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Abstract

The goal of the model is to calculate the crack growth and to determine the parameters of relevance
for the stress corrosion cracking of the low alloy steels in high temperature water for reactor safety
purposes. The model assumes for the crack growth mechanism an anodic dissolution initiated by
the rupture of the oxide film by creep at the crack tip, a repassivation, and, for representing other
possible crack growth mechanisms, a cleavage. The model for the dissolution considers all the pa-
rameters of relevance for the dissolution and well accepted laws of physics. The creep is calculated
by a constitutive law of Chaboche with the finite element method. The dissolution cell is found to
be situated in the region of the crack tip with a length up to a few hundred micrometers. Sensitive
parameters for the crack growth are the strain to film rupture, the composition of the electrolyte,
the exchange current densities, and the cleavage length. The model is in qualitative agreement
with measurements. It is discussed with particular attention to the geometry and dimensions of
the dissolution cell and to the species transport in the dissolution cell and along the crack. Further
work should be devoted to the comparison of the model to experiments.



Summary

The goal of the model is to calculate the crack growth and to determine the parameters of relevance
for the stress corrosion cracking of the low alloy steels in high temperature water for reactor safety
purposes.

A literature review for metals has shown that there are no common mechanisms for the stress cor-
rosion cracking at the microscopic level and that modelling should be based on observations of
the particular metal-environment system under consideration. The models assume for the crack
growth mechanism either the removal of atoms at the crack tip (by anodic dissolution or by dif-
fusion) or cleavage by different mechanisms (with models for the fracture toughness limited to
special cases or uncertain) or microcavities. Generally, they do not calculate the crack growth
rate. The models proposed for calculating the crack growth in reactor steels under BWR condi-
tions by using macroscopical parameters exhibit questionable assumptions and uncertainties.

The model presented here assumes for the crack growth mechanism of the low alloy steels in high
temperature water an anodic dissolution initiated by the rupture of the oxide film by creep at the
crack tip, a repassivation, and a cleavage representing other possible crack growth mechnisms.
There is experimental support for this mechanism.

The anodic dissolution is calculated by a new model which uses a 3D-dissolution cell for taking
into account the cathode to anode area ratio at the price of the assumption of a homogeneous elec-
trolyte, the reduction of H+ for the cathodic reaction, and the sulphate concentration as parameter
of the repassivation. The model applies the Ohm law, the Butler-Volmer law and the charge con-
centration. Creep is calculated by using a constitutive equation of Chaboche and the finite element
method. Cleavage is considered as a parameter. The parameters scan their spectrum of values
known from the literature.

The model for the dissolution cell is in agreement with experiments. Particularly, the dissolution
cell is found to be situated in the region of the crack tip with a length up to a few hundred microm-
eters, due to opposite effects of the cathode to anode area ratio and of the electrolyte resistance.
This result does not support the models assuming the dissolution cell extending along the whole
crack with the cathode at the external surface of the crack. The geometry of the cell appears to be
approximative for the cell heights of interest for the tests conducted at PSI but the assumption of
homogeneity of the electrolyte is conservative.

The crack growth is calculated for a 1T-C(T) specimen (thickness: 25 mm) under the conditions
of plane strain and of small scale yielding for transferability to thick components, and of constant
load. The crack growth does not exceed the few millimeters fulfiling the condition of small scale
yielding for a large range of values of the parameters but not for the conservative values. The crack
growth is governed by the creep at the crack tip. Sensitive parameters for the crack growth are
the strain to oxide film rupture, the composition of the electrolyte, the exchange current densities,
and the cleavage length. Sufficiently large anode widths relevantly reduce the crack growth by
dissolution or, according to the sulphate concentration, cancel it.

The model predicts a delayed occurence of the crack growth due to the existence of a threshold
value for the dissolution propagation length, which is not relevant for long duration tests of low



alloy steels in high temperature water.

The model is in qualitative agreement with results from the literature for the effect of the sulphate
ions upon the crack growth, and, from the two series of experiments at disposition, for the decrease
of the crack growth rate under constant load and for the dependence of the crack growth rate as
a function of the strain rate at the crack tip, for the considered case of the low alloy steels in
high temperature water. It supports the presence of an additional crack growth mechanism to the
dissolution.

The model is discussed with attention to the dimensions of the dissolution cell and to the assump-
tion of the homogeneous electrolyte in the dissolution cell. Certain results of the parametric study
show that the transport of the Fe2+ and H+ ions with chemical reactions should be considered
for modelling the dissolution cell, in connection to the existence of the dissolution itself or of its
amplitude, and to the repassivation for the H+ ions.

The species transport in the dissolution cell and along the crack, described by the transport and
Poisson equations, is discussed for the steady case. The goal is to improve the model of the dis-
solution cell for the assumption of homogeneity of the electrolyte, and to extend the model for
calculating the crack growth as a function of macroscopical input parameters. The boundary con-
ditions ensuring a realistic physical description of the species transport include the concentrations,
the fluxes, the charge conservation, and the corrosion potential. For simplified but interesting
cases, tentatives can be made to solve these equations by considering one spatial dimension.

Further work should deal at first with the comparison to experiments (by using the large sensitivity
of the crack growth to the repassivation), and with the estimation of the values of the sensitive
parameters for which the separated determination of the exchange current densities is required.
An improvement of the model for the dissolution cell will be decided according to these results.
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Nomenclature

Ai, A2, A3 = constants
Aa = anode area
Ac = cathode area
C = molar concentration
Cm = molality
Cppb = concentration in ppb
CTOD = Crack tip opening displacement
D = diffusion coefficient
DG = grain diameter
ECP = electrochemical corrosion potential versus the standard hydrogen electrode (SHE)
F = Faraday number
Ha = anode height
Ho = dissolution cell height
Ia = anodic current
Ic = cathodic current
Id = dissolution current
ld,o = maximum value of the dissolution current
J = species flux
Kj = stress intensity factor for mode I
K/c = fracture toughness for mode I
La = anode length
Lc = cathode length or width
M = atomic mass
N = number of film ruptures within a given time interval
Q = species source term
R = perfect gas constant
Re = electrolyte resistance in the dissolution cell
T = temperature
Wa = anode width
a = crack length
d = crack growth rate
ac = cleavage length
ad = dissolution propagation length per dissolution event
&d,max = maximum value of â  as a function of a given parameter
&th = threshold value for the propagation length per dissolution event
ai = initial crack length = crack length at the first rupture of the oxide film
b = Burgers vector length
e = unit vector
i = current density
ia = anodic current density
ia,o = exchange anodic current density
ic = cathodic current density
iC]o = exchange cathodic current density



id = dissolution current density
irf.o = maximum value of the dissolution current density
i0 = anodic and cathodic exchange current densities
1 = length of a current line
Id = dislocation mean length
m = environment dependent exponent
n = stoichiometric number of electrons involved in the anodic and cathodic reactions
n^ = nunber of emerging dislocations in a group
p = environment dependent exponent related to the repassivation
q^ = parameters related to the dissolution
qy = parameters related to the passivating oxide film
r = coefficient describing the effect of the oxide film nucleation and growth on the dissolution
current
rp = plastic zone radius
t = time
t0 = nucleation time of the passivating oxide film
ti = time of the first rupture of the oxide film
x = space coordinate in x-direction
y = space coordinate in y-direction
z = space coordinate in z-direction
u = ion mobility
z = ion charge

