor / Lmajor) with time is observed, in the present case (Figure 3-5).
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Figure 3-4. Predicted (a) CGRs perpendicular to the surface (Lminor) and along the surface (Lmajor)
and (b) KI at the edge and the center of surface cracks with respect to elapsed time in Type 304SS
in BWR environment at 288 ºC. Note that the only KI variation along the crack front and the ECP
of – 0.07 VSHE are considered in this calculation.
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Figure 3-5. (a) Predicted crack lengths perpendicular to the surface (Lminor) and along the surface
(Lmajor) and (b) crack shape with respect to elapsed time in Type 304SS in BWR environment at
288 ºC. Note that the ECL was arbitrarily set equal to 0.001 cm and the only KI variation along
the crack front and the ECP of – 0.07 VSHE (greater than EIGSCC) are considered in this calculation.

Figure 3-6. Microscopic view of an SCC crack in an X65 pipeline section [2]. The original SCC
crack can be seen as the elliptical back region and the dark brown region represents fatigue crack
growth region.
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Shin et al. [3] studied stress corrosion crack growth in steam generator tubes using a finite
element method and predicted the shape of stress corrosion crack based on the stress distribution
along the crack front and Scott’s crack growth equation. They found that, for the given residual
stress distribution, the variation of the crack aspect ratio (a/2b), in their case, during crack growth
is uniquely determined and shows nearly constant crack aspect ratio during the initial crack
growth stage. When the initial crack aspect ratios (a/2b) in their work were 0.21 and 0.36, the
simulated value of the crack aspect ratio at penetration of the tube wall ranged from 0.24 to 0.35,
indicating no significant change of the crack shape. This finding is in good agreement with our
results when only the stress effect (variation of KI) is considered in the development of surface
cracks, as mentioned above. However, they used Scott’s crack growth equation, an empirical
equation for the CGR along the surface (db/dt), not through the wall of the steam generator tube,
for predicting the crack growth along the major and minor axes of semi-elliptical surface crack,
even though the internal environments at the crack tip and the external environments near the
crack mouth are significantly different, which indicates an environmental contribution to CGR.
The effect of the ECL, as well as the variation of KI, is included in the next calculation.
Figure 3-7 (a) shows the predicted CGR along the major and minor axes with respect to elapsed
time in sensitized Type 304 SS in Boiling Water Reactor primary coolant at 288 ºC. The CGR
along the major axis shows the same behavior as in the previous calculation shown in Figure 3-5,
which were performed by maintain the ECL constant at 0.001 cm, as shown in Figure 3-7 (b),
since the least resistive path for current flow through the in-crack environment between the local
crack front and the external surface at the edge of surface cracks is the same regardless of time.
However, in this calculation (Figure 3-7) we allowed ECL to develop without restriction. Hence
the ECL along the minor axis rapidly becomes different from that for the major axis with the
result that the CGRs also become different, resulting in the development of a semi-elliptical crack
shape. Up to about 20 hours, the CGR along the minor axis of the semi-ellipse increases, as
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shown in the inset of Figure 3-7 (a), indicating more dominant effect of the KI on CGR, but
decreases with time after 20 hours as the crack grows, resulting in a longer crack length on the
major axis of the semi-ellipse than on the minor axis. This is because the decrease in the CGR
along the minor axis of the semi-elliptical surface crack caused by the effect of ECL, overwhelms
the increase in the CGR resulting from the increase of the KI at the crack center.
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Figure 3-7. Predicted (a) CGRs perpendicular to the surface (Lminor) and along the surface (Lmajor)
and (b) KI at the edge and the center of surface cracks with respect to elapsed time in Type 304SS
in BWR environment at 288 ºC. Note that the KI variation along the crack front, the effect of
ECL on the CGR, and the ECP of – 0.07 VSHE (greater than EIGSCC) are considered in this
calculation.

While the crack lengths on the major and minor axes are initially equal (semi-circular
crack nucleus), a discrepancy quickly develops between the rates of crack propagation along the
two different axes over time, as shown in Figure 3-8 (a). This behavior leads to the progressive
development of semi-elliptical surface cracks, as shown in Figure 3-8 (b), that are frequently
observed in SCC. The practical implication of this result for reactor operation is clear;
penetration of the wall of a pipe occurs because of crack growth along the minor axis, which can
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only be predicted by recognizing the impact of the ECL on the CGR. Models that do not
recognize this dependence and which are calibrated on short crack length data, will seriously
over-estimate the CGR and hence will tend to predict significantly shorter failure times.
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Figure 3-8. (a) Predicted crack lengths perpendicular to the surface (Lminor) and along the surface
(Lmajor) and (b) crack shape with respect to elapsed time in Type 304SS in BWR environment at
288 ºC. Note that the crack nucleus is assumed to be semi-circular of radius 10 µm and the KI
variation along the crack front, the effect of ECL on the CGR, and the ECP of – 0.07 VSHE
(greater than EIGSCC) are considered in this calculation.

As the aspect ratio of Lminor to Lmajor changes with crack propagation, the KI values at the
edge and center of the surface crack increase with time according to Equations (3-3) and (3-4), as
shown in Figure 3-7 (b). The increase in KI for a surface crack also has an impact on the CGR
and hence on the crack length along both axes, but it is not significant in the development of
semi-elliptical surface crack, because of the weak dependence of CGR on KI, as noted previously
in this dissertation. In addition, at the beginning of development of a semi-elliptical surface crack,
the KI value at the edge is higher than that at the center, due to the geometric aspect of the crack.
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However, the KI at the edge becomes less than that at the center after about 30 hours. If the
development of a semi-elliptical crack were purely mechanical in origin, and noting that the CGR
is a positive function of KI [Figure 3-3(b)], the major axis should be oriented perpendicular to the
surface, rather than being coincident with the surface as is invariably the case. Therefore, it is an
inescapable conclusion that the evolution of semi-elliptical surface cracks is due to the
dependence of the CGR on the ECL rather than the variation of the local KI along the crack front.
Since crack advance also changes the KI at the crack tip with time, assuming a constant
load, as noted in the foregoing, the lifetime of components could be determined either by the
penetration of the crack through a pipe wall or by KI exceeding the fracture toughness, KIC, of
Type 304 SS [60-65 MPa(m)1/2 [24]], resulting in rapid, unstable mechanical crack growth. We
refer to these two cases as being ‘‘damage-controlled’’ and ‘‘stress-controlled’’ failures,
respectively. In this work, assuming that the minor axis crack length in a pipe wall is less than
the thickness of a pipe wall, and is such that KI (t) does not exceed KIC prior to wall penetration,
the service life is determined by the intercept of KI (t) and KIC, as shown in Figure 3-7 (b). If KI (t)
does exceed KIC, the remaining ligament of the pipe wall ahead of the crack fails mechanically
with a crack velocity that is a significant fraction of the velocity of sound. A service life of about
700 hours (29 days) after the initiation of the surface crack in an infinite thick wall is estimated
and the aspect ratio (Lminor / Lmajor) at failure is about ~ 0.30. It should be noted that load
relaxation associated with the growing crack is not considered and no account of initiation is
incorporated into the model since the present calculations assume an active, preexisting crack
nucleus. We note, however, that the theories of passivity breakdown and pit growth are now well
developed [25,26] and the transition of pits into cracks was incorporated into recent lifetime
estimations for low-pressure steam turbine disks [27]. However, the calculation does suggest that
through-wall cracking in BWR piping is dominated by initiation, the theory of which is currently
being developed in this laboratory within the framework of damage function analysis (DFA) [17].
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3.3.2 Effects of ECP, solution conductivity, flow rate, and multiplier for standard exchange
current density for oxygen reduction reaction on the evolution of semi-elliptical surface
cracks
The importance of water chemistry parameters, such as solution conductivity, flow
velocity, and oxidant concentration, in SCC of Type 304 SS in BWR environment has been
confirmed experimentally and theoretically in many previous studies [12,16,22,23,25,26,28–32].
According to the CEFM, the CGR strongly depends on the ECP that is calculated by using the
MPM [33] in the CEFM for specified concentrations of O2, H2, and H2O2 in the solution, the
kinetics of the reduction of oxygen and hydrogen peroxide and hydrogen evolution, the kinetics
of the electro-dissolution of the stainless steel, and the assumed hydrodynamic conditions.
Therefore, we predicted the crack shape for different ECP values and for fixed conductivity and
hydrodynamic conditions, using the operational parameter values given in Table 3-1. Figure 3-9
shows the CGRs, crack lengths along the major and minor axes of semi-elliptical cracks, aspect
ratio (Lminor / Lmajor), and the KI at the center and the edge of surface crack as a function of ECP.
The solid line indicates predicted values along the major axis and the dashed line represents the
predicted values along the minor axis. The CGR increases with ECP at both axes, and hence the
crack length, at the same moment, rises with ECP, resulting in the increase in the KI values at the
center and edge of the surface crack. In addition, it is recognized that the time for the CGR at the
crack center to decrease, due to the effect of the ECL, decreases with increasing the ECP. The
dependence of the CGR on ECP is supported by other research [29,30,34], arguing that SCC
became active when the specimen was polarized anodically above a EIGSCC, while SCC failure is
not observed at low ECPs.
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Figure 3-9. (a) Predicted CGRs, (b) crack lengths perpendicular to the surface and along the
surface, (c) aspect ratio (Lminor/Lmajor) of the crack, and (d) KI at the edge and the center of surface
cracks with respect to elapsed time as a function of ECP in Type 304SS in BWR environment at
288 ºC. Note that the KI variation along the crack front and the effect of ECL on the CGR are
considered in this calculation. The solid line indicates predicted that values along the major axis
and the dashed line represents predicted that values along the minor axis.
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Table 3-1. The values of parameter in the CEFM for Type 304SS.
Parameter

Value

Concentrations of Na+ and Cl-

10 ppm (0.11 µS/cm conductivity at 25ºC)

Temperature

288 ºC

Pipe hydrodynamic diameter

50 cm

Flow velocity

100 cm/s

O2 concentration

100 ppb

H2 concentration

1 ppb

H2O2 concentration

1 ppb

When the ECP is below the critical electrochemical potential for IGSCC (EIGSCC ~ -0.25
VSHE), in sensitized Type 304 SS in BWR coolant environments, crack advance is totally
controlled by creep crack growth and the CGR is extremely low. Thus, it is difficult to observe
the crack advance under these conditions and hence almost no change of in the initial crack shape
is predicted over the selected time, as shown in Figure 3-10 (a). However, as the ECP increases,
the progressive development of semi-elliptical surface cracks is predicted, due to the
enhancement of the CGR due to IGSCC, but this enhancement becomes progressively muted
along the minor axis as the ECL increases while the ECL remains constant at 0.001cm for the
major axis. As shown in Figure 3-10, the ECP influences the crack shape with time as well as the
depth of surface crack through a pipe wall. Figure 3-9 (c) shows the aspect ratio of a semielliptical surface crack with elapsed time, as a function of the ECP. Below the EIGSCC of Type
304 SS in BWR environments, the aspect ratio is almost 1, indicating semi-circular crack shape
(the shape of crack nucleus), due to the extremely low CGR. On the other hand, above the EIGSCC
the aspect ratio decreases, indicating the development of semi-elliptical surface cracks, and reach
a constant value after a certain period of time. The decreasing rate of the aspect ratio at the
beginning of semi-elliptical surface crack evolution increases with increasing ECP, indicating that
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the progressive development of a semi-elliptical surface crack is established faster at the higher
ECP.
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Figure 3-10. Predicted crack shape with respect to elapsed time as a function of ECP [(a) -0.57,
(b) -0.18, (C) -0.07, and (d) 0.03 VSHE] in Type 304SS in BWR environments at 288 ºC. Note
that the crack nucleus is assumed to be semi-circular of radius 10 µm and the KI variation along
the crack front and the effect of ECL on the CGR are considered in this calculation.
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Figure 3-11. Predicted CGRs perpendicular to the surface (Lminor) (dash line) and along the
surface (Lmajor) (solid line) with respect to elapsed time and as functions of (a) solution
conductivity at 25 ºC [0.06, 0.11, 0.33, 0.61, and 0.89 µS/cm], (b) flow rate [0.1, 1, 10, 100, and
1000 cm/s], and (c) multiplier for oxygen reduction reaction [0.01, 0.1, 1, 10, and 100] in Type
304SS in BWR environments at 288 ºC. The solid line indicates predicted that values along the
major axis and the dashed line represents predicted that values along the minor axis. Note also
that a change in the SECD for oxygen reduction results in a change in the ECP as shown in
Figure 3-12.
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Figure 3-11 shows the predicted CGRs perpendicular to the surface (Lminor) (dash line)
and along the surface (Lmajor) (solid line) with respect to elapsed time as functions of solution
conductivity at 25 ºC [0.06, 0.11, 0.33, 0.61, and 0.89 µS/cm], flow velocity [0.1, 1, 10, 100, and
1000 cm/s], and multiplier of standard exchange current density (SECD) for the oxygen reduction
reaction [0.01, 0.1, 1, 10, and 100] in Type 304SS in the BWR coolant environment at 288 ºC. In
all case, increasing the variables gives rise to the increase in the CGR. Increasing the
conductivity of the external environment (in this case, by varying [NaCl] as the background
electrolyte) enhances the throwing power of the current from the crack mouth and gives the
external surface a greater capacity to consume electrons being produced by metal dissolution at
the crack tip, thereby resulting in a higher coupling current, which in turn results in a higher [H+]
and [Cl-] at the crack tip. This leads to enhanced injection of H into the matrix ahead of the crack
and hence to decrease in time for hydrogen pressure within a void to reach critical levels for void
rupture. The hydrogen pressure adds to the hydrostatic stress on the void, due to mechanical
loading, resulting in an increase in the micro-fracture frequency. Accordingly, the CGR increases,
as the solution conductivity changes from 0.06 to 0.89 µS/cm, as shown in Figure 3-11 (a). The
work by Manahan et al. [16] argues strongly that the CGR is determined by the micro-facture
frequency. The CEFM, which assumes a quiescent crack internal environment, predicts that
increasing flow velocity will lead to enhanced mass transfer of oxygen to the external surfaces
[22]. This should lead to an enhanced ability of the external environment to consume the positive
current exiting the crack and give rise to a higher coupling current and hence to an enhanced
CGR, as shown in Figure 3-11 (b). Kwon et al. [31] confirmed experimentally the effects of flow
velocity on intergranular crack growth in sensitized Type 304 SS in distilled water containing 15
ppm or 25 ppm NaCl at 250 ºC by using compact tension specimens under constant loading
conditions. Those authors found that on increasing the flow velocity, the CGR significantly
increased due to an enhanced rate of mass transfer of oxygen to the external surface. However,
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the subsequent decrease in CGR was observed because of crack flushing, which is a delayed
process because of the time required to destroy the aggressive conditions that exist within the
crack. The transition time depends on the flow velocity and crack geometry. A crack having an
aspect ratio of crack depth to crack opening displacement of > ~ 5 possesses an essentially
quiescent internal crack environment with the crack tip being effectively isolated
hydrodynamically from the external environment [25,32]. At the lower aspect ratios, crack
flushing has a significant impact on the environment adjacent to the crack tip. In the present
work, the crack opening displacement is assumed to be proportional to the depth of the growing
crack, i.e., we assume that the ratio of crack depth to crack opening displacement ( = 10, in this
work) is independent of the crack depth. Therefore, crack flushing with increasing the flow
velocity is not considered in this study.
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Figure 3-12. Predicted dependence of the ECP on multiplier of SECD for oxygen reduction
reaction in Type 304 SS in BWR environment at 288 ºC. Other parameters as in Table 3-1.