Greek symbols

$ a = anode potential
<3>aio = anodic equilibrium potential
•3?° = anodic standard potential at given temperature and pressure
<1>C = cathode potential
$Cio = cathodic equilibrium potential
$° = cathodic standard potential at given temperature and pressure
a = charge transfert coefficient
f3aia = Tafel coefficient for the anodic part of the anodic reaction
/3OiC = Tafel coefficient for the cathodic part of the anodic reaction
PCja = Tafel coefficient for the anodic part of the cathodic reaction
/3C]C = Tafel coefficient for the cathodic part of the cathodic reaction
7 = constant
S = Crack Tip Opening Displacement
SQ = reference value of the Crack Tip Opening Displacement
e = permittivity constant of the electrolyte at the crack tip
ect = crack tip strain
ect = crack tip strain rate
€f = strain to oxide film rupture
£ = factor
pFe = iron density
pw = water density



ae = electrolyte conductivity
Td - dissolution time
Tf = time interval between two oxide film ruptures
TP = repassivation time

Subscripts

i = H+ , OH~, Fe2+ , NOJ, Na+, SO4"", O2, H2, or number of the film rupture
x, y, z = x- y- and z-components of the referred variable

Superscript

00 = standard conditions



1 Introduction

Stress corrosion cracking is the incubation, nucleation and growth of a crack under the simultane-
ous synergetic effects of a constant mechanical tensile stress and of an agressive environment in a
susceptible material.

This phenomenon is often locally observed on metals covered by a passivating oxide film, in the
potential range where this film is unstable, and for a stress larger than a critical value depending on
the environment. It has potential to be observed in a large spectrum of metal-stress-environment
systems and can represent a potential danger for a structure for which these systems are not well
defined [1,2].

For the light water reactors, the case of the low alloy steels has been particularly investigated
because they are the base material of the reactor pressure vessel. It was important to know
whether stress corrosion cracking can occur in these materials for the case of cracking of the
vessel cladding. The experiments have shown a very large scatterring for the crack growth and the
models uncertainties.

An experimental and theoretical program has been conducted at the Paul Scherrer Institute (PSI)
for investigating the stress corrosion cracking in the low alloy steels for conditions simulating
those of a boiling water reactor (project "SpRK von Stahlen fur Reaktor-Komponenten in Heiss-
wasser" [3, 4]). The goal of the experiments was the reliable and quantitative determination of
the crack growth rate for these conditions. For the model, the goal was to determine the critical
parameters of the stress corrosion cracking in these steels by considering the phenomena in the
region of the crack tip.

This report deals with the modelling part of this project [5, 6, 7]. The requirements for the model
include the ability to prediction of the crack growth rate as a function of macroscopic and mea-
surable parameters, as well as its validation by experiments to ensure that the assumptions of the
model are realistic and that the model is reliable for application to reactor safety purposes. In
this manner, the model allows also an improved understanding of the underlying mechanisms of
the stress corrosion cracking. These requirements eliminate empirical approaches for the model,
which should be of the phenomenological type. The report includes mainly three parts.

The first is devoted to the assumption of a crack growth mechanism for the low alloy steels in high
temperature water, based on the models proposed in the literature and on observations. A mecha-
nism based on the anodic dissolution initiated by the rupture of the passivating oxide film by creep
at the crack tip, and eventually a cleavage representing other possible crack growth mechanisms,
will be assumed (section 2).

The second part deals with the model. It includes at first the description of the stress corrosion
cracking in a series of particular phenomena as well as the main equations for calculating the
crack growth (section 3). The partial models for each of these phenomena (anodic dissolution,
creep at the crack tip, rupture of the passivating oxide film, nucleation and growth of the film, and
cleavage) are presented (sections 4 and 6) for further application to the calculation of the crack
growth (section 6). The relevant parameters of the model are identified, the results compared to
experiments, and the limits of the model discussed (sections 5 and 6).



The third part is devoted to the species transport with special attention to the boundary condi-
tions (section 7), and to the necessary improvements and measurements for further application to
components (section 8).

2 Assumption of a crack growth mechanism for the low alloy steels
in high temperature water

The models of the literature for the stress corrosion cracking in metals will be briefly presented
and discussed. A crack growth mechanism for the low alloy steels in high temperature water will
be proposed on the basis of these models and of the observations in these steels.

2.1 Types of models

Three types of models will be discussed here.

• The empirical or semi-empirical models, based on parameters considered in the experiments
and appeared to be relevant from the results, these parameters being connected in equations
directly derived from the experiments.

• The phenomenological models, which describe the phenomenon by a set of macroscopic
variables. The parameters are those of the equations used (for example Faraday law, Ohm
law, balance equations with source terms).

• The mechanistic models, which describe the phenomenon by objects (for example, dislo-
cations, cleavages), defined by their geometry, dimensions, and positions and rates, each
interacting in a field of forces. The parameters are those of the equations describing the
objects and the force field.

The empirical and semi-empirical models provide with reliability only the information found from
the experiments. The parameters are those of the experiments. These models are uncertain to
make predictions for values of the parameters outside the range corresponding to the experiments
performed (the coefficients of the model have to be calculated for each particular case). These
models provide poor insight in the mechanisms, but can be used for data banks.

The phenomelogical and mechanistic models provide the values of the variables chosen for de-
scribing the phenomenon for any values of the parameters of the model, if the solution of the
equations exist. These models provide all the information which is intrinsically contained in the
description of the phenomenon under investigation, for the range of values considered for the
parameters. New phenomena can be predicted by these models. If they are validated by expe-
riments, these models provide the identification of the relevant parameters for the phenomenon as
well as their critical values, and allow predictions.

It appears that modelling requires at first to define the goal to be reached and a description of the
phenomenon by parameters which will be of different nature according to the goal. For the stress



corrosion cracking, the three types of models, sometimes in combination, have been proposed,
according to the description made for the phenomenon. It is clear that, for the present work of
modelling, only a phenomenological model will be of interest.

2.2 Models of the literature for the stress corrosion cracking in metals

The models presented here deal only with the phenomena related to the crack growth itself in
metals. The models concerning the species transport along the crack will be discussed in section
7.

2.2.1 Summary of the models of the literature for metals

The models for the stress corrosion cracking in metals have already been the topics of reviews
from other authors [8, 9, 10], and for the case of their application to the low alloy steels in high
temperature water by the present author [5]. The models will be summarized in tables with their
assumptions for the crack growth initiation and for the crack growth mechanism (Table 1) and with
their advantages and disavantages (Tables 2 and 3). The models will be discussed with particular
attention to their potential applications for the low alloy steels in high temperature water for the
case of the boiling water reactor (BWR).

From the physical point of view, the models can be classed in four types according to the mech-
anism they assume as sole or major contribution to the crack growth. These mechanisms are the
anodic dissolution, cleavage, dislocations and microcavity coalescence, and the vacancy genera-
tion.

Models based on the anodic dissolution

There are two models based on the anodic dissolution and which calculate the crack growth rate:
the PLEDGE model or the so-called slip dissolution model [11], of phenomenological and semi-
empirical nature, and the coupled environment fracture model [12], of phenomenological nature.

These two models assume for the crack growth the following sequence of events: local rupture at
the crack tip of the passivating oxide film under the effect of a strain with generation a bare surface
of the metal, growth of the crack by anodic dissolution, nucleation and growth of a passivating
oxide film which arrests the crack growth (repassivation).

These models, which have been proposed for steels in high temperature water, are the sole which
provide the crack growth rate as a function of measurable parameters for pratical cases. These
models are presented and discussed in Appendix A.

Models based on the cleavage

These models, which are of mechanistic nature, include the Jones model [13], the dissolution-
enhanced plasticity model [14, 15], the corrosion-assisted cleavage model [16, 17], and the film-
induced cleavage model [18].

Cleavage appears to result from the existence of very local stress concentrations ahead of the disso-
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lution cavity or from the existence of the oxide film. For the two cases, these stress concentrations
are the fact of the corrosion. This can be one reason for which cleavage is not observed in the
same metals after plastic deformation at the same temperature in air.

The Jones model [13], the dissolution-enhanced plasticity model [15], and the corrosion-assisted
cleavage model [16], assume for the event initiating the crack growth the local rupture at the crack
tip of the passivating oxide film. This rupture locally generates a bare surface of the metal resulting
in an anodic dissolution of the metal. The dissolution is assumed to be of small extent on the basis
of observations [19], and the cleavage the main or sole mechanism for the crack growth. The
cleavage results from the limited slip conditions ahead of the disolution cavity (by triaxial effects
or by the presence of obstacles to the motion of dislocations) and from the decrease of the fracture
toughness by defects generated by the anodic dissolution (divacancies, hydrogen, micropores by
preferential dissolution or by point defect clustering).

These models have been developed for interpretating observations in particular steels. The calcu-
lated crystallography and length of the cleavages are found to be in agreement with the observa-
tions. Quantitatively, the questions deal with the value of the fracture toughness in the region of
the crack tip for which no full models have been given. Models [9, 10] have been given only for
the special case of the embritlement by atomic hydrogen for calculating the Young modulus from
the concentration of hydrogen (assumed to be transported by the dislocations for the calculation).

For the film-induced cleavage [18], the mechanism initiating the crack growth is the crystallo-
graphic distorsion of the atomic networks at the interface between the passivating oxide film and
the metal. If the film thickness is in excess of a critical value, a cleavage is generated by different
mechanisms according to the coherence or non-coherence of the film with respect to the metal
and to the ductility of the film. It propagates inside the metal till blunting occurs. This model
uses molecular dynamics for the calculations, and is supported by experiments [20]. It can be
expected that the parameters which control the crack growth rate are the kinetics of the nucleation
and growth of the oxide film and the Crack Tip Opening Displacement. If the Crack Tip Opening
Displacement is too small, the film will have no place to reach the critical thickness, and no crack
growth will occur.

The weak points of these models for the purposes of this report include their no immediate ex-
tension to the special case of the low alloy steels in high temperature water as well as the deter-
mination of the fracture toughness. For all models, there are no parts devoted to the phenomena
initiating the crack growth for calculation of the crack growth rate.

Model based on the dislocations and microcavity coalescence

The Lynch model [21] is related to the adsorption of hydrogen at the crack tip. This adsorption
induces a local shear at the crack tip, which generate dislocations on two intersecting planes con-
tributing to the crack growth. This mechanism intrinsically gives rise to a very local blunting,
which will be consequently found in large number over the crack front. As in the ductile steels,
cavities, but of small dimensions and of large number, will be generated ahead of the crack tip.
The coalescence of these microcavities is the second contribution to the crack growth.

This model is in agreement with numerous observations in certain alloys, but can be applied only
for the metals where microcavities are observed, which is not the case of the low alloy steels in
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high temperature water.

Model based on the vacancy generation

The surface mobility model [22] assumes that vacancies are generated at the crack tip in a number
overcoming that at equilibrium because of the large elastic stresses present in this region. These
vacancies result in the diffusion of the atoms of the metal from the crack tip, giving rise to the
crack growth. The key parameter in this model is the surface self-diffusion coefficient whose
value depends on the local composition of the metal or alloy, or on the presence of a film on the
material surface. The roles of the microstructure of the metal and of the environment are taken
into account in this latter parameter. At last, the role of the plasticity is assumed on the basis of
observations to be negligible for the crack growth.

Experiments support this model for the effects of the temperature and of the film [22], but lack for
the effects of the stress, which is the basis of the model. However, it can be expected that the crack
growth mechanism assumed by this model is active during the stress corrosion cracking of metals.

2.2.2 Discussion of the models

Nine models have been considered, most of mechanistic nature. The relevant topics are the fol-
lowing

• Although the conditions for the occurrence of the stress corrosion cracking are known, there
is no common crack growth mechanism for this phenomenon. The crack growth mecha-
nism is specific for the metal-environment system. Therefore, a proposal for a crack growth
mechanism in a given metal-environment system should be made on the basis of observa-
tions.

• Except the Lynch model, which does not consider the oxide film, and the corrosion-assisted
cleavage model, which does not consider the role of this film after the initiation of the crack
growth, all the models take into account, qualitatively or/and quantitatively, the two funda-
mental aspects of the stress corrosion cracking which include the stress and the oxide film.
All the models are supported by experiments, at least partially, which shows that they are
realistic. However, at the level of the micromechanisms, the models provide no common de-
scription of the stress corrosion cracking because each metal-environment system exhibits
its own features. The models provide four possible phenomena for the crack growth ini-
tiation (rupture of the oxide film, brittle rupture of the film by atomic network distorsions
at the metal-oxide film interface, adsorption of hydrogen, and production of vacancies at
the crack tip), and also four possible phenomena for the crack growth (anodic dissolution,
cleavage, by different mechanisms, dislocations at intersecting glide planes as well as the
coalescence of microcavities, and diffusion of the atoms at the metal assisted by the vacan-
cies at the crack tip). A particular model can be applied only for the cases for which it has
been developed.

• For the case where cleavage is the crack growth mechanism, all the authors assume a reduced
value of the fracture toughness within a zone in the vicinity of the crack tip to explain
the generation of the cleavage. The existence of this zone is attributed to point defects as
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divacancies, or hydrogen generated by a cathodic reaction, or to micropores resulting from a
preferential anodic dissolution or from point defect clustering. It should be stressed that the
existence of this zone requires a sufficiently large number of point defects. If these defects
are generated by the dissolution, this dissolution should be sufficiently large to generate
this large number of point defects. There is here a relevant question which deals with the
existence of a threshold for the intensity of the dissolution for fulfiling this condition, which
is not discussed in the models.