86
The important parameters in affecting electrochemical control over the ECP and CGR in
an operating reactor are the kinetic parameters (exchange current densities and Tafel constants)
for the redox reactions involving the principal radiolysis products of water (O2, H2O2, and H2).
The kinetic parameters for the redox reactions essentially determine the charge transfer
impedance of the steel surface, which is known to be instrumental in determining the magnitude
of the coupling current that flows through the solution from the crack to the external surface and
hence in determining the CGR. The exchange current densities, in particular, are amenable to
control by catalysis or inhibition of the redox reactions occurring on the surfaces external to the
crack enclave, with the result that surface modification techniques have proven to be highly
effective in mitigating and controlling IGSCC in reactor heat transport circuits. Modeling studies
with the CEFM for Type 304 SS in BWR environment have revealed the effects of noble metal
and inhibitory dielectric coatings on the predicted CGR [12]. The modeling predicts CGR and
ECP are strong functions of SECD, particularly that of O2 in oxygenated environments. From an
electrochemical viewpoint, noble metal coatings are expected to increase the SECDs of the redox
reactions (H2 oxidation and O2 and H2O2 reduction), while inhibitory dielectric coatings could be
expected to decrease the SECDs. In this work, catalysis implies the factor that is used to multiply
the SECD is > 1. Inhibition implies a multiplication factor of < 1. Figure 3-11(c) shows the
dependence of the CGR on the multiplier of SECD for oxygen reduction reaction, in which the
conductivity and flow velocity are held constant at 0.11 µS/cm and 100 cm/s, respectively, and
the multiplier of SECD for oxygen reduction reaction is changed from 102 (catalysis) to 10-2
(inhibition). It is also assumed that both [H2] and [H2O2] are 1 ppb, which is well below levels
calculated to exist in the BWR environments under normal water chemistry conditions. In the
case of dielectric coatings, the lower exchange current densities render the metal less susceptible
to the ECP-raising oxidizing species, such as O2 and H2O2, with the result that the ECP is again
displaced in the negative direction, even in the absence of hydrogen added to the feedwater. In
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Figure 3-11 (c), the CGRs in both directions in the case of multiplier of 10-2 are in the range of
10-10 to 10-11 cm/s with the result that the ECP is displaced below EIGSCC, as shown in Figure 3-12,
which means that the crack growth is controlled by creep crack growth. Experimental work [35]
has shown that electrophoretically deposited Zirconia (ZrO2) coatings on sensitized stainless steel
reduce the exchange current density for oxygen reduction by a factor of 100–1000, and that the
measured impact of the coatings on the ECP and CGR in dilute sulfate solutions at 288 ºC are in
excellent agreement with the predictions of the MPM and CEFM, respectively.
After obtaining the crack lengths on the major and minor axes based on the predicted
CGR and Equations (3-5) and (3-6), the aspect ratio (Lminor / Lmajor) with respect to elapsed time is
plotted as functions of solution conductivity, flow velocity, and multiplier for ORR in Figure 3-13.
All of the shapes of the surface cracks are semi-elliptical, except the cases that the CGR is
controlled by creep crack growth.
Stress intensity factor, KI, as noted in the above discussion, increases with time as the
crack advances, assuming a constant load, and hence one can specify that failure of a component
will occur during the jth time interval if the stress intensity, KI, exceeds the critical value for fast,
unstable fracture KIC, since the predicted crack length over the selected period of time is less than
usual thickness of pipe wall. The service life is determined by the intercept of KI (t) and KIC.
From Figures 3-13 and 3-14, the service life of component and the aspect ratio (Lminor / Lmajor) at
failure were obtained assuming that the KIC of Type 304 SS is 65 MPa(m)1/2 and are plotted in
Figure 3-15. It should be stressed again that through-wall cracking in BWR piping is dominated
by initiation, the theory of which is currently being developed in this laboratory within the
framework of damage function analysis (DFA) [17] and the time to failure in present work
represents the time after crack initiation. All of the times to failure are predicted to decrease as
the independent variables used in this work increase, resulting from an increase in the CGR, but
the effects of ECP and multiplier for ORR are more significant than those of solution
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conductivity and flow velocity. In addition, all of the surface cracks at failure examined in this
study are predicted to be semi-elliptical in shape with the long axis parallel to the pipe axial
direction, which is usually observed in the system. It is recognized that the effect of solution
conductivity and flow velocity on the aspect ratio at failure is not significant, but the aspect ratios
at failure as functions of ECP and multiplier of the SECD for ORR show similar behavior,
decreasing with increasing values of these variables, but further increases in the variables increase
the aspect ratio at failure.
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Figure 3-13. Predicted the aspect ratio (Lminor/Lmajor) of the semi-elliptical surface crack with
respect to elapsed time and as functions of (a) solution conductivity at 25 ºC [0.06, 0.11, 0.33,
0.61, and 0.89 µS/cm], (b) flow rate [0.1, 1, 10, 100, and 1000 cm/s], and (c) multiplier for
oxygen reduction reaction [0.01, 0.1, 1, 10, and 100] in Type 304SS in BWR environments at 288
ºC. Note that the crack nucleus is assumed to be semi-circular of radius 10 µm and the KI
variation along the crack front and the effect of ECL on the CGR are considered in this
calculation. Note also that a change in the SECD for oxygen reduction results in a change in the
ECP as shown in Figure 3-12.
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Figure 3-14. Predicted the KI at the edge (solid line) and the center (dash line) of surface cracks
with respect to elapsed time as functions of (a) solution conductivity at 25 ºC [0.06, 0.11, 0.33,
0.61, and 0.89 µS/cm], (b) flow rate [0.1, 1, 10, 100, and 1000 cm/s], and (c) multiplier for
oxygen reduction reaction [0.01, 0.1, 1, 10, and 100] in Type 304SS in BWR environment at 288
ºC. Note that the crack nucleus is assumed to be semi-circular of radius 10 µm and the KI
variation along the crack front and the effect of ECL on the CGR are considered in this
calculation. The solid line indicates predicted that values along the major axis and the dashed
line represents predicted that values along the minor axis.
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Figure 3-15. Predicted time to failure and aspect ratio of semi-elliptical surface crack at failure as
functions of (a) ECP [-0.57, -0.18, -0.07, and 0.03 VSHE], (b) solution conductivity at 25 ºC [0.06,
0.11, 0.33, 0.61, and 0.89 µS/cm], (c) flow rate [0.1, 1, 10, 100, and 1000 cm/s], and (d)
multiplier for the standard exchange current density of oxygen reduction reaction [0.01, 0.1, 1,
10, and 100] in Type 304SS in BWR environment at 288 ºC.
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3.4 Summary and Conclusions
Theoretically the evolution of crack shape for surface intergranular stress corrosion
cracks in sensitized Type 304 SS in BWR primary coolant environments at 288 ºC was explored.
The effects of ECP, solution conductivity, flow velocity, and multiplier of standard exchange
current density for the oxygen reduction reaction on the development of surface cracks were
investigated. For better prediction of CGR, Shoji’s approach for calculating the crack tip strain
rate, together with a more accurate treatment of the KI for semi-elliptical surface cracks have been
integrated into the CEFM. This advanced CEFM provides better prediction of the dependence of
the CGR on KI and offers an alternative explanation for the development of semi-elliptical cracks
to that provided by fracture mechanics alone. The evolution of the shape of surface cracks is
attributed to the dependence of the CGR on ECL, rather than on the variation in the local KI along
the crack front. Accordingly, the evolution of the semi-elliptical shape of surface stress corrosion
cracks depends strongly upon environmental variables, such as ECP, solution conductivity, flow
velocity, and multiplier for oxygen reduction reaction. In addition, it is confirmed that local KI
along the crack front also has an impact on the evolution of crack shape, but the CEFM predicts
that the minor axis, not the major axis, of the semi-ellipse should be oriented perpendicular to the
surface, which is generally observed.
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Chapter 4
Stress Corrosion Cracking of Lightly Sensitized Al-Mg alloys

4.1 Introduction
The need to reduce fuel consumption in marine applications, including naval vessels, has
generated strong interest in weight reduction through the use of strong, lightweight materials. AlMg alloys (5xxx series) are the materials of choice for components that require moderate
strength, good formability, good weldability, and excellent atmospheric corrosion resistance.
However, Al-Mg alloys containing more than 3 wt.% Mg are susceptible to intergranular stress
corrosion cracking (IGSCC) when exposed to elevated temperatures (≥ 50 °C) for a sufficient
length of time in corrosive environments [1]. These susceptibilities result from the precipitation
of highly anodic β-phase (Mg2Al3) that has been observed to be continuous or discontinuous at
triple points and along grain boundaries [2,3], resulting in “sensitization”. Although the exact
mechanism of sensitization is still controversial, the practical result is that during exposure to
corrosive environments, galvanic coupling occurs between these grain boundary precipitates and
the grain interiors, which can lead to severe intergranular attack and further causes IGSCC
failures under a sufficient high tensile stress.
Considerable research has been reported on investigating the IGSCC behavior of
sensitized Al-Mg alloys [3–16]. Several investigators have reported on the influence of
metallurgical/microstructural factors on the SCC susceptibility of the alloys. Thus, Davenport et
al. [14] reported that the SCC susceptibility of the sensitized AA 5182 depended strongly upon
the sensitization time and temperature. Searles et al. [10] found that the ductility of AA5083 that
had been sensitized at 150 °C for 333 h relied strongly on the degree of sensitization (DoS). In
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addition to β-phase precipitation, segregation of elemental magnesium to grain boundaries during
elevated temperature exposure of Al–Mg alloys has also been investigated [5,6,8,9], but there are
conflicting reports about its effect on SCC. For instance, Windisch et al. [8] reported that Mg
enrichment promoted corrosion of aluminum in 3.5 wt.% salt solution at pH of 10. However,
Baer et al. [9] stated that, although alloys with magnesium segregation and β-phase precipitates
on the grain boundaries were more susceptible to SCC, the segregated Mg had little effect on the
actual cracking process. This observation was supported by later work of Jones et al. [3], who
studied the role of Mg in the SCC of the AA5083-H321 alloy. They found that elemental
magnesium that had segregated to grain boundaries did not contribute to SCC of the alloy.
Likewise, most studies have focused on the influence of microstructure along the grain
boundaries on the SCC behavior and this microstructural characteristic is one of the important
factors in the SCC behavior of Al-Mg alloys.
However, crack advance in SCC is the result of the combined and synergistic interaction
of a susceptible material, mechanical stress, and a corrosive environment. There are only a few
studies on the effect of environmental variables, such as electrochemical potential (ECP) and
solution conductivity. As reported by Jones, et.al. [3], the crack growth rate (CGR) of AA5083
that had been sensitized for 1h at 175 °C increased with increasing potential at potentials anodic
to the open circuit value with no increase in CGR at potentials cathodic to the open circuit
potential (OCP), even in materials with low precipitation of the β-phase on the grain boundaries.
In addition, the effect of hydrogen on the IGSCC of pure Al-5Mg alloy with low precipitation of
the β-phase on the grain boundaries in deaerated AlCl3 solution was reported by Tanguy et al.
[11]. They argued that anodic dissolution is necessary for the formation of a local effective
medium in the crack, but that it is not directly responsible for crack advance. Instead, they argue
that crack advance results from failure of the interfaces of the grain boundaries and that can be
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attributed to an interaction between hydrogen and plasticity at the grain boundaries. We argue for
a similar mechanism in this dissertation, but we posit that dissolution is an essential component of
the mechanism, because it results in the acidification of the crack tip environment and in the
displacement of the crack tip potential to a sufficiently negative value, such that injection of
hydrogen occurs into the alloy matrix ahead of the crack tip.
Along with experimental studies, theoretical modeling of SCC in a variety of metals and
alloys has also been vigorously pursued in order to explore the fracture mechanisms and to
estimate the impact of the chemical and electrochemical conditions (e.g., potential) on CGR in a
variety of metals and alloys in aqueous solutions [17–30]. Ideally, such models should be
“deterministic”, with the predicted phenomena or dependent variable (CGR, crack tip and mouth
potentials, crack enclave chemistry) being explicitly constrained by the natural laws (e.g., the
conservation of charge and Faraday’s law of mass-charge equivalency). From a scientific
philosophical viewpoint, such an approach requires the formulation of a “general” model; i.e., a
model that is capable of accounting for all of the empirical knowledge of the system. Thus,
Turnbull [26] modeled the crack chemistry in sensitized stainless steel in boiling water reactor
(BWR) coolant environments, where the medium is basically high temperature (288 °C), pure
water of low conductivity, and found that the crack tip potential is not independent of the external
potential, in agreement with measurement. This same finding had been previously predicted by
the coupled environment fracture model (CEFM) [22–25], as discussed below, but which also
showed that the CGR should be a function of the kinetics of the cathodic reactions on the surfaces
external to the crack [23], again in agreement with empirical knowledge. Ford et al. [18–20]
developed a model for environmental cracking, but the model fails to invoke charge conservation
explicitly and, hence, is essentially empirical in nature. Accordingly, the model does not meet the
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minimal conditions required for determinism, nor does it specifically account for the influence of
the external environment on crack growth in an analytical manner.
Macdonald and co-workers [22–25] developed the CEFM for estimating CGR in Type
304 stainless steel under BWR coolant conditions (water at 288 °C). One of the important
features of this model is that it describes analytically the positive current that flows from the
crack through the solution to the external surface and the electron (“coupling”) current that flows
through the metal from the crack tip to the external surface, as dictated by the differential aeration
hypothesis (DAH, Figure 4-1). This prediction is in agreement with observation as found by
Manahan, et.al. [31]. These two currents annihilate at the external interface via a “charge
transfer” reaction, which is most commonly the reduction of oxygen and/or hydrogen evolution.
The CEFM also invokes the natural law of charge conservation, in order to specify the crack
mouth potential, and the electro-neutrality principle to estimate the crack tip potential, thereby
rendering the model deterministic. The model itself is based upon the DAH that is considered to
be the physical basis of localized corrosion phenomena, such as pitting corrosion, SCC, and
crevice corrosion, and which has stood the test of time for about eighty years. The important
aspect that differentiates the CEFM for SCC from others is that the positive current must be
consumed through the reduction of cathodic depolarizers, such oxygen and/or hydrogen ion or
water, on the external surface, which represents strong electrochemical coupling between the
crack internal and external environments. In the present work, I have modified and customized
the CEFM in order to describe IGSCC in aluminum alloys and to predict CGR in marine
applications. It should be noted that this work is focused on aluminum alloys having low DoS,
since calibrating CGR data are not available for a wide range of sensitization conditions.
Calibration involves optimization of the CEFM on measured CGR data, in order to extract values
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for poorly-known model parameters and the insertion of appropriate values for aluminum for
those parameters that are more accurately known.

Fluid flow

O2 transport
Positive Current

Electron Current

Net Positive Current

H2O2 + 2H+ + 2e- → 2H2O
O2 + 4H+ + 4e- → 2H2O
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H2O2 + 2H+ + 2e- → 2H2O
O2 + 4H+ + 4e- → 2H2O
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Electron Current

Crack
Advance

Figure 4-1. Illustration of the DAH for localized corrosion [22]. φsm, φst, and φs∞ represent the
electrostatic potentials in the solution at the crack mouth, at the crack tip, and relatively far from
the crack, respectively.

4.2 Customization of the CEFM for Predicting Stress Corrosion Cracking in Lightly
Sensitized Al-Mg Alloys in Marine Applications

The key factor in the crack advance in the SCC of an Al-Mg alloy is the anodic
dissolution of grain boundary β-phase and the associated hydrogen ion reduction that
accompanies this dissolution reaction [3,7,10,12–14]. However, when the β-phase exists as
discrete particles along the grain boundary, the crack growth between the particles is thought to
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result from uptake of hydrogen and hydrogen induced crack growth [3]. The grain boundary
precipitates may also serve to define the dimension of a microfracture event, with the crack
propagating intermittently from one precipitate to the next. Recently, Gao and Quesnel [16]
provided evidence supporting the potential contribution of hydrogen embrittlement in the failure
of grain boundary ligaments between β-phase precipitates at the grain boundary in less severely
sensitized conditions. In this sense, the cracking of aluminum alloys is mechanistically little
different from that proposed for IGSCC in Type 304 SS [18–26,30–34] and high strength AISI
4340 low alloy steel [35], but, of course, all differ in the finer details.
At this point it is important to note that, while the CEFM is based upon the slipdissolution-repassivation (SDR) mechanism, it differs from that proposed by Scully [32] and by
Ford and Andresen [18–20] in one important respect; the micro-fracture dimension is not
determined by slip, which, according to the SDR mechanism, should be some small multiple of
the Burgers vector for the slip system, or nanometers in dimension. Experiment shows that this
postulate is untenable [31,33–35]. Instead, in the case of IGSCC in sensitized Type 304 SS in
high temperature water [31] and in thiosulfate solution [33,34] at ambient temperature, and for
IGSCC in AISI 4340 high strength steel in caustic solutions [35] at 70 °C, the fracture dimension
is much larger (2-3 µm, > 100 µm, and 40-50 µm, respectively) than can be accounted for by slip
and it was concluded, in all three cases, that the micro-fracture dimension was determined by the
spacing of precipitates on the grain boundaries and/or by hydrogen-induced cracking, or by both.
In the latter case, the hydrogen is envisioned to be produced by hydrogen evolution at the crack
tip, resulting from the low pH and very negative potential, both of which resulting from
differential aeration [22], with the hydrogen evolution current being a small fraction of the
coupling current, as indicated by the lack of hydrogen gas flooding of the crack. Thus, hydrogeninduced cracking (HIC) is an integral part of the CEFM that is presented in this dissertation and
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elsewhere. It is our postulate that the same basic mechanism is responsible for IGSCC in lightly
sensitized aluminum alloys.
As emphasized above, crack advance in the current version of the CEFM is postulated to
occur via HIC, as shown by the stainless steel work [31,33,34]. Anodic dissolution, as embodied
in the slip-dissolution model of Scully [32] and Ford and Andresen [18–20], and HIC are,
nevertheless, closely related, as anodic dissolution, which is the result of brittle micro-fracture
exposing bare metal at the crack tip, supplies the positive coupling current that produces the
conditions within the crack (low pH and potential) that allows for hydrogen evolution and hence
the injection of H into the matrix ahead of the crack, resulting in HIC. Thus, anodic dissolution
and HIC are tightly coupled and both are believed to occur simultaneously in many alloys,
including aluminum alloys. I expand on this issue in more detail in the discussion section of this
Chapter.

4.2.1 Customization of the CEFM to aluminum alloys
For customizing the CEFM to aluminum alloys, initially the environmental,
electrochemical, and mechanical parameters used in the CEFM (see Chapter 1.2) were substituted
with values for AA 5083-H321 in aerated 3.5 wt.% NaCl solutions. The parameter values
adopted in this work are summarized in Table 4-1 [36–44]. In some cases, the parameter values
had to be estimated for AA5083-H321 within a reasonable range from values for other materials,
for example, pure aluminum, since the available electrochemical kinetic data for aluminum alloys
are insufficient to do this directly for AA 5083-H321.
Customization involves optimization of the CEFM on measured CGR data taken from the
literature [3], as a function of the independent variables of interest. This procedure was begun by
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fitting the lumped crack-tip parameters in the CEFM to a single experimental CGR datum,
corresponding to the ECP value of -0.51 VSHE, which is the OCP of AA5083-H321 in aerated 3.5
wt.% NaCl solution, and the solution conductivity at 25 °C (0.078 S/cm, which is a much higher
conductivity than exhibited by pure water BWR environments. High solution conductivity
enhances the throwing power of the current from the crack mouth and gives the external surface a
great capacity to consume electrons being released by metal dissolution at the crack tip.
Therefore, environmental effects of the external surface might be more significant than those in
BWR environments. After the above fitting procedure was accomplished, a sensitivity analysis
was performed on the model predictions, with one parameter being varied at a time, within a
reasonable range, and for which some experimental information was available.