• Exept the PLEDGE model, the coupled environment fracture model, and the surface mobil-
ity model, the models do not calculate the crack growth rate. This is due to the fact that the
mechanisms resulting in the initiation of the crack growth are not quantitatively considered.

• The PLEDGE model and the coupled environment fracture model are the sole models pro-
viding the crack growth rate as a function of K/, this for given conditions of the electrolyte
at the crack mouth. They have potential for application to reactor components. However,
these models are affected by uncertainties which include an uncertain relation between the
crack tip strain rate and K/, questionable assumptions, not rigourous mathematics (coupled
environment fracture model), the assumption of only one crack growth mechanism (dis-
solution) without support of fractographic observations, and the few number of published
results. This makes the application of these models uncertain for practical cases.

The main result is that, in their present state, all the models exhibit uncertainties and cannot be used
in their present state for practical applications. Most models were developed for understanding the
mechanism of the crack growth of a particular metal-environment system, but not for calculating
the crack growth rate which is the topics of interest for engineering applications. Each model
exhibits relevant points, but their application to another metal-environment system previously re-
quires to identify the crack growth mechanism operating in this system. At last, there is a lack of
quantitative investigations about the formation of the damaged zone observed in the region of the
crack tip, in connection to the anodic dissolution proposed to explain it.

2.3 Main features of the stress corrosion cracking in low alloy steels in high tem-
perature water

2.3.1 General aspects

The stress corrosion cracking of low alloy steels in high temperature water appears under the
following macroscopical conditions which must be simultaneously fulfilled (referred in [4]).

- Temperature: T > 80°C

- Electrochemical corrosion potential (corrosion potential): ECP > -200 mVSHE

- Steel sulphur content: S > 3x 10~3wt.%.

- Strain rate: in a limited range of positive values with the upper bound not exceeding about
10-V1.
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- Strain: larger than a critical value found in the range 10 3 to 3x10 3.

One sees that the occurrence of the stress corrosion cracking in the referred steels requires a highly
oxidizing medium, the presence of sulphur in the steel, an applied strain in excess of the elastic
strain, and an applied strain rate within an interval defined by lower and upper bound values. The
level of impurities of water as well as its content in sulphur and chloride ions are also critical
parameters; the threshold values depend on the values of other parameters.

2.3.2 Metallography and fractography

Observations [4]

The crack growth is transgranular with a direction generally perpendicular in mean value to the
applied stress at the scale of the specimen [4]. The crack exhibits macrobranching [4, 23].

The fracture has the appearance of a fan-shaped transgranular quasi-cleavage. At higher magnifi-
cation, a substructure of individual crack terraces with a fine river flow pattern within the microm-
eter scale appears. There are striation-like facets on the terraces which can be interpreted in terms
of localised slip and/or brittle separation between the slip bands. The steps between the terraces
are characterized by generally the presence of ductile pores and plastic ductile tearing, whose time
of occurrence, i. e., during the tests or post-test fracture, can be determined on the basis of their
oxidized or non-oxidized state, respectively. The on-going oxidation during the tests destroys the
original micrographic structure.

The fracture surface is covered by a thick and brittle oxide layer of magnetite Fe3 O4, characteristic
of the presence of high temperature water with a low content of oxygen in the crack. This can
be compared to the oxide layer on the surface external of the crack which is of the mixed type
composed of Fe3O4 and Fe2O3, characteristic of the presence of high temperature water with a
high content of oxygen.

The pre-cracked front of the low sulphur steels is often characterized by the presence of some few
localised thumb-nailed areas, whereas, for the high sulphur steels, the front is more even. This
shows the strong effect of the manganese sulphide (MnS) inclusions on the crack propagation.
The presence of rests of these inclusions in these areas is an indication of the dissolution of the
manganese sulphide (MnS) inclusions [4, 24].

Consequences

It appears that the stress corrosion cracking for the low alloy steels in high temperature water
should be considered at the scale of the grain. The crack is characterized by a damaged zone
of aspect completely different from that appearing after cracking of these steels in air, which
is characterized by the presence of microcavities. These microcavities have not been observed
after stress corrosion cracking of these steels in high temperature water although their dimensions
allowed their detection in spite of the presence of oxide. Limited information on the crack growth
mechanism can be drawn from these observations. The electrolyte at the crack tip is deoxygenated
and the dissolution of the MnS inclusions is a possible source of sulphur species in the electrolyte
at the crack tip.
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The absence of oxygen in the electrolyte at the crack tip, the presence of magnetite on the crack
surface, and the state of the metal surface at the beginning of the tests (the metal was bare) show
that the magnetite results from the growth of a film on a bare surface of the metal resulting from
the oxydation of iron with water at an appropriate potential. This suggests the presence of dis-
solution at the crack tip with a corresponding crack growth different from that active at the same
temperature in air.

The presence of slip indicates dislocation motion at the crack tip.

At last, one can deduce that the oxygen of the bulk of the electrolyte is consumed in a differential
aeration cell within the crack, resulting in a anion transport by migration towards the crack tip.

2.3.3 Corrosion potential at the crack tip and microsampling

Observations

The corrosion potential measured at the crack tip with an electrolyte outside the crack including a
large content in oxygen lies near the potential of the hydrogen electrode [25]. Due to the fact that
the corrosion potential increases as a function of the oxygen content of the electrolyte, this result
confirms that the electrolyte at the crack tip is deoxygenated.

Microsampling experiments performed with addition of H2SO4 in the bulk of the electrolyte show
that high crack growth rates can be obtained either with a high corrosion potential together with a
low concentration of H2 SO4 or with a low corrosion potential together with a high concentration of
H2SO4 [26]. The crack growth rate strongly depends on the type of ions present in the electrolyte.
For example, certain ions can have a strong effect on the conductivity and a little effect on the
crack growth rate, as it is the case for the NO^ nitrate ions [26]. At last, experiments separately
conducted with NaHSO4, H2SO4, and non-sulphur compounds in the electrolyte show that the
relevant ions for the crack growth rate are the sulphur compound and hydrogen ions [26]. This
result shows that the critical parameter for the crack growth is the chemistry of the electrolyte,
specially its composition.

Rushing, dilution, and aeration of the electrolyte at the crack tip obtained by high microsampling
rates result in a slow down or in a suppression of the crack growth. This shows that the crack
growth is not controlled by the potential at the crack tip [26].

Experiments on plates show that the sulphur compounds strongly affect the kinetics of the oxide
film growth [27]. This indicates that the growth of the oxide film, or the repassivation, has a
relevant effect on the crack growth. This result is in agreement with the strong effect of the
hydrogen ions on the crack growth, the concentration of these ions being known for controlling
the growth of the oxide film [28, section 6].

Consequences

These results show that the chemistry of the electrolyte, specially its composition, is a parameter
controlling the crack growth and that the phenomenon involved for that is the growth of the oxide
film, or the repassivation. The effect of the external corrosion potential is to give rise to the
transport by migration of anionic species from the bulk of the electrolyte to the crack tip, due to a
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smaller value of the corrosion potential at the crack tip.

The occurrence of the repassivation implies the existence of a bare surface of the metal before
the repassivation. In addition, the Pourbaix diagram for iron at 300°C shows that the corrosion
potential at the crack tip, the potential for repassivation with a magnetite film, and the potential
for the anodic dissolution have similar values [29]. These results support the anodic dissolution
as candidate for the crack growth mechanism, and are in agreement with the observations by
fractography.

2.3.4 Strain and strain rate

Observations [4]

Slow positive dynamic straining (section 2.3.1) with relevant plastic yielding is a necessary prereq-
uisite for the initiation of the stress corrosion cracking of the low alloy steels in high temperature
water.

There is a critical strain for the initiation of the stress corrosion cracking in the range 10~3 to
3xlO~3. This range of values corresponds to that measured for the rupture of the oxide film
(referred in [24, section 4].

In the phase of constant load, the crack growth rate is very small and decreases in a similar way
as the low temperature creep. Low temperature creep appears to be the main source of strain at
the crack tip (the other source is the crack growth itself, which can be neglected [4]). There is no
crack growth in the state of small scale yielding of the specimen, even for very agressive chemical
conditions at the crack tip. This latter point shows that the decisive parameter for the crack growth
is the strain at the crack tip.

Consequences

These results show that the strain at the crack tip is the decisive parameter controlling the crack
growth, which also supports the role of the film in the crack growth mechanism, by its rupture
here.

2.4 Assumption of a crack growth mechanism

There is no direct observation of the crack growth and the fractographic observations allow also
no direct identification of the crack growth mechanism. Therefore, it is necessary to make an
hypothesis for the crack growth mechanism on the basis of the observed phenomena. Only the
phase of constant load considered for the model will be considered.

From the above discussion, decisive parameters are, for the initiation and the course of the crack
growth, the strain at the crack tip, and, for the amplitude of the crack growth, the composition of
the electrolyte at the crack tip in species affecting the repassivation, i. e., sulphur compounds and
hydrogen ions. The following assumptions for the crack growth mechanism, based on a sequence
of physical events, is consistent with the observations:
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Rupture of the oxide film by dislocations emerging by creep at the crack tip and generation of a
bare surface of the metal, anodic dissolution with simultaneous nucleation and growth of a pas-
sivating oxide film, arrest of the dissolution when the oxide film has reached a critical thickness
(repassivation). To take into account the fact that the observations allow no identification of the
crack growth mechanism as well as no evaluation of the amplitude of the anodic dissolution (for
stainless steels, the dissolution is of very low amplitude and negligible with respect to other mech-
anisms such as cleavage, section 2.2.1), an additional contribution to the crack growth, under the
form of cleavage, will be assumed. The sole role of this cleavage in the model will be to increase
the crack growth length by dissolution by its own length. Observations show that the cleavage
length cannot exceed the grain dimension [4].

Figure 1 shows this crack growth mechanism for the case where a real cleavage is generated in the
region of the dissolution cavity by dislocations according to certain models [15, 16].

One notes that this hypothesis differs from the crack growth mechanisms considered by the models
proposed for other metal environment systems. The reasons are the following.

- No identification of the crack growth by fractography could be performed for the low alloy steels
in high temperature water due to the oxidation of the metal. This was not the case for, for example,
stainless steels for which, cleavage could be accurately observed (section 2.2.1).

- Certain features of these models could not be considered for the case of the low alloy steels
in high temperature water. For example, the decisive role of creep at the crack tip could not be
understood in the frame of the film-induced cleavage model, for which the growth of the film
controls the crack growth, or in the frame of the surface mobility model, for which creep is not
considered (section 2.2.1).

The contribution of other mechanisms to the crack growth represented by the cleavage are, for
example, the generation of vacancies at the crack tip under the effect of the stress (surface mobility
model), the generation of cleavage by atomic lattice distorsion at the metal-oxide film interface
(film-induced cleavage model), or the intersection of dislocations on different glide planes.

3 Structure of the model for the calculation of the crack growth length
and rate for given stress and environment conditions

3.1 Requirements, crack growth equation, and short description of the phenomena
involved

3.1.1 Requirements for the model

For reactor safety purposes, and for a first step, models providing only maximum values, i. e.,
values which cannot be overcome in any way, can be sufficient. Therefore, the first model should
be as simple as possible and conservative, with values of the parameters scanning their whole
range known from the literature.

For the present work, this requires to consider all the phenomena presumed of relevance for the
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crack growth and to give for these phenomena the simplest description ensuring the conservative
character of the model.

The mathematical description of the phenomena should fulfil the following conditions for reliable
application to reactor safety purposes.

The model should be phenomenological. This condition is evident for prediction of the crack
growth length and rate for given conditions for a system which can be described by only macro-
scopical parameters. It requires to use well accepted laws of physics, as far as possible. Otherwise,
semi-empirical laws derived from experiments suitably analysed can be accepted. For certain
cases, the representation of the phenomenon by a sole parameter can be sufficient. However, for
all cases, the conservation laws which should be present from the description of the model must
be fulfilled.

The model must be validated by experiments. This condition requires a judicious choice of the
model parameters, which should be easy to consider in the experiments and result in well measur-
able effects.

The model should be applied to the case of the in-service reactor components. To remain consis-
tent with the first condition, this condition requires that each phenomenon particular to the case
of an in-service component should be considered by a particular model (or partial model). For
example, considering the irradiation should result only in changing the particular law of the creep
and to include in the composition of the electrolyte the species generated by the radiolysis. In ad-
dition, from the point of view of fracture mechanics, the transferability of the results of the model
to the case of a cracked component, assumed to be thick, can be ensured only for the case of plane
strain and of small scale yielding. This latter condition requires that the crack length is not too
large with respect to the dimensions of the component (see next section).

It will be seen that all these requirements are fulfilled for the model proposed here. Each particular
phenomenon will be described by a partial model. The interactions between the phenomena are
taken into account by the parameters common to certain partial models.

3.1.2 Equations of the crack growth

An important point to consider for setting up the equations is the condition of small scale yielding
defined as follows [30].