Table 4-1. Values for parameters in the CEFM for AA5083-H321.
Parameter
Tafel slope for HER
io for HER
Tafel slope for ORR
io for ORR
Passive current density at steady
state

Value
0.117 V
1.5 × 10-9 A/cm2
0.56 V
3.04 × 10-10 A/cm2
1.69 × 10-6 A/cm2

Eo, standard electrochemical
potential for aluminum dissolution
reaction
ε, Strain at fracture of the passive
film
E, Young’s modulus
σc, Critical local stress
G, Shear modulus
Grain boundary self-diffusion
coefficient
Activation energy for diffusion

-1.66 VSHE

Comment/Source
Reference [36]
Reference [36]
Reference [39]
Reference [40]
Assumed to be 1 order in magnitude
lower than the value obtained from a
potentiodynamic scan (Reference
[40])
Reference [41]

1.3× 10-3

Reference [37]

70.3 GPa
1× 10-2 E
26.4 GPa
8.75× 10-5 m2/s

Reference [44]
Reference [38]
Reference [42]
Reference [42]

84 KJ/mol

Reference [42]
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Grain boundary diffusion width
0.5726 nm
Reference [42]
Atomic volume
6.6167× 10-29 m3
Calculated
Yield strength
227.53 MPa
Reference [44]
Atomic weight
26.98 g/mol
Property tables
3
Metal density
2.7 g/cm
Property tables
HER: Hydrogen Evolution Reaction, ORR: Oxygen Reduction Reaction

Table 4-2. Default values of parameter in the CEFM for AA5083-H321.
Parameter
Concentrations of Na+ and ClTemperature
Crack length (L)
Crack opening
Crack width
Flow velocity
O2 concentration
H2 concentration
H2O2 concentration

Value
1.39 × 104 ppm
25 oC
0.5 cm
0.001 cm
3.81 cm
0.001 cm/s
1 ppb
1 ppb
1 ppb

Comment/Source
3.5 wt.% NaCl solution

4.2.2 Results and discussion
The crack tip parameters, such as pH and concentration of Cl- play a key role in
determining CGR, since the concentrations of particular species, H+ and Cl-, determine the value
of electrostatic potential at the crack tip. This fact is a consequence of the very low solubility of
metal-containing species and of the high values of the hydrolysis and dissociation constants.
Figure 4-2 (a) shows the predicted pH and [Cl-] values at the crack tip as a function of the ECP in
AA 5083-H321 in 3.5 wt.% NaCl solution at 25 °C and at pH = 7. The pH value at the crack tip
decreases with increasing the ECP, indicating the acidification of internal crack environment that
render more chloride ions in the external environment to move to the crack tip in order to satisfy
the charge neutrality condition. In addition, the electrostatic potential difference between at the
crack tip and at the crack mouth increases, as the ECP increases, as shown in Figure 4-2 (b),
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which increases the driving force for the migration of positive charge from the crack to the
external surface. The increase in the [Cl-] and the acidification at the crack tip with increasing the
ECP reflects the more corrosive internal crack environment that results in the increase in CGR.
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Figure 4-2. Predicted (a) pH and Cl concentration and (b) potential at the crack tip as a function
of ECP for AA5083-H321 in 3.5 % NaCl solution, at pH = 7 and at 25 °C. Other parameters as
in Table 4-2.
Jones et al. [3] have reported CGR measurements for AA5083-H321 aged for 1 hour at
175 °C in 3.5 wt.% NaCl solution. The sensitization at this condition corresponds to a DoS of 6.3
mg/cm2 from the nitric acid mass loss test (NAMLT) [45], as determined in our laboratory with
the same material sensitized under the same conditions. The NAMLT is currently the accepted
method for quantifying the DoS of 5xxx marine aluminum alloys. The DoS value of 6.3 mg/cm2
indicates that the AA5083-H321 in the study of Jones et al. [3] is lightly sensitized. They
measured the CGR as a function of applied potential with compact tension specimens and showed
a clear dependence of the CGR on the applied potential. Figure 4-3 shows the experimental CGR
data for AA5083-H321 extracted from the literature [3] and the predicted CGR vs. ECP, as a
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function of solution conductivity. The majority of the experimental data fall within the band
defined by the calculated CGR with respect to ECP as solution conductivity was varied over the
selected range. The ECP was calculated using the CEFM for the concentration of O2 in the
solution being 6.42 ppm (2.0 × 10-4 m) [46], for the kinetics of electro-dissolution of the
aluminum substrate, and for the assumed hydrodynamic conditions using the mixed potential
model (MPM) [47], as described in Chapter 1.2.1. As expected from electrochemical theory, as
embodied in the CEFM, the CGR exhibits a strong correlation with ECP within the range -0.6
VSHE < ECP < -0.3 VSHE, over which the CGR changed by ~2 orders of magnitude. At ECP
values more negative than ~ -0.6 VSHE, the CGR is dominated by the mechanical creep, which is
described by the Wilkinson and Vitek model [48], and the rate becomes insensitive to the ECP.
Thus, for the particular conditions assumed in Figure 2, the critical potential for IGSCC in
AA5083-H321 (EIGSCC) is estimated to be -0.6 VSHE.
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Figure 4-3. Plots of the experimental data [3] and calculated CGR vs. ECP for AA5083-H321 in
NaCl solutions as a function of solution conductivity, at pH = 7 and at 25 °C. Other parameter
values as in Table 4-2.
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4.2.2.1 Effects of [O2], [H2O2], and [H2]
Predicted plots of ECP and CGR vs. [O2] and [H2O2] for AA5083-H321 in 3.5 wt.%
NaCl solution at 25 °C are shown in Figures 4-4 (a). The CEFM predicts that the CGR increases
strongly with increasing oxidizer (O2, H2O2) concentration and increasing ECP above certain
oxidizer concentrations. At O2 concentrations lower than about 3 ppm (9.3 × 10-5 m), the CGR is
predicted to drop to about 5.5×10-9 cm/s and becomes independent of ECP as the reduction of
oxygen apparently is not instrumental in consuming the electrons being produced at the crack tip,
although part of the current may be consumed by hydrogen evolution, which occurs at a much
more negative potential than does oxygen reduction. It is also evident that, for 3 ppm of O2, the
ECP falls below (becomes more negative than) the critical potential, EIGSCC. Below the critical
potential, the contribution of creep to the CGR is larger than that of the environmentally-induced
component and hence the overall CGR is controlled by mechanical effects (i.e., creep).
Aluminum alloys are sufficiently ductile at ambient temperature for creep to occur, as shown in
several papers [49–51]. However, when sufficient O2 is present in the solution, the CGR is
controlled by environmental effects, as ECP > EIGSCC. From the comparison between both
oxidizers, it is recognized that, on an equivalent concentration basis above 20 ppm, H2O2 is a
stronger oxidizing agent than is O2 and hence has a higher impact on CGR than does oxygen.
This corresponds to the fact that H2O2 is more effective in displacing the ECP in the positive
direction, which can be attributed largely to the more positive standard potential for the H2O2H2O couple than for the O2-H2O couple.
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Figure 4-4. Predicted ECP and CGR vs. (a) oxidizer (O2, H2O2) concentrations for AA5083-H321
in 3.5 wt.% NaCl solution and (b) [H2O2] or [H2] in aerated 3.5 wt.% NaCl solution (6.42 ppm O2
concentration), at pH = 7 and at 25 °C. Other parameter values as in Table 4-2.
The importance of water chemistry parameters, such as conductivity and
oxidant/reductant concentration, in SCC of Type 304 SS in BWR environment has been
confirmed experimentally and theoretically in many previous studies [22–25,30]. Practically,
hydrogen water chemistry, which relies upon modification of the redox potential of the
environment, has been used as a promising method of mitigating IGSCC of in Type 304 SS in
BWR environments and a similar correlation is expected in the case of aluminum alloys. In
hydrogen water chemistry, H2 is added to the feedwater to mitigate IGSCC by depressing the
ECP to values below the critical potential, EIGSCC. In addition, using the concentration of H2O2 as
an independent variable is simply a way of changing the redox conditions of the solution. As
noted above, it is likely that these same effects hold in the case of IGSCC in sensitized aluminum
alloys in marine environments. Figure 4-4 (b) depicts dependencies of CGR and ECP on [H2]
and [H2O2] for a system containing 6.42 ppm (2.0 × 10-4 m), O2, i.e. in aerated 3.5 wt.% NaCl
solution. At low H2 or H2O2 concentrations, addition of the oxidant or reductant does not give
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rise to changes in either ECP or CGR. This reflects the fact that the O2 concentration is so high
that O2 swamps the effects of the other redox species. However, at higher H2 concentrations,
above ~1000 ppm (0.5 m), an increase in [H2] induces a shift in the ECP to more negative values,
which coincides with the decrease in CGR with increasing H2 concentration in this range.

4.2.2.2 Effects of solution conductivity and flow velocity
Figure 4-5 (a) shows the predicted dependencies of CGR and ECP on solution
conductivity for oxygenated environments. The CGR is predicted to be independent of
conductivity at low [O2]. Below a certain O2 concentration [~1 ppm, (3.1 × 10-5 m)], where the
ECP is more negative than the critical potential for IGSCC (EIGSCC), the conductivity does not
affect the SCC behavior of AA5083-H321, since the CGR is dominated by creep. However, at
high O2 concentration, where the CGR is controlled by environmental effects, the CGR is
predicted to be sensitive to conductivity. Increasing the conductivity of the environment (in this
case, by changing [NaCl] as the background electrolyte) enhances the throwing power of the
current from the crack mouth and gives the external surface a greater capacity to consume
electrons being generated by metal dissolution at the crack tip. Thus, the CGR increases. This
effect is most marked in high-conductivity environments and is increasingly sensitive to [O2]
above a certain concentration as the conductivity increases. Gao [52] studied the effect of NaCl
concentration on the SCC behavior of AA5083-H116 sensitized for 240 hours at 175 °C and
reported that higher NaCl concentration and lower pH values resulted in shorter incubation time
and higher total crack growth. Although the study was conducted with a highly sensitized
aluminum alloy, the results indicate that higher solution conductivity leads to higher CGR, in
keeping with the theoretical predictions presented here.
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(a)

(b)
Figure 4-5. Predicted CGR vs. (a) [O2] and (b) [H2] as a function of conductivity for AA5083H321 in a NaCl solution, at pH = 7 and at 25 °C. Other parameter values as in Table 4-2.
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From Figure 4-5 (b), it is seen that the CGR is predicted to be independent of [H2] at low
conductivity. In addition, below ~1000 ppm (0.5 m) of H2, the CGR is not sensitive to the [H2]
concentration, even in highly conductive solutions, because the O2 concentration is so high that
O2 masks the effects of hydrogen and the ECP remains almost constant. However, the CGR is
predicted to be most dependent upon conductivity at low H2 concentration and decreases with
increasing H2 concentration above ~1000 ppm (0.5 m). The decrease in the CGR with increasing
H2 concentration coincides with the predicted shift in ECP to more negative values. However, as
is also manifest in Figure 4-5, the ECP is not the only factor that determines the CGR.
Conductivity, which controls the throwing power of the current from the crack mouth, is
predicted to exert a strong influence over the kinetics of crack advance, as shown in Figure 4-6.
The calculated CGR plotted in Figure 4-6 predicts that, at the highest ECP used, the CGR
increases by > 4 orders of magnitude as the conductivity increases from 0.13 to 7.75 × 106 µS/cm.

Figure 4-6. Predicted CGR vs. ECP as a function of conductivity for AA5083-H321 in a NaCl
solution at pH = 7 and at 25 °C. Other parameter values as in Table 4-2.
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Predicted dependencies of CGR and ECP on flow velocity as a function of [O2] and
conductivity are shown in Figures 4-7 (a) and (b), respectively. In the case of the O2
concentration effect, the ECP is predicted to be sensitive to flow velocity only at low O2
concentration where mass-transfer effects are most prevalent. However, the CGR is independent
of flow velocity at low O2 concentration, since the ECP is more negative than EIGSCC. At all
values of O2 concentration, at least as used in these calculations, particularly at high flow
velocities, the CGR is predicted to be independent of flow velocity. In these cases, mass
transport of O2 to the external surface is not an important factor in controlling the CGR, because
the CGR is limited by the throwing power of the current from the crack mouth to the external
surface, which is a phenomenon that is sensitive to conductivity. It is important to note that,
according to these calculations, IGSCC could be induced in aluminum alloys by increased flow
alone (by displacing the ECP above EIGSCC), but, of course, this effect might be somewhat
mitigated by a tendency of increased flow to “wash out” the crack and destroy the aggressive
conditions (high [Cl-] and high [H+]) that have developed in the crack.
Figure 4-7 (b) shows the predicted dependencies of CGR and ECP on flow rate as a
function of conductivity in an aerated system {6.42 ppm [O2] (2.0 × 10-4 m)}. It is noted that the
predicted ECP does not depend on conductivity over the conductivity range used in this work. In
the CEFM, it is assumed that the exchange current densities and Tafel constants for the redox
reactions (H2/H+, O2/H2O, H2O2/H2O), the kinetic parameters for the alloy dissolution reaction,
and the pH, are independent of conductivity, which leads to the independence of the ECP on
conductivity. On the other hand, the dependence of CGR on flow velocity is predicted to be a
sensitive function of conductivity over the range of very low flow velocity and high conductivity,
but the sensitivity is less significant as compared to those of [O2] and conductivity. In the aerated
solution having highest conductivity (7.75 S/cm in this calculation), the CGR is predicted to only
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increase from 5.21 × 10-8 to 1.05 × 10-7 cm/s as the flow velocity increases from 0.001 cm/s to
1000 cm/s, indicating a low sensitivity of the CGR to mass transport effects.
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Figure 4-7. Predicted ECP and CGR vs. flow velocity (a) with the different [O2] for AA5083H321 in 3.5 wt.% NaCl solution and (b) at different solution conductivities in a NaCl solution
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4.2.2.3 Effect of stress intensity factor
In the CEFM, increasing stress intensity factor, KI, increases the frequency of rupture of
the passive film at the crack tip and enhances the CGR. However, at higher O2 concentrations
such as those that exist in an aerated marine environment, the CGR is not only greater than the
creep rate, but is only weakly dependent on KI, particularly in solutions of conductivity of 0.0775
S/cm, as shown in Figure 4-8. In lower conductivity solutions, the CGR is more dependent on KI,
due to insufficient throwing power of the current from the crack mouth across the external
surface. The dependence of the CGR on KI is particularly important, since it defines the lower
limit to the rate of crack advance. For a value of KI = 25 MPa√m, the CGR of AA5083-H321 at
25 °C is estimated to be ~ 5.5 × 10-9 cm/s, which is in good agreement with the CGR for ECP
values more negative than ~ -0.6 VSHE. Crack advance is not predicted below some threshold
stress intensity level (corresponding to KISCC) in a typical SCC experiment. In any event, for the
conditions employed in calculating the CGR shown in Figure 4-8, the value of KISCC is estimated
to be about ~13.0 MPa√m, although the exact value does appear to depend upon the conditions
assumed, as expected. The value of KISCC in the present work is in good agreement with the
experimental value of Al-Mg alloy [53,54]. Thus, Holtz et al. [53] measured the KISCC, in 1%
NaCl solution containing inhibitor, of the as-received and fully sensitized (240 hours at 175 °C)
AA5083-H131 using rising stress step loading tests. The KISCC values were estimated to be about
20 and 3 MPa√m, for the as-received and fully sensitized AA5083-H131, respectively. Crane
and Gangloff [54] reported the correlation between the DoS and the KISCC of AA5083-H131
sensitized at 100 °C. For intermediate levels of sensitization, between the fully sensitized and
unsensitized conditions, KISCC changed linearly with the DoS and the KISCC of AA5083-H131
having the DoS value of 10 mg/cm2 was in the range of 13-15 MPa√m. Recently, Lim et al. [55]
studied intergranular corrosion (IGC) penetration in an Al-Mg alloy as a function of
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electrochemical and metallurgical conditions. IGC penetration rate might be equated to the CGR
for KI slightly greater than KISCC (to allow for corrosion product wedging). They measured IGC
penetration depth into AA5083-H131 specimens sensitized at 100 °C and 80 °C in 0.6 M NaCl
solution at pH = 8.3 and at -0.49 VSHE. It was recognized that IGC penetration rate depended on
applied potential, DoS, exposure time, and propagation direction and the specimens having the
same DoS, but sensitized at different temperatures, showed very different IGC propagation rates.
IGC penetration rates in a longitudinal direction for AA5083-H131 having DoS values of 2 and
10 mg/cm2 were 1.3 (± 0.9) × 10-8 and 2.5 (± 0.9) × 10-8 cm/s, respectively. These penetration
rates are an order of magnitude higher than the calculated CGR (2.0 × 10-9 cm/s at 13.2 MPa√m
at OCP) for KI being slightly greater than KISCC at the OCP. However, when we consider that the
initial crack length used in this work is greater and that the applied potential was a little more
positive than the OCP, both of which impact the CGR (the CGR decreases with increasing crack
length), the calculated CGR for KI being slightly greater than KISCC is in reasonable agreement
with experiment.
Above the threshold stress intensity, the CGR of aluminum alloys increases rapidly with
increasing KI and then reaches a plateau velocity that is practically independent of KI. This
plateau velocity is characteristic of the alloy/environment combination and is the result of
electrochemical processes limiting the rate of crack propagation, as embodied in the CEFM. This
type of behavior is displayed by many alloy/environment combinations, including IGSCC in
sensitized Type 304 SS in high temperature water, for example [31]. In that case, the frequency
of the micro-fracture events occurring at the crack front varies with KI in like fashion,
demonstrating that a change in CGR, for whatever reason, occurs because of a change in event
frequency, with the micro-fracture event dimension being more-or-less constant and probably
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determined by precipitate spacing on the grain boundary or by the diffusion length of hydrogen
ahead of the crack tip.
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Figure 4-8. Predicted CGR vs. KI for AA5083-H321 in 3.5 wt.% NaCl solution containing
different [O2] at pH = 7 and at 25 °C. Other parameter values as in Table 4-2.