Condition of small scale yielding

There are three characteristic zones for the stress field in a cracked specimen or component, if
their deformation is not too large. The first is situated in the very vicinity of the crack tip and is
characterized by large deformations (larger than about 10 percent). This is the zone within which
the rupture occurs. The second zone, which embeds the first zone, is a plastic zone characterized
by small deformations. The J-integral value determines the intensity of the stress field in this zone.
This is the so-called J-dominated zone. The third zone is an elastic zone where the stress field is
given by linear elastic fracture mechanics. The stress field in this zone varies as r"1/2 (r is the
distance to the crack tip here) and its amplitude is given by the stress intensity factor Kj. This is
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the so-called Kj-dominated zone. If the J-dominated zone is of small dimensions, it is embedded
in the K/-dominated zone. The stress field in the J-dominated zone is then determined by the
stresses in the Kj-dominated zone along the boundary between the two zones. Therefore, the sole
variable K/ determines the amplitude of the stress field in the zone in the very vicinity of the crack
tip where the rupture occurs. This latter fact defines the condition of small scale yielding. The
transferability of the results obtained on a cracked specimen to a cracked component is possible
only if the two components fulfil the condition of small scale yielding and are loaded to the same
Kj. For this case, the stress field in the zone where the rupture occurs will be the same for the
specimen and for the component. It is clear that this result can be applied to the creep at the crack
tip.

Equations of the crack growth under small scale yielding

One has for one crack growth increment resulting from a film rupture (or crack growth event)

Aa — aa + ac (1)

where a is the crack length at time t when the film rupture occurs, and &d and a,, the contributions
to the crack growth length of the dissolution and of the cleavage, respectively, for the crack growth
event. The expression of â  is, by applying the Faraday law and by considering the growth of the
oxide film (Eqns (5), (6), and (7) of section 3.3)

a-d = lidfi{qd)Td{Tf)r{qf) (2)

where 7 is a constant, î ,o the maximum value of the current density, depending on the parameters
qd among which the electrolyte composition at the crack tip and the cathode to anode area ratio [28,
section 7], r^ the dissolution time, depending on the time interval between two film ruptures Tf,
and r a coefficient describing the effect of the oxide film nucleation and growth on the dissolution
current density, function of parameters related to the oxide film q/.

By assuming a specimen statically loaded at the stress intensity factor K/ and undergoing small
scale yielding, the non-dependence of the strain at the crack tip on the crack growth rate [4] and
on corrosion-deformation interaction effects, a constant value of the critical strain to film rupture
(strain to film rupture), and K/ not depending on the crack growth length (which should be small),
17 is given by the solution of

ect{t + Tf,Ki)-ect(t,Kr) = ef (3)

where ect is the strain at the crack tip, depending on time t, which will be always the time of a film
rupture, and on the stress at the crack tip determined by only K/, and e/ the strain to film rupture.

For the time interval [0,t], and by assuming a- constant, Eqns (1), (2), and (3) yields for the crack
length a(t)

JV(O,t)

a(t) - ai + ]T [ad{Tfii_u qd, qf) + ac] (4)
i=2

where a± is the initial crack length at the time of the first film rupture (ti = 0), the term given by
the sum the crack growth length at time t, which is that of the film rupture No N (>2), index i the
number of the film rupture, N the total number of the film ruptures within the time interval [0,t],
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which is a function of the crack tip strain in this time interval and of ey, and r^; the time interval
between between the film ruptures No i-1 and i (i>2).

Consequences

This latter equation makes to appear the following points.

• Due to the fact that the corrosion-deformation interaction effects are not considered and that
the creep does not depend on the crack growth length, the crack growth is governed by only
the creep at the crack tip. The corrosion acts only upon the amplitude of the crack growth
by the values of â  and of d^. This result is a direct consequence of the assumption of the
small scale yielding.

• There are two contributions to the amplitude of the crack growth. They include the creep at
the crack tip, by the number of film ruptures (or of crack growth events) which depends on
the strain to film rupture, and the corrosion, by the values of â  and of &c. The value of â
depends on the creep at the crack tip and strain to film rupture by the value of 77 and on the
corrosion parameters q^ and qy.

• For the general case, there will be no proportionality between the strain at the crack tip and
the crack growth length, due to the dependence of â  on r/ . There will be proportionality
only when â  will no more depend on -ry. In the model, this condition will be fulfilled when
Tj will be larger than the repassivation time. Examples will be given in section 6.5.

The creep at the crack tip together with the strain to film rupture appear to be fundamental pa-
rameters of the stress corrosion cracking for the crack growth mechanism considered in this work.
The other important parameters are those determiming the maximum value of the current density,
the dissolution time, and the nucleation and growth of the oxide film up to the repassivation. All
these parameters must be determined by adequate models for reliable application to the case of the
reactor component.

3.1.3 Important points considered for modelling

According to the principles discussed in section 3.1.1, there are important points considered for
the model which should be presented and which are the following.

• The above discussion shows that large attention must be paid to creep, in connection to
the accuracy of the calculations and to the conditions of plane strain and of small scale
yielding which must be fulfilled for the specimen under investigation. This requires to use
an adequate constitutive law for creep as well as the finite element method to calculate the
strain field in the specimen.

• One critical factor determining the maximum value of the dissolution current density is the
cathode to anode area ratio [28, section 7]. For the stress corrosion cracking, the anode can
be assumed to be situated at the tip of the crack with a pre-determined area. This area is that
of the surface of the bare metal generated by the local rupture of the oxide film. No value
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of the area for the cathode can be a priori assumed. However, the cathode can be expected
to be of limited extent due to ohmic effects in the electrolyte. Therefore, the area of the
cathode will depend on the values of the parameters determining the resistance of the cell.
These parameters include the resistance of the electrolyte in the cell and the polarization
resistances of the electrodes which depend on the dissolution current. It appears that the
cathode area is an unknown of the model whose value should be determined together with
the dissolution current.

• Taking into account the cathode to anode area ratio when the dimensions of the anode are
known requires to consider a three-dimensional geometry for the cell. For instance, such a
geometry cannot be taken into account in the frame of the transport and potential equations
due to numerical difficulties for the solution (section 7). It can be considered by using the
Ohm law if the electrolyte in the cell is assumed to be homogeneous. This will be the basis
assumption of this work. A model for the dissolution based on this assumption will be
presented in section 4. One advantage of this assumption for reactor safety purposes is to
provide a maximum case. This assumption has also relevant consequences on certain results
of the model which will be discussed (section 5).

• The composition of the electrolyte is a critical parameter for the crack growth by dissolution,
by the conductivity of the electrolyte at the crack tip and by the repassivation [26]. For the
conductivity, all the ionic species are relevant. The parameter for investigating the sole con-
ductivity will be the concentration of a ion neutral with respect to the repassivation, which
will be nitrate (referred in [24, section 3]). For the repassivation, the critical species are the
sulphur compounds which result from the dissolution of the MnS inclusions of the metal
at the crack tip, and, for the case of the water of a BWR [31], the hydrogen, chloride, and
sulphate ions. The repassivation will be taken into account by considering in the model the
sole sulphate ions in the electrolyte, whose effects on the repassivation have been measured.
The concentration of sulphate ions will be the parameter which governs the repassivation in
the model. It will represent all the above-mentioned contributions to the repassivation.

• At last, the values of the constants related to the anodic dissolution at the crack tip are
not known. Only a physical model including these constants as parameters can provide an
estimate of these constants by comparison with experiments, allowing further application of
the model to pratical cases.

The following section briefly presents the phenomena considered for the model.

3.1.4 Short description of the phenomena involved

Figure 2 shows a general description of the stress corrosion cracking for the low alloy steels in
high temperature water, according to the crack growth mechanism proposed in section 2.4. This
description includes all the phenomena involved (species transport along the crack, creep, rupture
of the passivating oxide film at the crack tip, anodic dissolution in a dissolution cell in the region
of the crack tip, nucleation and growth of the passivating oxide film, and cleavage for representing
other possible crack growth mechanisms), as well as the corresponding partial models.
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Species transport along the crack

The species transport along the crack governs the composition of the electrolyte in the dissolution
cell. The composition of the electrolyte provides the conductivity in the cell and controls the
repassivation by the species present. The species transport can be a critical phenomenon for the
occurrence or not of the crack growth. It has mainly two causes: the migration due to the potential
gradient along the crack and the diffusion due to concentration gradients.

The potential gradient is due to the different values of the potential at the crack mouth (corrosion
potential) and at the crack tip. The value of the corrosion potential depends on the concentration
of the reacting species, on the flow conditions [32], and on the state of the surface where it is
measured (section 4.2.1). The potential at the crack tip at still state of the crack (i. e., when the
repassivation is finished) is also a corrosion potential due to the electrochemical reactions occuring
at the crack tip (mainly dissolution of iron across the oxide film). A larger value of the corrosion
potential at the crack mouth with respect to the potential at the crack tip results in a migration of
anions from the crack mouth to the crack tip, increasing the concentration of these anions at the
crack tip. This latter phenomenon will be considered as the results of experiments, i. e., without
other justifications, here. Chemical reactions during this migration generate ions for fulfiling the
condition of electroneutrality in the electrolyte.

The value of the corrosion potential at the crack mouth depends on the concentration of dissolved
oxygen in the electrolyte outside the crack. A description which is supported by experiments
and by the results of the present model is to consider that oxygen is consumed inside the crack
in the region of the crack mouth by the mechanism of the differential aeration cell (section 7,
[26]). This results in a very small concentration of oxygen in the rest of the crack. At the crack
tip, the potential is the corrosion potential related to the passivating oxide film at still state of the
crack, or the potential related to the reduction of the hydrogen ion for the crack growth by anodic
dissolution. For the first case, the species transport along the crack controls the composition of
the electrolyte at the crack tip. For the second case, the species transport along the crack is one of
the phenomena controlling the anodic dissolution, for example, by its contribution to ensure the
electroneutrality in the electrolyte when the hydrogen ions are consumed by reduction and the iron
ions are produced by oxidation. Only the first case will be considered here.

For the diffusion, the concentration gradients result from the difference of the concentrations of
a given species between the crack mouth and the crack tip, from the migration itself, from the
electrochemical and chemical reactions occuring along the crack, from the dissolution of MnS
inclusions, and from the anodic dissolution at the crack tip.

Critical parameters for the species transport will be the concentrations of the species at the crack
mouth and at the crack tip which provide the potentials at these places.

For a first step, the species transport along the crack will be considered only for a sulphate com-
pound (Na2SO4).

The models proposed for the species transport for the stress corrosion cracking and related prob-
lems will be discussed in section 7.
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Creep

For low temperatures (not exceeding the third of the melting temperature [33]), creep is due to
dislocations moving under the effects of a constant stress and of the temperature. Creep is always
present in a metal where stresses are present, which will be the case at the crack tip. It can
be accelerated for an anodic dissolution [34, 35]. In the present model, it will be assumed that
the crack growth is controlled by only creep, by the sole effect of the film rupture. The other
contribution of creep to the crack growth deals with the dislocations emerging on two intersecting
glide planes, represented by cleavage in the model.

The parameters for creep will be, for a first step, the temperature, the local stress, and the metal,
all considered in a constitutive law [33]. The effect due to the corrosion-deformation interaction,
which are not well known [9], will not be considered. For the low temperatures, different regimes
for creep according to the stress with the corresponding different constitutive laws can be expected
[33]. The creep at the crack tip of a pre-cracked compact tension specimen has been calculated
for the case of the large deformations on the basis of a general constitutive law of Chaboche; the
conditions were those of the tests conducted at PSI (section 6.1). For a static load of the specimen,
the creep was found to be of the low temperature type (or logarithmic), charaterized by a decrease
of the creep rate as a function of time.

Rupture of the passivating oxide film

Under static load, and in a chemically neutral electrolyte with respect to the composition of the
film, the rupture of the passivating oxide film, whose composition is magnetite, [24, section 4],
can occur only by arrival of dislocations from creep onto the film. Two rupture modes are possible
if the number of these dislocations overcome a certain threshold: a brittle rupture of the film or
a rupture due to a local displacement of this film. For the two rupture modes, a surface of bare
metal will be generated, allowing anodic dissolution. Considering the maximum case for the
crack growth requires to determine the minimum value of the strain to film rupture. This value is
determined by the microstructure and thickness of the oxide film, and by the anodic dissolution
itself. For this latter case, a minimum value of the area of the bare metal surface (or anode area) is
required so as to the iron ions generated by the dissolution can freely diffuse inside the dissolution
cavity.

None of the parameters determining the strain to film rupture is known. Therefore, the strain to film
rupture will be considered as a parameter of the model, discussed in section 6.2. For determining
the corresponding anode area, the strain to film rupture will be represented by the strain generated
by a group of dislocations emerging by creep at the crack tip.

Anodic dissolution

The presence of a bare surface of the metal and of ions in the oxidized state in the electrolyte can
generate an anodic dissolution of the metal together with a reduction of certain of these ions. The
dissolution occurs for appropriate values of the potentials in the cell, which also determine the
species which will be reduced. The dissolution is a contribution to the crack growth. The cathode
to anode area ratio is a critical parameter for the crack growth by dissolution, but it can be expected
that the resistance of the electrolyte, the potentials in the dissolution cell, and the dissolution
duration, will be also relevant parameters. The necessity of taking into account these parameters
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for modelling the dissolution cell and calculating the crack growth by dissolution appears here
(sections 4 and 5)

The parameters for the dissolution will be the composition of the electrolyte, the electrical resis-
tance of the electrolyte, dependent on the geometry of the dissolution cell, the anode and cathode
areas, and the dissolution time.

Repassivation

The repassivation is due to an oxydation reaction at the electrolyte-metal interface between the
metal and water. The kinetics of this reaction depends on the pH of the electrolyte and on the
concentration in sulphur compounds of the electrolyte [28, section 6]. The resulting oxide layer
is called the passivating oxide film. Experiments with steels and sulphate ions show that the
repassivation can be represented by three parameters: the nucleation time of the film to, the growth
time of the film up to the repassivation, these two times defining the repassivation time rp, and a
parameter, denoted by p, which describes the kinetics. It will be assumed in this work that these
parameters depend only on the sulphate concentration (section 5.1).