There are several studies supporting HIC as a key factor in the mechanism of crack
advance in the SCC of an Al-Mg alloy having a low DoS [3,11–13,16]. For instance, Jones [12]
reported considerable evidences that hydrogen is produced at the crack tip of AA5083 that
contain β-phase precipitates along grain boundaries and hydrogen uptake occurs during corrosion
of aluminum alloys including AA5083 as shown by resistivity change and thermal desorption.
As shown in our work on Type 304 SS in high temperature water [31], fracture mechanics
controls the micro-fracture frequency, but hydrogen embrittlement determines the micro-fracture
size. As noted above, if the SDR model was correct, the micro-fracture dimension should be a
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few Burger’s vectors or a few nanometers in magnitude, but experimentally it is found to be 2-3
microns. Thus, if the SDR model was viable, the event frequency would have to be in the kHz
range, rather than 0-2 Hz observed experimentally by analysis of the coupling current. For
sensitized Type 304 SS in thiosulfate containing solutions [33,34] and for AISI 4340 high
strength steel in caustic environments [35], both of which are well-known HIC systems, the
micro-fracture dimension can exceed the grain size and it is this large micro-fracture dimension
that results in the high CGR.
Figures 4-9 (a) and (b) show the predicted micro-fracture event frequency and dimension
for AA5083-H321 in 3.5 wt.% NaCl solution as a function of KI and CGR, respectively. At low
KI (below 18 MPa√m), the micro-fracture event frequency is predicted to increase dramatically
from 8.4 × 10-8 to 1.6 × 10-4 Hz and the predicted micro-fracture dimension decreases from 1980
to 92.6 µm, but above 18 MPa√m the increase of the frequency and the decrease of the dimension
are less significant (~ 1 order in magnitude increase in the frequency and the micro-fracture
dimension decreases from 92.6 to 42.5 µm as KI changes from 18 to 45 MPa√m). The
dependence of the micro-facture frequency on KI [Figure 4-9 (a)] parallels closely the dependence
of CGR on KI (Figure 4-8), implying that the CGR is controlled by the micro-fracture frequency,
not by changes in the micro-fracture dimension, a finding that was also made experimentally for
IGSCC in sensitized Type 304 SS in high temperature water [31]. This is also shown by the
linear dependence of CGR on micro-fracture event frequency in Figure 4-9 (b), in which microfracture event frequency is predicted to increase linearly with CGR from 1.0 × 10-8 to 6.6 × 10-5
cm/s as the micro-fracture frequency increases from 4.5 × 10-4 to 6.5 Hz. The predicted microfracture dimension changed from 65 to 44 µm over the selected CGR range [Figure 4-9 (b)]. For
AA5083-H321 in 3.5 wt.% NaCl solution at the OCP and at KI = 25 MPa√m, the micro-fracture
event frequency and micro-fracture dimension are 0.00076 Hz and 57.8 µm, respectively, which
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strongly suggests that HIC is the basic mechanism of micro-fracture. This is so, because in the
classical SDR mechanism, the micro-fracture dimension should be a small multiple of the
Burgers vector for the slip system or nm in dimension, as postulated elsewhere for IGSCC in
sensitized Type 304 SS in thiosulfate solution [33,34] and in AISI4340 high strength steel in
caustic solutions [35]. The predicted micro-fracture frequency is 1-2 orders of magnitude lower
than those found experimentally for sensitized Type 304 SS in thiosulfate solution (0.1-0.01 Hz)
and for sensitized AISI4340 high strength steel in caustic solutions (0.003 Hz), but the microfracture dimension is comparable (>100 µm for Type 304 SS, 49 µm for AISI4340 high strength
steel, and 57.8 µm for AA5083-H321). The complete resolution of this issue requires the
measurement of the coupling current and the noise contained therein as a function of KI and other
properties [31,33–35].
It has been reported [56] that ultra-strong magnesium alloys can be made by greatly
increasing the stacking fault density, which has the effect of greatly increasing the yield strength
with only a moderate decrease in the ductility. Although the CEFM is not calibrated on
magnesium alloys, the same phenomenon should be present in high strength aluminum alloys.
Therefore, the effects of some of the crack tip parameters, such as the yield strength and fracture
strain, on the fracture frequency, microfracture dimension, and CGR for IGSCC in AA5083H321 were predicted.
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Figure 4-9. Calculated micro-fracture event frequency and micro-fracture dimension as functions
of (a) KI (for [O2] = 6.42 ppm) and (b) CGR (for KI = 25 MPa√m) based on the treatment of Shoji
et al. for crack tip strain rate for AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C. Other
parameter values as in Table 4-2.

Figure 4-10 shows the dependences of CGR, micro-fracture dimension, and microfracture frequency on KI as a function of multiplier for the yield strength of AA5083-H321 in 3.5
wt.% NaCl solution at 25 °C and at ECP of -0.35 VSHE. The multiplier for the yield strength
varied from 0.2 to 5 in this calculation. It is recognized that the yield strength affects
significantly the KISCC, as shown in Figure 4-10 (a). The CEFM predicts that KISCC changes from
about 2 to 60 MPa√m when the multiplier for the yield strength varied from 0.2 to 5, indicating
that the SCC susceptibility of AA5083-H321 would decrease with increasing the yield strength.
However, it is vague to mention the effect of the yield strength on the micro-fracture dimension
and frequency. In the case of fracture strain, it does not have any effect on total CGR when the
multiplier for fracture strain changed from 0.5 to 2, since the micro-fracture dimension increases
as the fracture strain increases, but the micro-fracture frequency decrease, as shown in Figure 411.
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Figure 4-10. Dependences of (a) CGR, (b) micro-fracture dimension, and (c) micro-fracture
frequency on KI as a function of multiplier for the yield strength of AA5083-H321 in 3.5 wt.%
NaCl solution at 25 °C.
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Figure 4-11. Dependences of (a) CGR, (b) micro-fracture dimension, and (c) micro-fracture
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solution at 25 °C.
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4.2.2.4 Predicted effect of the multiplier of the standard exchange current density
Modeling studies with the CEFM for Type 304 SS in BWR environment have revealed
the effects of noble metal and inhibitory dielectric coatings on the predicted CGR [23]. From an
electrochemical viewpoint, noble metal coatings are expected to increase the standard exchange
current densities (SECD) of the redox reactions (H2 oxidation and O2 and H2O2 reduction), while
inhibitory dielectric coatings could be expected to decrease the SECDs. It is likely that these
effects also hold in the case of IGSCC in sensitized aluminum alloys, as they do for fracture in
stainless steel. Catalysis implies the factor that is used to multiply the SECD is > 1. Inhibition
implies a multiplication factor of < 1. Calculations reported here are limited in scope, particularly
with regard to composition of the environment. Figure 4-12 shows results of the calculations for
oxygenated environments, in which the conductivity and KI are held constant at 0.0775 S/cm and
25.0 MPa√m, respectively, and the SECD multiplier for O2 reduction is changed from 104 (strong
catalysis) to 10–2 (strong inhibition). The modeling predicts that CGR and ECP are strong
functions of SECD for O2 reduction reaction. However, catalysis and inhibition of the O2
reduction reaction do not affect the CGR at low [O2], where the CGR is controlled by creep. In
addition, for higher values of multiplier (> than ~100) the CGR and the ECP are predicted to be
independent of the catalysis conditions. When the SECD for O2 reduction reaction is sufficiently
high, overall kinetic and ECP are restricted by the mass transfer of O2 to the external surface.
Finally, the CGR reflects the changes in the ECP, recognizing that lowering the SECD for O2
reduction is equivalent to lowering the concentration under conditions where the SECD is
maintained constant. Thus, specific inhibition is predicted to be effective in reducing the CGR.
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Figure 4-12. Predicted (a) ECP and (b) CGR vs. [O2] for AA5083-H321 under specific catalysis
conditions and the multiplier of the standard exchange current density (SECD) for ORR (oxygen
reduction reaction) in 3.5 wt.% NaCl solution at pH =7 and at 25 °C. Other parameter values as
in Table 4-2.

4.3 Evolution of Stress Corrosion Cracks in Al-Mg alloys in Marine Applications

4.3.1 Predicted effect of electrochemical crack length
According to the CEFM, it was expected that the CGR would be strongly dependent on
electrochemical crack length (ECL) under constant KI conditions, due to the strong coupling
between the internal and external crack environments and the IR potential drop down the crack.
The ECL is defined as being the least resistive path for current flow through the in-crack
environment between the local crack front, where the current is generated, and the external
surface, where the current is consumed via the reduction of the cathodic depolarizer (in this case,
oxygen). The length of this path may not be coincident with the mechanical (loading) crack
length (MCL), which determines the value of KI. Figure 4-13 depicts this dependence and shows
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the predicted CGR a function of ECP in lightly sensitized AA5083-H321 in 3.5 wt.% NaCl
solution at 25 °C, as the ECL is varied from 0.001 to 10 cm. For these calculations, KI = 25
MPa√m and the treatment of Shoji et al. [57] for estimating the crack-tip strain rate was used.
The calculated CGR indicates that at the highest ECP used, the CGR decreases by ~ 2 orders of
magnitude as the ECL increases from 0.001 cm to 10 cm. The longer crack therefore produces a
lower CGR. The decrease in CGR, as the ECL increases, is directly attributable to the IR
potential drop, as has been argued previously in papers [23,25] on the CEFM. Thus, the longer
the crack, the higher is the IR potential drop down the crack, the less is the potential drop across
the external surface that drives O2 reduction, and hence the lower is the CGR. It is also
recognized that the EIGSCC, the minimum ECP at which the environmentally-induced CGR
becomes distinguishable from crack extension resulting from creep, becomes more positive as the
ECL increases, indicating a theoretical dependence of the EIGSCC on ECL. The shortest ECL
resulted in the most negative EIGSCC.
The dependence of the CGR on the ECL provides a ready explanation for the shapes of
cracks in plane surfaces (i.e., “surface cracks”). The CEFM predicts that, as the initial crack
length increases, the CGR decreases and that the crack propagation rates along the surface and
perpendicular to the surface are different. If Lmajor and Lminor represent the crack length along and
perpendicular to the surface, respectively, they can be expressed by the following recursive
equations.

( )

(4-1)

( )

(4-2)

and
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where l0 is the initial ECL (taken as the radius of the crack nucleus), ∆ is time increment, and
( )

represents the CGR at the ECL of l(j), which is the shortest distance between the crack

front and the external surface at this location. For growth at the edge, along the surface, the value
of crack length for the next time increment has a linear relationship with time because the CGR at
the edge is a constant at l0.
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Figure 4-13. Predicted CGR vs. ECP as a function of initial crack length for AA5083-H321 in 3.5
wt.% NaCl solution, at pH = 7 and at 25 °C. Other parameter values as in Table 4-2.

In predicting the shape evolution of a surface crack, it is necessary to consider the
variation of KI along the crack front. As described in Chapter 3 of this dissertation, the values of
KI at the center and the edge of the surface crack in an infinite plate under uniform stress,
normal to the crack surface are given by

,
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√

(

)

(4-3)

and
√

√

(

)

(4-4)

respectively, where E(k) is the complete elliptical integral of the second kind and the parameters a
and b represent the crack length perpendicular to and along the surface, respectively (see Figure
3-2). In this calculation, the initial KI is the KISCC of AA5083-H321 in marine environments
(taken as 13 MPa(m)1/2 from Figure 4-8) and the crack nucleus is assumed to be semi-circular of
radius 10 µm.

4.3.2 Evolution of semi-elliptical surface cracks
Figure 4-14 (a) shows the predicted CGRs along the major and minor axes with respect to
time for AA5083-H321 in aerated 3.5 wt.% NaCl solution at pH = 7 and at 25 °C. This
calculation is done at OCP (-0.51 VSHE) of AA5083-H321, slightly higher than the EIGSCC (-0.6
VSHE), and the effect of the ECL, as well as the variation of KI along the crack front, is included.
In the beginning of the development of surface cracks, the CGRs in both axes increase sharply
with increasing KI above the KISCC, but soon reach the plateau that displays a weak dependence of
CGR on KI, which is generally illustrated in the log (CGR) vs. KI correlation. In the case of Type
304 SS in Chapter 3, the CGR along the minor axis of the semi-ellipse increases until a certain
time due to the dominant effect of the KI on CGR, but soon decreases with time since the effect of
ECL overwhelms that of the KI at the crack center. In the case of AA5083-H321, however, the
creep rate of the alloy is relatively high due to its ductility, as described in Chapter 4.2, and the
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OCP is slightly higher than EIGSCC, so that the effect of the KI on the CGR at the OCP is still
compatible with that of the ECL even after a sufficient time. But there exists the difference
between the CGRs along major and minor axes due to a negative function of the ECL. The lower
CGR at the center of surface crack than that at the edge of surface crack results in an overall
shorter crack length along the minor axis of the semi-ellipse than in the case of the major axis
along the surface [Figure 4-14 (b)]. While the crack lengths on the major and minor axis are
initially equal, a discrepancy develops between the rates of crack propagation along the two
different axes over specific time interval. This behavior leads to the development of a semielliptical surface cracks that are frequently observed in SCC, as shown in Figure 4-15 (a).
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Figure 4-14. Predicted CGRs perpendicular to the surface (Lminor) and along the surface (Lmajor)
with respect to elapsed time in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C.
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Figure 4-15. Predicted (a) crack shape and (b) aspect ratio (Lminor / Lmajor) of the surface crack with
respect to elapsed time in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C. Lmajor and Lminor
represent the crack length along, and perpendicular to the surface, respectively. Note that the
crack nucleus is assumed to be semi-circular of radius 10 µm.

Figure 4-15 (b) shows the predicted aspect ratio (Lminor / Lmajor) of the surface crack with
respect to elapsed time in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C. The aspect ratio
decreases from 1(semi-circular shape) to 0.6 (semi-elliptical shape) over the selected period of
time. As the aspect ratio changes with crack propagation, the KI values at the edge and the center
of the surface crack increase with time according to Equations (4-3) and (4-4). Figure 4-16
shows the predicted KI values at the edge and the center of the surface crack with respect to
elapsed time in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C. In the beginning of
development of a semi-elliptical surface crack, the KI value at the edge is higher than that at the
center up to about 13 hours, as shown in the inlet of Figure 4-16, due to the geometric aspect of
the crack, but becomes less than that at the center after about 13 hours. If the development of a
semi-elliptical crack were purely mechanical in origin, the major axis should be oriented
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perpendicular to the surface, rather than being coincident with the surface as is invariably the
case. Therefore, it is concluded that the dependence of the CGR on the ECL is mainly
responsible for the evolution of semi-elliptical surface cracks rather than the variation of the local
KI along the crack front.
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Figure 4-16. Predicted KI at the edge and the center of surface cracks with respect to elapsed time
in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C.

Since crack advance also changes the KI at the crack tip with time, assuming a constant
load, the lifetime of components could be determined either by the penetration of the crack
through the wall or by KI exceeding the fracture toughness, KIC, of AA5083-H321 (43 MPa(m)1/2
[44]), resulting in rapid, unstable mechanical crack growth. We refer to these two cases as being
‘‘damage-controlled’’ and ‘‘stress-controlled’’ failures, respectively. In this work, assuming that
the aluminum alloy has infinite thickness, the service life is determined by the intercept of KI (t)
and KIC, as shown in Figure 4-16. If KI (t) does exceed KIC, the remaining ligament of AA5083-
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H321 ahead of the crack fails mechanically with a crack velocity that is a significant fraction of
the velocity of sound. A service life of about 27 hours after the initiation of the surface crack in
an infinite thick wall is estimated and the aspect ratio (Lminor / Lmajor) at failure is about ~ 0.73. It
should be noted that load relaxation associated with the growing crack is not considered and no
account of initiation is incorporated into the model since the present calculations assume an
active, preexisting crack nucleus. However, the calculation does suggest that through-wall
cracking in aluminum alloys is dominated by initiation, the theory of which is currently being
developed in this laboratory within the framework of damage function analysis (DFA) [58].

4.3.3 Effects of ECP, solution conductivity, flow rate, and multiplier for standard exchange
current density for oxygen reduction reaction on the evolution of semi-elliptical surface
cracks
The importance of water chemistry parameters, such as solution conductivity, flow
velocity, and oxidant concentration, in the SCC of the lightly sensitized AA5083-H321 in marine
environment has been confirmed theoretically in Chapter 4-2. According to the CEFM, the CGR
strongly depends on the ECP that is calculated by using the MPM [47] in the CEFM for specified
concentrations of O2, H2, and H2O2 in the solution, the kinetics of the reduction of oxygen and
hydrogen peroxide and hydrogen evolution, the kinetics of the electro-dissolution of the
aluminum substrate, and the assumed hydrodynamic conditions. Therefore, I predicted the crack
shape of the surface crack of AA5083-H321 for different ECP values and for fixed conductivity
and hydrodynamic conditions, using the operational parameter values given in Table 4-2.
Figure 4-17 shows the CGRs along the major and minor axes of the surface crack, aspect
ratio (Lminor / Lmajor), and the KI at the center and the edge of surface crack as a function of ECP in
AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C. The solid line indicates predicted values
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along the major axis and the dashed line represents the predicted values along the minor axis.
The CGR increases with increasing the ECP along both axes, and hence the crack length, at the
same moment, rises with the ECP, resulting in the increase in the KI values at the center and edge
of the surface crack. The dependence of the CGR on ECP is shown in Chapter 4.2 and also
supported by other research [59–61], arguing that SCC became active when the specimen was
polarized anodically above a EIGSCC, while SCC failure is not observed at low ECPs. When the
ECP is below the EIGSCC (-0.6 VSHE) in lightly sensitized AA5083-H321 in 3.5 wt.% NaCl
solution at 25 °C, crack advance is totally controlled by creep crack growth and the CGR is
extremely low (black line in Figure 4-17). Thus, it is difficult to observe the crack advance under
these conditions and hence almost no change of in the initial crack shape is predicted over the
selected time, as shown in Figure 4-18 (a). However, as the ECP increases, the progressive
development of semi-elliptical surface cracks is predicted, due to the enhanced effect of the ECL
on CGR. It is recognized that difference between the CGRs along both axes increases with
increasing the ECP, especially in the beginning of the development of the crack shape, indicating
that the progressive development of a semi-elliptical surface crack is established faster at the
higher ECP, but this enhancement becomes less with elapsed time after a certain time due to the
considerable difference in KI along both axes, as shown in Figure 4-17 (c). Much higher KI value
at the center of the surface crack renders the aspect ratio increase (see Figure 4-17 (b)) due to a
positive function of the KI on CGR.
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Figure 4-17. (a) Predicted CGRs, (b) aspect ratio (Lminor/Lmajor) of the crack, and (c) KI at the edge
and the center of surface cracks with respect to elapsed time as a function of ECP in AA5083H321 in 3.5 wt.% NaCl solution at 25 °C. Lmajor and Lminor represent the crack length along, and
perpendicular to the surface, respectively. The solid line indicates predicted that values along the
major axis and the dashed line represents predicted that values along the minor axis.

133

0.12

0.020
Temp = 25 C
Conductivity: 0.0775 S/cm
Flow velocity: 0.001 cm/s
ECP: -0.71 VSHE

0.10
0.08

3

t = 2 x 10 s

Lminor, cm

Lminor, cm

0.015

Time (hours)
1
20
40
60
80

o

0.010

Time (hours)
1
20
40
60
80

o

Temp = 25 C
Conductivity: 0.0775 S/cm
Flow velocity: 0.001 cm/s
ECP: -0.51 VSHE
3

t = 2 x 10 s

0.06
Crack advance

0.04

Crack advance
0.005

0.02

0
-0.010

-0.005

0

0.005

0
-0.06

0.010

-0.04

-0.02

(a) -0.71 VSHE

0.04

0.06

100

o

Temp = 25 C
Conductivity: 0.0775 S/cm
Flow velocity: 0.001 cm/s
ECP: -0.31 VSHE
3

t = 2 x 10 s

Lminor, cm

Lminor, cm

0.02

(b) -0.51 VSHE

12
Time (hours)
1
10
20
40
60
8
80

0

Lmajor, cm

Lmajor, cm

6

Time (hours)
1
20
80
40
60
80
60

o

Temp = 25 C
Conductivity: 0.0775 S/cm
Flow velocity: 0.001 cm/s
ECP: -0.21 VSHE
3

t = 2 x 10 s

40

4
Crack advance

0
-6

Crack advance

20

2

-4

-2

0

2

Lmajor, cm

(c) -0.31 VSHE

4

6

0
-40

-20

0

20

40

Lmajor, cm

(d) -0.21 VSHE

Figure 4-18. Predicted crack shape with respect to elapsed time and as a function of ECP [(a) 0.71, (b) -0.51, (c) -0.41, (d) -0.31, and (e) -0.21 VSHE] in AA5083-H321 in 3.5 wt.% NaCl
solution at 25 °C. Lmajor and Lminor represent the crack length along, and perpendicular to the
surface, respectively. Note that the crack nucleus is assumed to be semi-circular of radius 10 µm.
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As shown in Figure 4-18, the ECP influences the crack shape with time as well as the
depth of surface crack through the wall of AA5083-H321. Figure 4-17 (b) shows the aspect ratio
of a semi-elliptical surface crack with elapsed time as a function of the ECP. Below the EIGSCC of
AA5083-H321 in 3.5 wt.% NaCl solution, the aspect ratio is almost 1, indicating semi-circular
crack shape (the shape of crack nucleus), as shown in Figure 4-18 (a), due to the extremely low
CGR. On the other hand, above the EIGSCC the aspect ratio decreases sharply in early stages,
indicating the development of semi-elliptical surface cracks, and reach a constant value after a
certain period of time, which depends on the ECP. The decreasing rate of the aspect ratio at the
beginning of semi-elliptical surface crack evolution increases with increasing ECP. However,
after a certain time the aspect ratio starts to increases due to the significant increase in the KI at
the center of the surface crack than that at the edge, as mentioned above. The transition time
decreases with increasing ECP. Thus, it is concluded that the effect of the ECL plays a key role
in the beginning of development of semi-elliptical surface cracks.
Figure 4-19 shows the predicted CGRs perpendicular to the surface (Lminor) (dash line)
and along the surface (Lmajor) (solid line) with respect to elapsed time as functions of solution
conductivity at 25 ºC [0.13, 7.80, 7.75 ×102, 7.75 ×104, and 7.75 ×106 µS/cm], flow velocity
[0.001, 0.01, 0.1, 1, 10, and 100 cm/s], and multiplier of standard exchange current density
(SECD) for oxygen reduction reaction (ORR) [0.01, 0.1, 1, 10, and 100] in AA5083-H321 in 3.5
wt.% NaCl solution at 25 °C. In the cases of the conductivity and multiplier of SECD of O2
reduction, increasing the variables gives rise to the increase in the CGR, as described in Chapter
4.2. Increasing the conductivity of the external environment enhances the throwing power of the
current from the crack mouth and gives the external surface a greater capacity to consume
electrons being produced by metal dissolution at the crack tip, thereby resulting in a higher
coupling current, which in turn results in a higher [H+] and [Cl-] at the crack tip. This leads to
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enhanced injection of H into the matrix ahead of the crack and hence to decrease in time for
hydrogen pressure within a void to reach critical levels for void rupture. The hydrogen pressure
adds to the hydrostatic stress on the void, due to mechanical loading, resulting in an increase in
the micro-fracture frequency. Accordingly, the CGR increases, as the solution conductivity
changes from 0.13 to 7.75 ×106 µS/cm, as shown in Figure 4-19 (a). Thus, it is seen in Figure 420 that the solution conductivity influences the crack shape with time as well as the depth of
surface crack through the wall of AA5083-H321.
Figure 4-19(b) shows the dependence of the CGR on the multiplier of SECD for ORR in
which the conductivity and flow velocity are held constant at 0.0775 S/cm and 0.001 cm/s,
respectively, and the multiplier of SECD for ORR is changed from 102 (catalysis) to 10-2
(inhibition). It is also assumed that both [H2] and [H2O2] are 1 ppb. Increasing the multiplier of
SECD of ORR gives rise to the increase in the CGR by decreasing the charge transfer impedance
of the aluminum surface, which increasing the magnitude of the coupling current that flows
through the solution from the crack to the external surface. The CGR reflects the changes in the
ECP, recognizing that lowering the SECD for O2 reduction is equivalent to lowering the ECP
below EIGSCC (-0.6 VSHE; see Figure 4-21). In the case of dielectric coatings (multiplier factor of <
1), the lower exchange current densities render the metal less susceptible to the ECP-raising
oxidizing species, such as O2, with the result that the ECP is again displaced in the negative
direction. In Figure 4-19 (b), the CGRs in both directions in the cases of multiplier of 10-2 and
10-1 are in the range of 10-9 cm/s with the result that the ECP is displaced below EIGSCC, as shown
in Figure 4-21, which means that the crack advance is controlled by creep crack growth.
Experimental work [62] has shown that electrophoretically deposited Zirconia (ZrO2) coatings on
sensitized stainless steel reduce the exchange current density for O2 reduction by a factor of 100–
1000, and that the measured impact of the coatings on the ECP and CGR in dilute sulfate
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solutions at 288 ºC are in excellent agreement with the predictions of the MPM and CEFM,
respectively.
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Figure 4-19. Predicted CGRs perpendicular to the surface (Lminor) (dash line) and along the
surface (Lmajor) (solid line) with respect to elapsed time and as functions of (a) solution
conductivity [0.13, 7.80, 7.75 ×102, 7.75 ×104, and 7.75 ×106 µS/cm], (b) multiplier of SECD for
ORR [0.01, 0.1, 1, 10, and 100], and (c) flow velocity [0.001, 0.01, 0.1, 1, 10, and 100 cm/s] in
AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C.
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Figure 4-20. Predicted crack shape with respect to elapsed time and as a function of the solution
conductivity [(a) 0.13, (b) 7.80, (c) 7.75 × 102, and (d) 7.75 × 106 μS/cm] in AA5083-H321 in
NaCl solutions at 25 °C. Lmajor and Lminor represent the crack length along, and perpendicular to
the surface, respectively. Note that the crack nucleus is assumed to be semi-circular of radius 10
µm.
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Figure 4-21. Predicted ECP with respect to multiplier of SECD for ORR [0.01, 0.1, 1, 10, 100,
and 1000] in AA5083-H321 in 3.5 wt.% NaCl solution at 25 °C.

Figure 4-22 shows the predicted crack shape with respect to elapsed time and as a
function of multiplier of SECD for ORR [0.01, 0.1, 1, 10, and 100] in AA5083-H321 in 3.5 wt.%
NaCl solution at 25 °C. From Figure 4-22, it is also confirmed that the kinetic parameter for O2
reduction affects the crack shape with time as well as the depth of surface crack through the wall
of AA5083-H321 and all of the shapes of the surface cracks are semi-elliptical, except the cases
that the CGR is controlled by creep crack growth.
However, in the aerated solution having high conductivity (0.0775 S/cm in this
calculation), the CGR is predicted to have a lower sensitivity to mass transport effects as
compared to those of [O2] and conductivity in Chapter 4.2, which is also shown in Figure 4-19
(c). The flow velocity does not affect the CGR in the selected range and hence the crack shape of
AA5083-H321with time.
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Figure 4-22. Predicted crack shape with respect to elapsed time and as a function of multiplier of
SECD for ORR [(a) 0.01 & 0.1, (b) 1, (c) 10, and (d) 100] in AA5083-H321 in 3.5 wt.% NaCl
solution at 25 °C. Lmajor and Lminor represent the crack length along, and perpendicular to the
surface, respectively. Note that the crack nucleus is assumed to be semi-circular of radius 10 µm.
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Stress intensity factor, KI, as noted in the above discussion, increases with time as the
crack advances, assuming a constant load, and hence one can specify that failure of a component
will occur during the jth time interval if the stress intensity, KI, exceeds the critical value for fast,
unstable fracture KIC. The service life in Figure 4-23 is determined by the intercept of KI (t) and
KIC(in this case, 43 MPa(m)1/2 for AA5083-H321 [44]). All of the times to failure are predicted to
decrease as the independent variables used in this work increase, resulting from an increase in the
CGR, but the effects of the ECP, the multiplier of SECD for ORR, and the solution conductivity
are more significant than that of the flow velocity. The flow velocity has the least effect on the
time to failure and almost no impact on the crack shape at failure. All the aspect ratio at failure
examined in this study is in the range of 0.7 to 0.9, indicating semi-elliptical in shape with the
long axis parallel to the pipe axial direction, which is usually observed in SCC. It should be
stressed again that load relaxation associated with the growing crack is not considered and no
account of initiation is incorporated into the model since the present calculations assume an active,
preexisting crack nucleus.
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Figure 4-23. Predicted time to failure and aspect ratio at failure as functions of (a) ECP, (b)
solution conductivity, (c) flow velocity, and (d) multiplier of SECD for ORR in AA5083-H321 in
3.5 wt.% NaCl solution at 25 °C.
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4.4 Summary and Conclusions
In order to assess the importance of IGSCC in aluminum alloys, the CEFM, which has
been used extensively to predict IGSCC in sensitized austenitic stainless steel components in the
heat transport circuits of nuclear power reactors, was modified and calibrated to predict CGRs in
marine aluminum alloys. Calibration involves optimization of the CEFM on measured CGR data
and, after extracting values for essential parameters, calculating CGR data as a function of the
independent variables of interest. The customized CEFM for aluminum alloys provided
quantitative predictions of the effects of O2, electrochemical potential, stress intensity factor, and
conductivity on CGR in lightly sensitized AA5083-H321 in 3.5 wt.% NaCl solution. The
importance of environmental variables, such as conductivity and oxidant/reductant concentration,
on the IGSCC of lightly sensitized AA5083-H321 in a marine environment has also been
confirmed. In addition, the CEFM provides mechanistic definitions of EIGSCC and KISCC in lightly
sensitized AA5083-H321 in 3.5 wt.% NaCl solution. Furthermore, theoretically the evolution of
crack shape, as predicted by the CEFM, for surface stress corrosion cracks in lightly sensitized
AA5083-H321 in 3.5 wt.% NaCl solution was explored as functions of ECP, solution
conductivity, flow velocity, and multiplier of the SECD for O2 reduction. The evolution of the
semi-elliptical shape of surface cracks is attributed to the dependence of the CGR on the ECL,
rather than on the variation in the local stress intensity along the crack front. Accordingly, the
evolution of the semi-elliptical shape of surface cracks depends upon environmental variables,
such as ECP, solution conductivity, flow velocity, and multiplier of SECD for O2 reaction. It is
also predicted that local stress intensity along the crack front, assuming constant load conditions,
has an impact on the evolution of crack shape after a certain time due to the large difference in
stress intensities at the edge and the center of surface cracks, but the CEFM predicts that all the
aspect ratios at failure examined in this study are in the range of 0.7 to 0.9, indicating semi-

143

elliptical in shape with the long axis parallel to the surface. The success of the CEFM in
accounting for the IGSCC of Al-Mg alloys, argues that the basic concept of the model, in which
the internal and external environments are strongly coupled by the conservation of charge, is
sound and is as applicable to IGSCC in lightly sensitized aluminum alloys as it is for other alloys.

4.5 References
[1]

J.L. Searles, P.I. Gouma, R.G. Buchheit, Stress corrosion cracking of sensitized AA5083
(Al-4.5Mg-1.0Mn), Metall. Mater. Trans. A 32 (2001) 2859–2867.

[2]

M.G. Vassilaros, in: R N. Parkins (Ed.), Life Prediction of Corrodible Structures, NACE
International, Houston, 1994: pp. 1656–1667.

[3]

R.H. Jones, D.R. Baer, M.J. Danielson, J.S. Vetrano, Role of Mg in the stress corrosion
cracking of an Al-Mg alloy, Metall. Mater. Trans. A 32 (2001) 1699–1711.

[4]

J.R. Pickens, J.R. Gordon, J.A.S. Green, The effect of loading mode on the stress-corrosion
cracking of aluminum alloy 5083, Metall. Trans. A 14 (1983) 925–930.

[5]

C. Lea, C. Molinari, Magnesium diffusion, surface segregation and oxidation in Al-Mg
alloys, J. Mater. Sci. 19 (1984) 2336–2352.

[6]

J.S. Vetrano, R.E. Williford, S.M. Buremmer, R.H. Jones, Influence of microstructure and
thermal history on the corrosion susceptibility of AA5083, in: TMS Annual Meeting,
Orlando, FL, 1997: p. 77.

[7]

D. Sampath, S. Moldenhauer, H.R. Schipper, K. Mechsner, A. Haszler, Decomposition of
solid solution of the AA5083 alloy upon exposure to elevated temperatures, Mater. Sci.
Forum. 331-337 (2000) 1089–1094.

[8]

C.F.J. Windisch, D.R. Baer, M.H. Engelhard, M.J. Danielson, R.H. Jones, Corrosion of
Mg- and Cu-implanted Al in 3.5% NaCl solution, in: 198th Meeting of the Electrochemical
Society, Phoenix, AZ, 2000.

[9]

D.R. Baer, C.F. Windisch, M.H. Engelhard, M.J. Danielson, R.H. Jones, J.S. Vetrano,
Influence of Mg on the corrosion of Al, J. Vac. Sci. Technol. A 18 (2000) 131–136.

[10] J.L. Searles, P.I. Gouma, R.G. Buchheit, Stress corrosion cracking of sensitized AA5083
(Al-4.5Mg-1.0Mn), Mater. Sci. Forum. 396-402 (2002) 1437–1442.

144

[11] D. Tanguy, B. Bayle, R. Dif, T. Magnin, Hydrogen effects during IGSCC of pure Al–5Mg
alloy in NaCl media, Corros. Sci. 44 (2002) 1163–1175.
[12] R.H. Jones, The influence of hydrogen on the stress-corrosion cracking of low-strength AlMg alloys, JOM. 55 (2003) 42–46.
[13] R.H. Jones, J.S. Vetrano, C.F. Windisch, Stress corrosion cracking of Al-Mg and Mg-Al
alloys, Corrosion 60 (2004) 1144–1154.
[14] A.J. Davenport, Y. Yuan, R. Ambat, B.J. Connolly, M. Strangwood, A. Afseth, et al.,
Intergranular corrosion and stress corrosion cracking of sensitised AA5182, Mater. Sci.
Forum. 519-521 (2006) 641–646.
[15] I.N.A. Oguocha, O.J. Adigun, S. Yannacopoulos, Effect of sensitization heat treatment on
properties of Al–Mg alloy AA5083-H116, J. Mater. Sci. 43 (2008) 4208–4214.
[16] J. Gao, D. Quesnel, Enhancement of the stress corrosion sensitivity of AA5083 by heat
treatment, Metall. Mater. Trans. A 42 (2011) 356–364.
[17] P. Doig, G.T. Jones, A model for the initiation of hydrogen embrittlement cracking at
notches in gaseous hydrogen environments, Metall. Trans. A 8 (1977) 1993–1998.
[18] F.P. Ford, M.J. Silverman, The prediction of stress-corrosion cracking of sensitized 304
stainless-steel in 0.01M Na2SO4 at 97 °C, Corrosion 36 (1980) 558-565.
[19] F.P. Ford, P.L. Andresen, The Theoretical Prediction of the Effect of System Variables on
the Cracking of Stainless Steel and Its Use in Design, in: Corrosion/87, NACE, Houston,
TX, 1987.
[20] F.P. Ford, D.F. Taylor, P.L. Andresen, R.G. Ballinger, Corrosion-assisted cracking of
stainless and low-alloy steels in LWR environments, EPRI, Report NP5064M, 1987.
[21] R. Li, M.G.S. Ferreira, The thermodynamic conditions for hydrogen generation inside a
stress corrosion crack, Corros. Sci. 38 (1996) 317–327.
[22] D.D. Macdonald, M. Urquidi-Macdonald, A coupled environment model for stress
corrosion cracking in sensitized Type 304 stainless steel in LWR environments, Corros.
Sci. 32 (1991) 51–81.
[23] D.D. Macdonald, P.-C. Lu, M. Urquidi-Macdonald, T.-K. Yeh, Theoretical estimation of
crack growth rates in Type 304 stainless steel in boiling-water reactor coolant
environments, Corrosion 52 (1996) 768–785.
[24] D.D. Macdonald, On the modeling of stress corrosion cracking in iron and nickel base
alloys in high temperature aqueous environments, Corros. Sci. 38 (1996) 1003–1010.

145

[25] G. Engelhardt, M. Urquidi-Macdonald, D.D. Macdonald, A simplified method for
estimating corrosion cavity growth rates, Corros. Sci. 39 (1997) 419–441.
[26] A. Turnbull, Modelling of crack chemistry in sensitized stainless steel in boiling water
reactor environments, Corros. Sci. 39 (1997) 789–805.
[27] T. Boellinghaus, H. Hoffmeister, Numerical model for hydrogen-assisted cracking,
Corrosion 56 (2000) 611–622.
[28] J.P. Chateau, D. Delafosse, T. Magnin, Numerical simulations of hydrogen–dislocation
interactions in fcc stainless steels: part I: hydrogen–dislocation interactions in bulk crystals,
Acta Mater. 50 (2002) 1507–1522.
[29] J.P. Chateau, D. Delafosse, T. Magnin, Numerical simulations of hydrogen–dislocation
interactions in fcc stainless steels: part II: hydrogen effects on crack tip plasticity at a stress
corrosion crack, Acta Mater. 50 (2002) 1523–1538.
[30] M. Vankeerberghen, D.D. Macdonald, Predicting crack growth rate vs. temperature
behaviour of Type 304 stainless steel in dilute sulphuric acid solutions, Corros. Sci. 44
(2002) 1425–1441.
[31] M.P. Manahan, D.D. Macdonald, A.J. Peterson, Determination of the fate of the current in
the stress corrosion cracking of sensitized Type 304SS in high temperature aqueous
systems, Corros. Sci. 37 (1995) 189–208.
[32] J.C. Scully, The interaction of strain-rate and repassivation rate in stress corrosion crack
propagation, Corros. Sci. 20 (1980) 997–1016.
[33] M. Gomez-Duran, D.D. Macdonald, Stress corrosion cracking of sensitized Type 304
stainless steel in thiosulfate solution: I. Fate of the coupling current, Corros. Sci. 45 (2003)
1455–1471.
[34] M. Gomez-Duran, D.D. Macdonald, Stress corrosion cracking of sensitized Type 304
stainless steel in thiosulphate solution. II. Dynamics of fracture, Corros. Sci. 48 (2006)
1608–1622.
[35] S. Liu, D.D. Macdonald, Fracture of AISI 4340 steel in concentrated sodium hydroxide
solution, Corrosion 58 (2002) 835–845.
[36] A.K. Vijh, Electrolytic hydrogen evolution reaction on aluminum in acidic solutions, J
Phys. Chem. 72 (1968) 1148–1156.
[37] J.C. Grosskreutz, Mechanical properties of metal oxide films, J. Electrochem. Soc. 116
(1969) 1232–1237.

146

[38] H.J. Frost, F. Ashby, Deformation-mechanism maps: the plasticity and creep of metals and
ceramics, Pergamon Press, New York, 1982.
[39] S.-M. Moon, S.-I. Pyun, Faradaic reactions and their effects on dissolution of the natural
oxide film on pure aluminum during cathodic polarization in aqueous solutions, Corrosion
54 (1998) 546–552.
[40] J.C. Chang, T.H. Chuang, The degradation of corrosion resistance for Al 5083 alloy after
thermal and superplastic forming processes, J. Mater. Eng. Perform. 9 (2000) 253–260.
[41] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and Applications, 2nd
ed., Wiley & Sons, Inc, 2000.
[42] I.C. Hsiao, J.C. Huang, Deformation mechanisms during low-and high-temperature
superplasticity in 5083 Al-Mg alloy, Metall. Mater. Trans. A 33 (2002) 1373–1384.
[43] Y. Liu, Y.F. Cheng, Cathodic reaction kinetics and its implication on flow-assisted
corrosion of aluminum alloy in aqueous ethylene glycol solution, J. Appl. Electrochem. 39
(2009) 1267–1272.
[44] ASM Material Data Sheet,
http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA5083H116
[45] ASTM G67, Standard test method for determining the susceptibility to intergranular
corrosion of 5XXX series aluminum alloys by mass loss after exposure to nitric acid
(NAMLT test), (2004).
[46] H.E. Garcia, L.I. Gordon, Oxygen solubility in seawater: Better fitting equations, Limnol.
Oceanogr. 37 (1992) 1307–1312.
[47] D.D. Macdonald, A.C. Scott, P. Wentrcek, Redox potential measurements in high
temperature aqueous systems, J. Electrochem. Soc. 128 (1981) 250–257.
[48] D.S. Wilkinson, V. Vitek, The propagation of cracks by cavitation: A general theory, Acta
Metall. 30 (1982) 1723–1732.
[49] C. Lu, K.T. McDonald, The effect of annealing on creep of aluminum wire, Princeton,
1997.
[50] G. Bencivenni, L. Bucci, G. Finocchiaro, C. Forti, Creep measurement on aluminum-5056
wires, KLOE, Frascati, Italy, 1998.
[51] J.G. Kaufman, Properties of aluminum alloys: Tensile, creep & fatigue data at high & low
temperatures, ASM International, Materials Park, OH, 1999.

147

[52] J. Gao, Experiments to explore the mechanisms of stress corrosion cracking, University of
Rochester, 2011.
[53] R.L. Holtz, P.S. Pao, R.A. Bayles, T.M. Longazel, R. Goswami, Corrosion-fatigue
behavior of aluminum alloy 5083-H131 sensitized at 448 K (175 °C), Metall. Mater. Trans.
A 43 (2011) 2839–2849.
[54] C.B. Crane, R.P. Gangloff, Stress corrosion cracking of low temperature sensitized
AA5083, in: Department of Defense 2011 Corrosion Conference, NACE, Houston, 2011:
pp. 1–14.
[55] M.L.C. Lim, J.R. Scully, R.G. Kelly, Intergranular corrosion penetration in an Al-Mg alloy
as a function of electrochemical and metallurgical conditions, Corrosion 69 (2013) 35–47.
[56] W.W. Jian, G.M. Cheng, W.Z. Xu, H. Yuan, M.H. Tsai, Q.D. Wang, et al., Ultrastrong Mg
alloy via nano-spaced stacking faults, Mater. Res. Lett. 1(2) (2013) 61-66.
[57] T. Shoji, Z. Lu, H. Murakami, Formulating stress corrosion cracking growth rates by
combination of crack tip mechanics and crack tip oxidation kinetics, Corros. Sci. 52 (2010)
769–779.
[58] D.D. Macdonald, G.R. Engelhardt, Predictive modeling of corrosion, in: T. Richardson, B.
Cottis, R. Lindsay, S. Lyon, D. Scantlebury, H. Stott, et al. (Eds.), Shreir’s Corrosion, 4th
ed., Elsevier., Amsterdam:, 2010: pp. 1630–1679.
[59] G. Nakayama, M. Akashi, Stress corrosion cracking initiation process for alloy 182 weld
metal in simulated BWR environments, Paper No. 406, in: Corrosion 1995, NACE, 1995.
[60] H.M. Chung, W.E. Ruther, R. V. Strain, W.J. Shack, Stress corrosion cracking of Type 304
stainless steel irradiated to very high dose, Paper No. 204, in: Corrosion 2000, NACE,
2000.
[61] W.C. Moshier, L.A. James, The effect of potential on the high-temperature fatigue crack
growth response of low alloy steels, part 2: sulfide-potential interaction, Corros. Sci. 41
(1999) 401–415.
[62] X. Zhou, I. Balachov, D.D. Macdonald, The effect of dielectric coatings on IGSCC in
sensitized Type 304SS in high temperature dilute sodium sulfate solution, Corros. Sci. 40
(1998) 1349–1362.

148

Chapter 5
Theoretical Aspects of Stress Corrosion Cracking of Alloy 22

5.1 Introduction
The U.S. Department of Energy selected Alloy 22 as the waste package outer container
material for long-term disposal of high level nuclear waste (HLNW) at the potential Yucca
Mountain repository because of its excellent resistance to general corrosion as well as to localized
corrosion in the potential Yucca Mountain repository environment [1–3]. Stress corrosion
cracking (SCC) is one of the most likely degradation modes for the waste package and drip shield
materials. The stress relevant to SCC in waste packages is primarily the residual tensile stress
induced by the welding processes and the principal areas of SCC concern are the closure welds of
the waste package at the loading end, since they are not post-weld heat treated. In addition, for
low-probability seismic events, SCC can occur at seismically damaged regions of the waste
package [2,3]. Therefore, Alloy 22 has been extensively investigated to understand the SCC
behavior of the alloy in various environments, such as simulated concentrated water (SCW),
simulated acidified water (SAW), and basic saturated water (BSW), mainly at General Electric
Co (GE), Southwest Research Institute (SwRI), and the Lawrence Livermore National Laboratory
(LLNL) [4–18].
In general, the accumulated damage due to SCC can be separated into the crack initiation
and crack propagation stages. For the purpose of lifetime modeling, it is appropriate to associate
crack initiation with microscopic crack formation at localized corrosion or mechanical defect sites.
SCC initiation measurements under constant-load conditions were conducted at GE Global
Research Center by using a Keno Autoclave system [6,8]. Andresen et al. [6,8] used a crack size
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of 0.05 mm as an equivalent defect from which to start propagating cracks. Alloy 22 specimens
were subjected to more than 21,000 hours of exposure in a hot concentrated salt solution (pH =
10.3 at 105 °C) and the time to failure was measured as a function of the applied stress ratio. The
applied stress ratios were up to about 2.1 times the yield strength of the as-received material and
up to 2.0 times the yield strength of the welded material. The crack-initiation tests showed that
no initiation occurred in Alloy 22 in any metallurgical or surface-preparation condition at actively
loaded stresses up to 95 % of the ultimate tensile strength and over a time period of 18,723 hours.
In addition, the outstanding resistance to SCC initiation of Alloy 22 was verified by results of
high-magnification visual examination of numerous U-bend specimens, exposed for up to four
years to simulated diluted water, SCW, and SAW solutions at 60 and 90 °C [13]. We note,
however, that four years represents only one two-hundred and fifty thousandths of the proposed
storage time and hence can hardly provide assurance that cracks will not initiate in the balance of
the storage time.
Estill et al. [10] and Rebak et al. [11] at the LLNL determined the electrochemical
potential range of SCC susceptibility of Alloy 22 in various simulated ground waters using
constant deformation and slow strain rate tests (SSRT). Alloy 22 specimens under SSRT were
subjected to an anodic potential in different environments and various temperatures. The results
suggested that Alloy 22 is SCC susceptible at 0.5 – 0.6 VSHE in SCW solution above 65 °C. King
et al. [12] at LLNL asserted that the SCC susceptibility of Alloy 22 is strongly dependent upon
applied potential and the temperature of the solution based on their SSRT results. The highest
susceptibility to SCC was found at around 90 °C at 0.6 VSHE. However, at the corrosion potential
Alloy 22 was not susceptible to SCC even at 90 °C. Likewise, at anodic applied potentials, Alloy
22 showed no SCC susceptibility at ambient temperatures and the time to failure decreased as the
temperature increased. This dependency was also supported by Chiang et al. [16,17] and Shukla
et al. [18] at SwRI. It was recognized that transgranular stress corrosion cracking (TGSCC) of
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mill-annealed Alloy 22 was observed in SCW solution and its variations at 95 °C and a high
anodic potential of 0.64 VSHE. The transition from no cracking to TGSCC was observed to occur
between 0.44 and 0.64 VSHE. At a constant anodic potential of 0.64 VSHE, the susceptibility of
Alloy 22 to SCC in bicarbonate plus chloride solutions decreased as temperature decreased, and
no SCC was observed at room temperature. They also investigated the effect of individual ionic
species present in SCW solution on SCC susceptibility of Alloy 22 at 95 °C [16,17]. They
systematically removed nitrate, sulfate, fluoride, bicarbonate, and carbonate from SCW and
conducted SSRT on mill-annealed Alloy 22 specimens subjected to anodic potential of 0.64 VSHE.
The experimental results indicated that the presence of both bicarbonate and chloride is essential
for SCC. Furthermore, at constant bicarbonate ion concentration, the extent of SCC increased
with increasing chloride concentration. However, King et al. [12] noted that the small amount of
fluoride ions present in SCW solution probably contributed to the cracking of Alloy 22. It was
suggested that an anion species and pH could affect the SCC susceptibility of Alloy 22 [10,12].

Figure 5-1. Crack length and temperature vs. time plot of the SCC response of specimen c144 (asreceived Alloy 22 base metal) at 110 °C in a concentrated mixed salt environment with 34.5 kPa
overpressure of lab air [8].
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Andresen et al. [4,5,7,8] measured crack growth rate (CGR) of Alloy 22 as a function of
stress intensity factor (KI) in simulated ground water chemistries at 110 °C using compact tension
(CT) specimens. An example of their experimental data is reproduced in Figure 5-1. These tests
were conducted at the corrosion potential of Alloy 22 in a concentrated mixed salt environment
at 110 °C (≈ 0.1 VSHE, Figure 5-2) and the C(T) specimens were subjected to low frequency
cyclic loading for crack initiation and crack advance, and then to constant loading conditions with
various hold times. Crack length was monitored in-situ using the reversing dc potential drop
(RDCPD) technique. Alloy 22 exhibited stable growth rates under “gentle” cyclic loading, but
was prone to crack arrest under fully static loading. Initial CGRs on the order of ~2-8 × 10-10
cm/s were measured in mill-annealed Alloy 22 at KI of 30 and 45 MPa√m under cyclic loading.
The CGR decreased with time, which indicating crack blunting and low susceptibility to SCC.
Similar CGRs were obtained for aged and welded Alloy 22 materials in concentrated
groundwater [7]. Only very low CGRs (2 to 8 × 10-11 cm/s) were observed on the 20 % coldworked or thermally aged Alloy 22 CT specimens under constant-load conditions. Estill et al. [10]
also used a combination of low cyclic fatigue and constant load testing and measured CGRs in the
order of 10-11 cm/s in mill annealed Alloy 22 in SAW and SCW solutions at 95 °C and at KI of 45
MPa√m. The measured CGRs of Alloy 22 in different environments are summarized in Table 51. The static conditions of the repository, probabilistic nature of SCC growth and low CGRs
support the crack-initiation data in establishing the extremely low susceptibility of Alloy 22 to
SCC under these conditions.
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Figure 5-2. Redox (Pt) and CT specimen (Alloy 22) corrosion potential vs. time at 110 °C in a
concentrated mixed salt environment with 34.5 kPa overpressure of lab air [8].

Andresen et al. [5,7–9] adopted the slip dissolution/film rupture (SDFR) model,
developed by Ford and Andresen [19,20] for stainless steels and nickel alloys in 288 °C pure
water, to predict a lifetime of Alloy 22 in various environments and concluded that predictions
with SDFR model provided reasonable agreement with the observed CGRs in several studies. In
addition, they estimated the threshold stress intensity factor (KISCC = 13 ± 2 MPa√m) based on the
SDFR model and a crack-blunting criterion with existing data.
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Table 5-1. Measured crack growth rates of Alloy 22 in various environments [8–10]. BSW is
basic saturated well water (pH ≈ 11 - 13), SAW is simulated acidic well water (pH ≈ 2.7), and
SCW is simulated concentrated well water (pH ≈ 8.5 - 9.0).
Specimen

KI
(MPa√m)

Hold time
(h)

CGR
(cm/s)

30

0.01

5.0 × 10-10

0.01

2.4 × 10-9

0.8

5.0 × 10-10

3.4

2.2 × 10-10

24

4.0 × 10-11

45
Annealed
Alloy 22

Cold-worked
Alloy 22

Environment & Loading
condition

45.07

2.1 × 10-11

45.08

1.4 × 10-12

44.68

4.2 × 10-11

44.37

2.8 × 10-12

30

0.01

5.0 × 10-10

3.4

2.6 × 10-10

236

5.0 × 10-11
2.5 × 10-11
5.0 × 10-11

55
DCT-13

45.13

DCT-14

44.88

DCT-16

4.0 × 10-10

3.4

2.1 × 10
unknown

46.38

SAW, 94 °C, Constant Load
SCW, 95 °C, Constant Load

BSW, 110 °C, R=0.7, 0.001 Hz

BSW, 110 °C, Constant Load
BSW, 110 °C, R=0.7, 0.001 Hz

-10

4.2 × 10-10
1.4 × 10

BSW, 110 °C, R=0.7, 0.001 Hz

100 °C, unknown

-10

Table 5-2. Chemical composition of the electrolyte solutions (mg/L) [8–10].
Ion
+

K
Na+
Mg2+
Ca2+
FClNO3SO42HCO3SiO32-

SAW

SCW

BSW

3400
40,900
1000
1000

3400
40,900
<1
<1
1400
6700
6400
16,700
70,000
~40

81,480
231,225

24,250
23,000
38,600
~40

1616
169,204
177,168
16,907
107,171
9038
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On the basis of the work reviewed above, it is generally accepted that Alloy 22 is
exceedingly resistant to all forms of localized corrosion, including SCC. Nevertheless, as
demonstrated by groups of researchers at the SwRI [15–18], at the LLNL [10–14], and at the GE
[4–9], Alloy 22 can be made to crack, albeit under somewhat severe conditions. The typical SCC
data for Alloy 22, as reported by Andresen, et.al [8] and displayed in Figure 5-1 data were
measured at a temperature of 110 °C, under air-saturated conditions in a saturated solution
containing: 10.6 g Na2CO3 (anhydrous), 9.7 g KCl, 1.4 g Na2SO4 (anhydrous), 8.8 g NaO, 4.1 g
Na2SiO3*9H2O, 0.2 g NaF, 13.6 g NaNO3, 55.3 g H2O (“Saturated Chemistry”) and at a mean
stress intensity of 30 MPa√m with an applied low frequency “ripple loading”, as reported on the
figure. Ripple loading is often applied to activate cracking in alloys that are very resistant to SCC
under constant loading conditions. Thus, starting at 3600 h with ripple loading of R
(minimum/maximum load) = 0.65 at 0.001 Hz, with R increasing to 0.7 at 3705 h, the crack
length increased steadily with time at a rate of 7.8 × 10-10 cm/s. At 4405 h, the specimen was held
under the mean load (no ripple) and was again subjected to ripple loading again (R = 0.7 at 0.001
Hz) at 5125 h. During the hold period, the crack ceased to grow. With recommencement of
ripple loading, crack growth resumed at a rate of 5.2 × 10-10 cm/s. Thus, it is evident that the
CGR under constant loading conditions, which are assumed to be applicable to the canister in
service, is probably lower by one order in magnitude than those reported by Andresen et al. [8]
(i.e., the true constant load CGR is probably < 5 × 10-11 cm/s). In addition, according to the CGR
of cold-worked Alloy 22 in Table 5-1, it is seen that the CGR under constant loading conditions is
lower by about one order in magnitude that those under ripple loading conditions with holding
time less than 3.4 h. We show below that CGRs of this order are predicted by the coupled
environment fracture model (CEFM).
The use of ripple loading was, of course, a means of obtaining a positive result within
laboratory times. Despite the challenge of operating a reference electrode under near-boiling
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conditions, Andresen et al. [8] were able to report corrosion potential data. The corrosion
potential was measured against a Ag/AgCl, 4 N KCl electrode, with the high KCl concentration,
along with system pressurization, being used to suppress boiling. The measured data, after
conversion to the Standard Hydrogen Electrode scale, are plotted in Figure 5-2. The potential of
the Alloy 22 CT specimen, as reported, varies between -80 mVSHE and +100 mVSHE. As we shall
see later in this Chapter, the electrochemical corrosion potential (ECP) calculated by the mixed
potential model (MPM), which is contained within the CEFM, is 110 mVSHE. This is acceptably
close to the experimental value of Andresen, et.al. [8,9], given that the environments are slightly
different (sat. NaCl in the CEFM calculations and “Saturated Chemistry” in the experimental
study).
The empirical knowledge that must be accounted for by any deterministic model is that,
according to the brief review presented above:
1. Alloy 22 is exceedingly resistant to SCC under repository conditions with the CGR at
110 °C under sustained, constant loading being of the order of 5 × 10-11 cm/s or lower. A
CGR of this magnitude results in crack extension of 15.75 µm/year (less than one grain
diameter per year).
2. The need to employ high R-ratio, “ripple loading in order to start and sustain a
measurable CGR, suggests that the true CGR under static loading is probably lower that
those reported by one order in magnitude or more. Thus, in calibrating the CEFM on the
measured CGR data, we have reduced the reported values by a factor of 10 to obtain
values that we consider to be realistic under static loading conditions.
3. SCC requires imposition of a potential greater than a critical potential of the alloy in
contact with saturated solutions that are postulated to exist on the hot canister surface in a
Yucca Mountain-type repository.
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4. SCC crack initiation requires imposition of tensile stresses on smooth surface that are 90 %
of yield strength of the alloy.
5. Although not needing to be accounted for by a crack growth model, it is found that the
crack initiation time on a smooth, round tensile specimen is exceedingly long and, again
is probably immeasurable in laboratory times except under uncharacteristically severe
conditions.
6. Specific anions, such as bicarbonate (HCO3-) appear to induce crack growth in Alloy 22,
according to Cragnolino and co-workers at SwRI [15–18].

The problem faced in assessing crack growth in any alloy for HLNW isolation repository
service is the exceedingly low CGR that must be achieved in order that the alloy be practical as a
waste containment material. Thus, if the maximum crack penetration that can be tolerated is 2cm over 1,000,000 years, the average CGR must no greater than 6.4 × 10-14 cm/s. While CGRs of
this magnitude are predicted by the CEFM (see below) they are at least three orders in magnitude
lower than can be measured reliably in the laboratory using the most sensitive techniques. This
fact must be borne in mind when assessing programs that purport to examine crack growth in
long term test programs that last 5 to 10 years.
In this Chapter, I describe the CEFM that has been calibrated upon the empirical data of
others, for predicting CGR in Alloy 22 in prototypical Yucca Mountain-type HLNW repository
environments. SCC is considered to be a threat, because of the high residual stresses that may
exist after welding the end Alloy 22 caps to the cylindrical Alloy 22 body.
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5.2 Coupled Environment Fracture Model (CEFM)

SCC in metals and alloys in aqueous environments is a classic example of localized
corrosion that falls within the differential aeration hypothesis (DAH) (Figure 5-3). An important
feature of the DAH is that the local anode and the local cathode are spatially separated, with the
former existing within the occluded crack enclave (including at the crack flanks and crack tip)
and the latter existing on the bold, exposed, external surfaces, which have greatest access to the
cathodic depolarizer (e.g., oxygen). Because of the need to compensate the positive charge being
deposited into the crack enclave from metal dissolution, anions (e.g, Cl-) are transported into the
crack, a process that is manifest as a positive current flowing from the crack to the external
surfaces, where it is consumed by hydrogen ion, water, and/or oxygen reduction (only oxygen
reduction is shown in Figure 5-3). It is evident, therefore, that the crack internal and external
environments are strongly coupled and hence that the properties of the external environment must
be taken into account when modeling SCC.
In this Chapter, some aspects of the electrochemistry of SCC and, in particular, of
coupling between the internal and external environments of systems undergoing environmentassisted cracking (EAC) are reviewed, with emphasis on SCC of Alloy 22 in prototypical Yucca
Mountain Repository environments. This has been done by customizing the CEFM, which was
originally developed to describe intergranular stress corrosion cracking (IGSCC) in sensitized
Type 304 SS in the primary coolant circuits of boiling water reactors (BWRs). Thus, all of the
mechanical properties for Type 304 SS, including yield strength, Poisson’s ratio, etc. were
replaced by those for Alloy 22 (Table 5-2). Furthermore, the electrochemical properties for Type
304 SS, including the exchange current densities, Tafel constants, and so forth, were replaced by
those for Alloy 22 (Table 5-2).
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Fluid flow

O2 transport
Positive Current

Positive Current

O2 + 4H+ + 4e- → 2H2O
Net Positive Current

Electron Current

O2 + 4H+ + 4e- → 2H2O

Electron Current

Crack
Advance

Figure 5-3. Schematic of the DAH for localized corrosion [21]. Note that, because of the
injection of positive charge into the cavity in the form of metal cations, positive current flows
from the cavity to the external surface where it is annihilated by the electron current flowing
through the metal in the same direction by the charge transfer reaction occurring on the external
surface. The electron current is referred to as being the “coupling current”. The conservation of
charge requires that the integral of the net current density over the entire surface, including that
within the cavity, be zero, which fixes the electrostatic potential in the solution at the cavity
mouth. φsm, φst, and φs∞ represent the electrostatic potentials in the solution at the crack mouth, at
the crack tip, and relatively far from the crack, respectively.

As noted above, coupling of the internal and external environments of a localized
corrosion event (pit, crevice, or crack) is required by the DAH, in order for the system to
conserve charge within the cavity. However, this coupling also ensures that a suitably aggressive
environment will be maintained within the cavity, such that localized attack continues to proceed.
This environment is aggressive, because metal ion hydrolysis produces H+ and because of the
accumulation of anions, such as chloride ion, which, along with strain, induce passivity
breakdown at the crack tip. Because the strength of the coupling is reflected in the magnitude of
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the coupling current, characterization of the coupling current is of vital importance in developing
robust, predictive models for the evolution of localized corrosion damage, including SCC. The
DAH, which was first formulated in the 1920s by Evans [24], dictates that localized corrosion
occurs only so long as the system is able to maintain a spatial separation between a local anode
and a local cathode.

Table 5-3. Values for parameters in the CEFM for Alloy C22.
Parameter
Value
Comment/Source
Tafel slope for HER
0.083 V
Reference [22]
-6
2
io for HER
9.16 × 10 A/cm
Reference [22]
Tafel slope for ORR
0.051V
Reference [22]
-13
2
io for ORR
8 × 10 A/cm
Reference [22]
E, Young’s modulus
206 GPa
Reference [23]
σc, Critical local stress
1.6× 10-3 E
Reference [23]
G, Shear modulus
73.1 GPa
Reference [23]
Yield strength
324 MPa
Reference [8]
XNi (atom fraction of Ni)
0.65
XCr (atom fraction of Cr)
0.22
XMo (atom fraction of Mo)
0.13
Composition averaged atomic
58.7 g/mol
weight
Metal density
8.69 g/cm3
HER: Hydrogen Evolution Reaction, ORR: Oxygen Reduction Reaction

Table 5-4. Default values of crack dimension and chemistry parameters in the CEFM for Alloy
C22.
Parameter
Crack length (L)
Crack opening
Crack width
Flow velocity
H2 concentration
H2O2 concentration

Value
0.5 cm
0.001 cm
1.0 cm
0.001 cm/s
1× 10-6 ppb
1× 10-6 ppb

Comment/Source
“Standard crack”
Typical
Typical
Typical
Selected
Selected
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The DAH, which has stood the “test of time” for more than 80 years, is the basis of the
various deterministic “coupled environment” models, including the CEFM, developed by
Macdonald and his colleagues [21,25–27] over the past two decades. Details of the model is
presented in Chapter 1; but suffice it to note that the electrostatic potential at the crack mouth is
selected by requiring that the integration of the net current density over distance on the surface,
including that in the crack be equal to zero and that at the crack tip be determined by
electroneutrality of the solution at that location. The first condition imposes the conservation of
charge, which is the principle condition for the model being “deterministic”. Selection of the
appropriate values for φsm and φst is done iteratively with convergence on the coupling current
being the criterion for a successful calculation.

5.3 Results and Discussion

As noted above, some experimental data are available for CGR in Alloy 22, primarily
from Andresen, et.al. at the GE [4–9], Rebak and co-workers from the LLNL [10–14], and
Cragnolino and co-workers at SwRI [15–18]. I have used the data of Andresen et.al [8,9] to
calibrate the CEFM on Alloy 22 as a function of stress intensity by first reducing the CGR by a
factor of 10 to compensate for the effect of ripple loading (Figure 5-4). This involved adjusting
the values of poorly known parameters at the crack tip in the CEFM, such as the exchange current
density for metal dissolution upon slip and the repassivation time constant for the exposed, bare
surface, among others, to obtain agreement between the predicted and observed CGR at specific
values of KI and the corrosion potential. Once set, these parameters remain mixed through
subsequent calculations. The predicted and experimental CGR as a function of KI for the specific
conditions specified in the figure are plotted in Figure 5-4. In calculating the data, I assume that
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the Alloy 22 surface is in contact with bulk, saturated NaCl, rather than the saturated, multicomponent solution used in the experimental CGR studies [4–18]. A “back-of-the-envelope”
calculation indicates that the conductivities are similar and hence the error in assuming that the
environment is saturated NaCl rather than BSW should be minimal.
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Figure 5-4. Plots of the experimental data [8–10] and calculated CGR as a function of KI for
Alloy C22 in saturated NaCl solution (4.87m), at 110 °C. BSW is basic saturated well water (pH
≈ 11 - 13), SAW is simulated acidic well water (pH ≈ 2.7), and SCW is simulated concentrated
well water (pH ≈ 8.5 - 9.0). Note that the measured CGR data under ripple loading condition
were reduced by a factor of 10 to obtain values that we consider to be realistic under static
loading conditions.

An important and unique prediction of the CEFM is that the CGR decreases with an
increase in the electrochemical crack length (ECL), as shown in Figures 5-5 (a) and (b), where the
ECL is defined as the length of the least resistive path from the crack front to a bold external
surface, upon which oxygen reduction occurs. The ECL may not correspond to the mechanical
loading length that defines the stress intensity, as will become evident below in the section that
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discusses crack shape. The calculated CGR plotted in Figure 5-5 (b) predict that the CGR
decreases by ~ 1.3 orders of magnitude as the crack length increases from 0.001 cm to 2 cm.
Physically, this effect arises from the coupling current flowing down the cavity to be annihilated
on the external surface by oxygen reduction. This current flow induces an IR potential drop
down the crack, which subtracts from the potential drop across the external surface that drives the
rate of oxygen reduction. Because the crack cannot grow any faster than the external surfaces can
annihilate the coupling current, the CGR decreases with crack length. This property has
tremendous implications for the rate of penetration of a surface crack and the shape of crack in a
plane surface, as discussed below.
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Figure 5-5. Dependences of the CGR on (a) O2 concentration as a function of crack length and (b)
crack length at [O2] = 2.045 ppm for Alloy 22 in saturated NaCl solution at KI = 30 MPa(m)1/2.
Other parameters as in Tables 5-2 and 5-3.

The predicted form of the CGR vs KI correlation is classical indicating a KISCC value of
about 15 MPa√m. The CRG then increases sharply with KI to a quasi-plateau at KI values greater
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than 35 MPa√m. As noted above, ripple loading had to be used to induce CGR, suggesting a
significantly greater resistance to SCC in Alloy 22. In addition, significantly, Andresen et al. [6,8]
and Cragnolino and co-workers [15–18] report that the induction time for the initiation of SCC on
Alloy 22 in prototypical Yucca Mountain environments is exceedingly long by laboratory
standards (no nucleation within 20,000 h, but, of course, this is very short compared with
repository operating standards (about 0.00023 % of the 1 million year operating horizon).

5.3.1 The critical potential
An important parameter in the SCC of stainless steels and nickel-base alloys is the critical
potential. This is the potential at which the environmentally enhanced component of the CGR,
which is potential-dependent, exceeds the potential-independent creep rate. The critical potential
(Ecrit ) for SCC in Alloy 22, as predicted by the CEFM, is illustrated in Figure 5-6, and has a value
of -0.15 VSHE under the stated conditions. In this plot, I also depict the experimental data [8–10];
the excellent agreement attests to the accuracy of the CEFM in transferring information from the
CGR/KI plane (Figure 5-4) to the CGR/ECP plane (Figure 5-6). Figure 5-6 also shows that the
creep rate, which is calculated in the CEFM using the void nucleation model of Vitek and
Wilkinson [28], by virtue of the low temperature. If the ECP was sufficiently negative (< Ecrit)
and the crack grew at a rate of 5 × 10-17 cm/s, the crack would grow in length by only 1.575 × 10-3
cm. Clearly, creep is no threat to the integrity of the canister. However, the ECP calculated by
the MPM contained within the CEFM (0.11 VSHE) is in good agreement with the experimental
data reported by Andresen, et.al. [8], 0.08 – 0.10 VSHE (Figure 5-2). At this potential the
predicted CGR is ca. 6 orders in magnitude greater than the creep limit, so that fracture
unequivocally lies within the environmentally-assisted cracking (EAC) regime. In other words,
provided that it can be initiated, SCC is predicted to occur in Alloy 22 in prototypical Yucca
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Mountain HLNW repository environments, in agreement with the experimental findings of
Andresen et.al. [4–9] and Rebak and co-workers [10–14]. Thus, in order for the ECP to be
reduced to an extent that the CGR would be reduced to 3.17 × 10-14 cm/s, at which the crack
length would increase by 1 cm over 1,000,000 years (3.15 × 1013 s), the ECP would have to be
reduced to about -0.05 VSHE, which at 110 °C would require an oxygen concentration in the
surface brine of about 0.4 ppm. This concentration could be achieved under boiling conditions,
but the high concentration of NaCl elevates the boiling temperature to above 110 °C.
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Figure 5-6. Plots of the experimental and calculated CGR as a function of ECP for Alloy C22 in
saturated NaCl solution (4.87m), at 110 °C. Other parameters as in Tables 5-2 and 5-3.

Earlier and subsequent work has demonstrated that most, if not all, localized corrosion
processes, including pitting corrosion, SCC, corrosion fatigue, crevice corrosion, hydrogen
induced cracking (HIC), and erosion-corrosion (E-C), exhibit critical potentials. In each of these
cases, there exists an “electrochemical switch”, such that the corrosion process occurs at
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potentials greater than [or less than, in the case of HIC and E-C of carbon steel in high
temperature water] the critical value, but not at values less than (or greater than for HIC and E-C)
the critical value.
In the case of SCC in Alloy 22, the critical potential is most commonly determined using
constant extension rate experiments, in which smooth, round tensile specimens were strained to
failure at a constant strain rate (typically 10-5- 10-7 s-1) [10–18] and at a fixed potential that is
imposed potentiostatically. Rebak and co-workers [10–14] suggested based on their SSRT results
that the condition, which in their opinion, must be met for SCC to occur in Alloy 22, as follows:
T > 70 °C, ECP > 0.50 VSHE, and σ (tensile stress) > 2σY, where σY is the yield stress of the alloy.
The principal criticism of this type of experiment is that it is not only severe, and may indicate
cracking in the laboratory where no cracking may occur in the field, but that a positive result may,
in fact, indicate electrochemical control over the initiation event and not necessarily over crack
propagation. However, this issue was resolved [29] by demonstrating that, once the crack had
initiated (i.e., during the propagation stage), relaxation of the load could be arrested by displacing
the potential in the negative direction or accelerated by displacing the potential in the positive
direction relative to the critical potential, corresponding to switching “off” or “on” the crack,
respectively. Since that time, numerous workers [4–10,29,30] have demonstrated, using fracture
mechanics [C(T)] specimens, that the CGR is a strong positive function of the ECP, as measured
on the external surface, and that there exists a critical potential (Ecrit) of about -0.23 VSHE below
which IGSCC is not observed in the sensitized Type 304 SS at a temperature of 288 °C in pure
water [25]. At more negative potentials, the CGR is independent of ECP, and hence of the
electrochemistry of the system, with the mechanism of crack advance being dominated by creep.
It should be noted, however, that the critical potential is found to depend upon a variety of factors,
including temperature, the degree of sensitization (DOS) of the steel, the extent of cold work
(EOCW), solution composition (including pH) and the ECL, so that it is a mistake to regard it as

166
being a fixed, system property. The same type of dependence of the critical potential on system
conditions is expected for Alloy 22.
It is important to note that this electrochemical switch is strictly not an “on/off” (bistable)
switch, but rather displays a quasi-exponential transfer function with the lower limit
corresponding to the creep rate (Figure 5-6). Thus, the critical potential corresponds to the lowest
observable CGR at which the occurrence of intergranular brittle fracture is negligible compared
with ductile fracture; this being of the order of 5 × 10-17 cm/s in Alloy 22 under the presentlychosen conditions.

5.3.2 Effect of temperature
The waste package will experience a wide range of temperature and the temperature
regime of operation can be classified into three region; dry-out region (T ≥ 120 °C; 50 to 400
years), transition region (120 °C ≤ T ≤ 100 °C; 400 to 1,000 years), and low temperature region
(100 °C ≤ T; 1,000-10,000 years), as shown in Figure 5-7. Above 120 °C (in dry-out region), the
waste package will be kept dry by ventilation air and hence Alloy 22 is predicted and validated
with experimental data to have a phase stability and no evidence of localized corrosions. Below
120 °C (in transition and low temperature regions), however, the temperature will drop to a level
close to or below the boiling point of the seepage brine, thus permitting the onset of seepage.
Based upon chemical divide theory, it is predicted that most of the seepage water develop as
chloride-sulfate or bicarbonate brines that might induce crack growth in Alloy 22. Thus, SCC in
a concentrated, possibly aggressive, liquid-phase brine, is possible while in this region.
Figure 5-8 shows the calculated O2 and saturated NaCl concentrations as a function of
temperature from 25 to 120 °C. As temperature increase the saturated concentration of NaCl
increases whereas the saturated O2 concentration decreases due to the salting out effect. In this
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calculation, saturated NaCl concentration as a function of temperature was extracted from the
literature [31] and then dissolved O2 concentration,

, at a saturated NaCl

concentration corresponding to each temperature were calculated from the following equation
[32].

[(

)

]
(5-1)

where P is total pressure in bar,
coefficient of O2,

is the saturation pressure of pure water,

is fugacity

is the standard chemical potential of O2 in liquid, R is the ideal gas constant,

T is temperature in Kevin, O2 ion and O2 cationanion are interaction parameter between O2 and
ions, mi is molarity of component i.
For both saturated NaCl and O2 concentrations, the CGR and the ECP were calculated
from the CEFM and depicted in Figure 5-9. The CEFM for Alloy 22 in saturated NaCl solutions
predicts that the CGR passes through a maximum with increasing temperature at about 80 °C and
the ECP increase with temperature due to the increase in O2 concentration. This tendency was
also predicted and in agreement with experiment in IGSCC of Type 304SS in BWR primary
coolant circuits [33]. The temperature dependence of the CGR is attributed to the competing
effects of temperature on the thermally activated processes that occur at the crack tip and the
properties (including ECP and conductivity) of the external environment.
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Transition Region

Low-Temperature Region

Figure 5-7. Temperature-time profiles for waste packages at the center of the repository. The
three characteristic temperature regions of operation are illustrated [3].
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Figure 5-9. Dependences of CGR and ECP on temperature for Alloy C22 in saturated NaCl
solution at KI = 30 MPa(m)1/2. Other parameters are as in Tables 5-2 and 5-3.

5.3.3 Evolution of crack shape
The dependence of the CGR on the ECL provides a ready explanation for the shapes of
cracks in C(T) specimens and in planes. In the case of a C(T) specimen, the ECL is distributed,
ranging from the short distance from the crack tip at the side surface to the much longer distance
from the crack tip midway across the specimen to the exposed side surfaces upon which the
cathodic reaction occurs. Accordingly, the CGR is higher at the regions of intersection of the
crack with the side surfaces, leading to a convex crack front as observed from the crack. In the
extreme of this case, the crack may grow along the side surface due to the presence of side groves.
Because the ECL from the sides is small and hence the CGR is large, crack penetration occurs
from the side grooves rather than at the main crack front [34]. On the other hand, if crack growth
is purely mechanical in nature (e.g., creep), the CGR at the intersection of the crack with an
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exterior surface is predicted and found to be less than that midway across the crack front because
of plane stress versus plane strain considerations. This leads to a concave crack front as observed
from the crack and as commonly observed in creep crack growth.
The same principles account for the formation of elliptical surface cracks of the type that
are frequently observed in BWR piping and other components. Thus, the smallest ECL exists at
the two points of intersection of the initial semicircular crack nucleus with the surface, while the
largest is midway along the crack front. Accordingly, the CGR is greatest at the former and least
at the latter leading to the progressive development of a semi-elliptical surface crack. From the
work of Wang and Lambert [35,36], it is evident that, for a uniformly loaded surface crack in a
finite thickness plane, the KI is highest midway along the crack front(i.e., at the point of
intersection of the minor axis with the crack front) and is lowest at the points of intersection of
the crack edges with the surface. Given the strong dependence of the creep crack growth rate on
stress intensity it is evident that crack advance should be most rapid midway along the crack front
and lowest at the crack edges. Accordingly, linear elastic fracture mechanics of a crack under
uniform loading alone cannot account for the development of a surface semi-elliptical crack
having its minor axis perpendicular to the surface.
As described in Chapters 3 and 4-2, the dependence of the CGR on ECL provides a ready
explanation for the shapes of cracks in plane surfaces (i.e., “surface cracks”). The CEFM predicts
that for a given value of the ECP, as the ECL perpendicular to the surface (i.e. along the minor
axis) increases, and noting that the ECL at the intersection of the crack and the external surface is
invariant, the CGR decreases (see Figure 5-5 (b)) and that the CGRs along the surface and
perpendicular to the surface are different. If Lmajor and Lminor represent the crack length along and
perpendicular to the surface, respectively, they can be expressed by the following recursive
equations.
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( )

(5-2)

( )

(5-3)

where l0 is the initial ECL (taken as the radius of the crack nucleus), ∆ is time increment, and
( )

represents the CGR at the ECL of l(j), which is the shortest distance between the crack

front and the external surface at this location.
In predicting the shape evolution of a surface crack, it is necessary to consider the
variation of KI along the crack front. As described in Chapter 3, the values of KI at the center and
the edge of the surface crack in an infinite plate under uniform stress,

, normal to the crack

surface are given by

√

(

)

(5-4)

and
√

√

(

)

(5-5)

respectively, where E(k) is the complete elliptical integral of the second kind and the parameters a
and b represent the crack length perpendicular to and along the surface, respectively (see Figure
5-10).
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Figure 5-10. Semi-elliptical surface crack in a plate. The major axis of the ellipse is 2b and the
minor axis is represented by a. T is the thickness of the section perpendicular to the crack plane,
while W and B are the specimen dimensions within the crack plane, as indicated in the figure.
is the angle between any point on the crack front and the major axis [37].

The predicted CGRs along the minor and major axes as a function of time extending to
one million years and starting with a semi-circular crack nucleus of radius 10 µm and an initial
stress intensity of 15 MPa√m is shown in Figure 5-11. The effect of the ECL, as well as the
variation of KI along the crack front, is included in this calculation. It should be noted that the
effect of the decrease in temperature with time is not considered in this work. In the beginning of
the development of surface cracks, the CGRs in both axes increase sharply with increasing KI
above the KISCC due to more dominant effect of the KI on CGR, and then the CGRs along major
axis reach the plateau that displays a weak dependence of CGR on KI, which is generally
illustrated in the log (CGR) vs KI correlation. As seen in Figure 5-11, however, the CGR along
the minor axis is predicted to decrease sharply with time as the crack length increases moderately,
while the CGR and crack length along the major axis remains constant (Figure 5-11) and increase
strongly with time (Figure 5-12), respectively. After about 138,000 years, it is predicted that the
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significant increase in the values of KI at the center of the surface crack (Figure 5-13) results in
the increase in the CGR along the minor axis, as shown in Figure 5-11.
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with respect to elapsed time up to 1,000,000 years for Alloy 22 in saturated NaCl solution at
110 °C.
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Figure 5-12. Predicted crack lengths perpendicular to the surface (Lminor) and along the surface
(Lmajor) with respect to elapsed time up to 10,000 years for Alloy 22 in saturated NaCl solution at
110 °C.

As the aspect ratio of Lminor to Lmajor changes with crack propagation, the KI values at the
edge and center of the surface crack increase with time according to Equations (5-4) and (5-5), as
shown in Figure 5-13. In the beginning of development of a semi-elliptical surface crack, the KI
value at the edge is higher than that at the center, due to the geometric aspect of the crack.
However, the KI at the center becomes larger than that at the edge after about 420 days and the
difference in the KI values quickly becomes much greater with time. Seeing that the creep crack
growth rate is a positive function of KI, it is evident that an elliptical crack cannot develop by
purely mechanical means. Instead the elliptical shape develops because the CGR is a negative
function of the ECL as shown in Figure 5-5 (b).
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respect to elapsed time for Alloy 22 in saturated NaCl solution at 110 °C.

Since crack advance also changes the KI at the crack tip with time, assuming a constant
load, as noted in the foregoing, the lifetime of components could be determined either by the
penetration of the crack through a canister wall (2 cm thickness) or by KI exceeding the fracture
toughness, KIC, of Alloy 22, resulting in rapid, unstable mechanical crack growth. We refer to
these two cases as being ‘‘damage-controlled’’ and ‘‘stress-controlled’’ failures, respectively.
Dunn et al. [38] measured the fracture toughness of Alloy 22 as a function of metallurgical
condition at room temperature. The specimens were the gas-tungsten-arc welded, gas-metal-arc
welded, and mill-annealed with thermal aging at 870 °C or solution annealing. Only the
specimens aged at 870 °C for 100 h yielded the valid KIC of 4 ×107 J/m2 (95 GPa√m ) according
to the ASTM E1820 acceptance criteria, while the other specimens without aging heat treatment
showed much higher values without significant crack extension. Although the other specimens
did not satisfy the criteria, their results showed that Alloy 22 with no heat treatment has a KIC
value at least higher than 95 GPa√m, thus, I accept the value of 95 GPa√m as being the lower
bound of the KIC of Alloy 22. In this work, the service life is determined by the intercept of the
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minor axis crack length and the canister wall thickness (2 cm), since the predicted KI values at the
center and edge of the surface cracks are less than the lower bound of the KIC over a period of
1,000,000 years. A service life of about 1057 years after the initiation of the surface crack in the
canister wall is estimated and the aspect ratio (Lminor / Lmajor) at failure is about ~ 0.042 (see Figure
5-14). It should be noted that load relaxation associated with the growing crack is not considered
and no account of initiation is incorporated into the model since the present calculations assume
an active, preexisting crack nucleus. However, the calculation does suggest that through-wall
cracking in Alloy 22 is dominated by initiation, the theory of which is currently being developed
in this laboratory within the framework of damage function analysis (DFA) [39].
Finally, the evolution of semi-elliptical surface cracks in Alloy 22 over a period of 2,000
years for the stated conditions is shown in Figure 5-15.
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5.4 Summary and Conclusions

Theoretical aspects of the SCC of Alloy 22 in contact with saturated NaCl solution are
explored in terms of the CEFM, which was calibrated upon available experimental data. CGR
was then predicted as a function of stress intensity, ECP, temperature, and ECL. The CEFM for
Alloy 22 predicts that the CGR passes through a maximum with increasing temperature at about
80 °C and the ECP increase with temperature. From the dependence of the CGR on ECL, the
evolution of a semi-elliptical surface crack in a planar surface under constant loading conditions
over 1 million years was demonstrated, the service horizon for some High Level Nuclear Waste
(HLNW) repositories of the Yucca Mountain type. We argue that SCC is possible in Yucca
Mountain-type repositories, provided that the crack can nucleate. It is predicted that a crack
could penetrate the 2-cm thick outer shell of the waste package in a time of 1057 years at the
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selected temperature (110 °C), suggesting that the initiation time must be at least 998,943 years,
in order to avoid failure.
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Chapter 6
Conclusions and Suggestions for Future Research

6.1 Conclusions

In the present work, crevice corrosion and stress corrosion cracking based upon the
coupled environment models are studied in various alloys. Crevice activation and inhibition in
low pressure steam turbine steels such as 1018 mild steel, Type 304 and 410 stainless steels are
investigated via the coupling current that flows from crevice to external surfaces. Conventional
immersion test is also conducted to compare the measured coupling current and the mass loss in
above materials. Meanwhile, the algorithms for predicting the shape of surface stress corrosion
cracks are developed based on the coupled environment fracture model (CEFM) and predict the
shape evolution of surface cracks as a function of environmental variables. Furthermore, the
CEFM is customized for Al-Mg alloys in marine applications and for Alloy 22 in saturated NaCl
solutions in order to investigate their stress corrosion cracking behaviors. The main conclusions
from this study are:

1) A simple crevice corrosion monitor, which measures the electron coupling current that
flows from the crevice to the external surface, followed the evolution of crevice activity in
a manner that can be understood in terms of the cathodic process that occurs on the
external surface and the partial anodic process that develops within the crevice, due to the
accumulation of H+ and Cl-. The crevice initiation time is typically very short, but varies
depending upon chloride concentration and, possibly, inhibitor concentration.

After

initiation, the coupling current increases over time, passing through a maximum, then
decreasing and eventually changing sign, from positive to negative, which indicates crevice
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inversion. This inversion is attributable to the gradual build-up of H+ within the crevice to
the extent that proton reduction within the crevice becomes the principal cathodic reaction
in the system, while the anodic reaction moves to the external surface. In addition, amines
are effective corrosion inhibitors of crevice corrosion of mild steel and stainless steels in
NaCl solutions by forming a protective inhibitor film, thereby inhibiting the cathodic
reaction occurring on the external surface, provided that they are present in sufficiently
high concentrations.

2) The CEFM predicts that crack growth rate is a decreasing function of electrochemical
crack length and this is the fundamental origin of the evolution of the semi-elliptical crack
shape in sensitized Type 304 stainless steel in boiling water reactor environments, in
lightly sensitized Al-Mg alloy in marine environment, and in Alloy 22 in saturated NaCl
solutions. The semi-elliptical evolution of surface crack shape depends strongly upon
various environmental variables—such as electrochemical potential, solution conductivity,
flow velocity, and multiplier of standard exchange current density for O2 reduction.
Moreover, the CEFM predicts that the minor axis of the ellipse should be oriented
perpendicular to the surface. The CEFM predicts that all the aspect ratios at failure
examined in this study fall within the ranges of 0.3 ~ 0.6 and 0.7 ~ 0.9 for sensitized Type
304 stainless steel and lightly sensitized Al-Mg alloy, respectively. The aspect ratio at
failure for Alloy 22 is predicted to be 0.042.

3) The customized CEFM provided quantitative predictions of the effects of O2 concentration,

electrochemical potential, stress intensity factor, flow velocity, multiplier of the standard
exchange current density for O2 reduction, and conductivity on crack growth rates in
lightly sensitized AA5083-H321 in 3.5 wt.% NaCl solutions. The importance of external
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environment properties—such as conductivity, oxidant/reductant concentration, and the
kinetics of cathodic reactions on the surfaces external to the crack—has been confirmed.
Crack growth is attributable to a sequence of micro-fracture events at the crack front.
Micro-fracture frequency is determined by the mechanical conditions that exist at the crack
tip and are governed by the stress intensity. Micro-fracture dimension is determined by
hydrogen-induced fracture. The crack growth rate is the product of these two quantities.

4) The CEFM for Alloy 22 predicts that the crack growth rate increases with temperature,

passing through a maximum at about 80 °C, and that its electrochemical potential increases
with temperature.

Based upon the dependence of the crack growth rate on the

electrochemical crack length, the evolution of a semi-elliptical surface crack in a planar
surface under constant loading conditions over the course of one million years was
demonstrated. One million years is the service horizon for some high level nuclear waste
repositories of the Yucca Mountain type.

The CEFM suggests that stress corrosion

cracking is possible in Yucca Mountain-type repositories, provided that the crack can
nucleate. It predicts that a crack could penetrate the 2-cm thick outer shell of the waste
package in a time of 1057 years at the selected temperature (110 °C), suggesting that
through-wall cracking in the outer shell of the waste package is dominated by the crack
initiation.

5)

The CEFM’s success in explaining the stress corrosion cracking of aluminum alloys and
Alloy 22 supports the notion that internal and external environments are strongly coupled.
Moreover, the CEFM, which was originally developed to describe intergranular stress
corrosion cracking in sensitized stainless steels, is equally applicable for describing the
stress corrosion cracking in lightly sensitized aluminum alloys and Alloy 22.
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6.2 Suggestions for Future Research

1) Crevice inversion is reported in the present work. Theory also predicts that when the H+
within the crevice has been consumed, the crevice will invert again back to its original,
“normal state” and hence inversion should be a cyclical process. The experimental
demonstration of these important conclusions is needed.
2) Increasing crack growth rate indicates a higher coupling current, which in turn results in a
higher [H+] at the crack tip. This leads to enhanced injection of H into the matrix ahead
of the crack and hence to decrease in time for hydrogen pressure within a void to reach
critical levels for void rupture. The hydrogen pressure adds to the hydrostatic stress on
the void, due to mechanical loading. In addition, metallurgy, e.g., cold work and degree
of sensitization, is currently incorporated by calibration in the CEFM and its effects are
not intensively explored although stress corrosion cracking is the result of combined and
synergistic interaction of mechanical stress, susceptible material, and corrosive
environments. Therefore, insertion of metallurgy as well as hydrogen pressurization of
creep-induced voids into the model should be achieved. In addition, more accurate
kinetic data for H2 oxidation and O2 and H2O2 reductions is needed.
3) In the present work, the effects of environmental variables on the shape evolution of
surface cracks are theoretically described.
supported experimentally.

Those important conclusions need to be
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