As discussed in section 3.1.3, the repassivation will be taken into account by the sulphate concen-
tration of the electrolyte at the crack tip.

Cleavage

For reasons explained in section 2.4, no model will be proposed for cleavage. It will be only
represented by its length which will be a parameter of the model.

3.2 Assumed sequence of events for the crack growth

There are three basic cases to consider for the dissolution (Figure 3): continuous dissolution,
partial repassivation, and full repassivation. The governing parameter is the time between two film
ruptures, Tf. The effect of r/ on the course of the dissolution will be a function of the two time
parameters to and rp which charaterize the nucleation and the growth of the film (or pratically the
repassivation), respectively.

(A) Continuous dissolution

This case is defined by the fact that the oxide film has no time for nucleating between two film
ruptures.

(1) t = 0. Film rupture by arrival of dislocations by creep, instantaneous generation of a bare
surface of the metal, and beginning of the anodic dissolution.

(2) 0 < t < Tf < to. Anodic dissolution at the maximum value of the dissolution current density
for the nucleation time to of the passivating oxide film.

(3) t = Tf. Virtual arrest of the dissolution, instantaneous generation of a cleavage, and beginning
of a new sequence of events.

The intensity of the dissolution is maximum for given conditions. It should be stressed that the
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generation of a real cleavage for the continuous anodic dissolution has, in principle, no physical
sense. The assumption of the cleavage as an additional crack growth mechanism representing
other possible crack growth mechanisms appears in its whole signification here.

(B) Partial repassivation

For this case, the dissolution is arrested by a new film rupture before the passivating oxide film
reaches its critical thickness which defines the full repassivation.

(1) t = 0. Film rupture by arrival of dislocations by creep, instantaneous generation of a bare
surface of the metal, and beginning of the anodic dissolution.

(2) 0 < t < t0. Anodic dissolution at the maximum value of the dissolution current density for the
nucleation time t0 of the passivating oxide film.

(3) t = t0. The passivating oxide film is nucleated at time t0 and begins to grow.

(4) t0 < t < Tf < rp. Growth of the passivating oxide film with consequent slow down of the
anodic dissolution.

(5) t = Tf. Arrest of the dissolution by a new film rupture, instantaneous generation of a cleavage,
and beginning of a new sequence of events.

(C) Full repassivation

For this case, the dissolution is arrested because the metal is fully repassivated. The dissolution
has reached its maximum extent inside the metal, which is defined by the composition of the
electrolyte at the crack tip.

(1) t = 0. Film rupture by arrival of dislocations by creep, instantaneous generation of a bare
surface of the metal, and beginning of the anodic dissolution.

(2) 0 < t < tp. Anodic dissolution at the maximum value of the dissolution current density for the
nucleation time to of the passivating oxide film.

(3) t = t0. The passivating oxide film is nucleated at time t0 and begins to grow.

(4) t0 < t < TP. Growth of the passivating oxide film with consequent slow down of the anodic
dissolution up to the repassivation time TP.

(5) t = Tp. The anodic dissolution is assumed to be stopped due to the thickness of the film (the
metal is repassivated). Instantaneous generation of a cleavage.

(6) Tp < t < Tf. Still state of the crack up to time Tf where a new rupture of the film occurs.

(7) t = Tf. Beginning of a new sequence of events.

3.3 Equations and steps for modelling

The method for setting up the equations is based on that used by the PLEDGE model (Appendix
A).
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(1) Dissolution propagation length per dissolution event

The dissolution propagation length for the dissolution time TJ, which will be also termed dis-
solution propagation length per dissolution event or, when no confusion is possible, dissolution
propagation length, is calculated by using the Faraday law. For the case of the one-dimension
propagation of the dissolution and of iron, one obtains [1]

ad

MFe P
Jo

iddt (5)

where â  is the dissolution propagation length for the dissolution time Td, MFe and pFe the molar
mass and density of iron, respectively, n the stoichiometric electron number involved in the disso-
lution reaction, F the Faraday constant, and i^ the dissolution current density as a function of time
t. The dissolution time r^ is given by

if 0 < t < rp

if* > rp

One has for id on the basis of experiments [11], and by considering the repassivation time rp

id,o if 0 < * < to
id= { id,o(t/to)~p if t0 <t <TP

(6)

(V)
0 if t > 7V,

where i^o is the maximum value of the dissolution current density, to the nucleation time of the
passivating oxide film, and p an exponent. The values of t0 and rp will be assumed to be constant
and that of p assumed to depend only on the concentration of the sulphate ions of the electrolyte
at the crack tip. Their values are given in section 5.1. The function id is plotted as a function of
time for four different values of p in Figure 4.

The integration of Eq. (5) yields, by using Eqns (6) and (7), and for p / 1:

For Tf < t0:

For t0 < Tf <

ad =
MFe

nFpFe

For > TP

ad =

ad =

MFe

nFpFe

MFe

nFpFe

1 +

1 +
-P

-P+i

-p+i

- 1

(8)

(9)

(10)

The values of id and â  as a function of time are shown for different values of p depending on the
sulphate concentration in Figures 11 and 12 of section 5.2.2. The three regions, defined by the
values of to and of rp, clearly appear with different features.

It should be stressed here that â  cannot be smaller than a threshold value, denoted by ath, which is
at mimimum one interatomic distance. Its value will be given in section 5.1. One has the additional
equation

ad = 0 if ad < ath (11)
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The consequence of this fact is the existence of delayed occurrences or non-occurrence for the
crack growth (section 6.5.1).

(2) Cleavage length

As mentioned above, the cleavage length will be considered as a parameter.

(3) Time of the film rupture

The reference time will be the time where the rupture of the film occurs. This time depends on the
crack tip strain rate and on the strain to film rupture. The time U of the film rupture No i will be
recurrently calculated as follows

£ct{ti+i) = ect(ti) + ef (12)

with, at the time ti of the first film rapture

ect{h) = 0 (13)

where ect(t;) is the crack tip strain at time tj, and e/ the strain to film rupture.

Equation (12) provides also the corresonding time interval between two film ruptures r/i2- which is

rf,i = U+i ~ U (14)

(4) Crack length as a function of time

One has for the crack length a at the film rupture No n occuring at time tn

n
a = ai + ^2(adii_1 + ac) (15)

where &d,i-i is the dissolution propagation length between the film ruptures Nos i-1 and i occuring
at times t^_i and t; (i>2), respectively, ai the crack length at time ti of the first film rapture, and
â . the length of the cleavage generated in this time interval, assumed to be constant here.

The crack growth length together with the load, strain, oxide film rapture events, and dissolution
current density is represented in Figure 5 for the three ranges of values of Tf with respect to t0 and
Tp.

(5) Crack growth rate as a function of the crack tip strain rate

The crack growth rate at time tn, denoted for convenience but unproperly by dn, will be calculated
by

— (16)

with
tn+l ~tn= Tfin (17)

for which the following convenient expression for the three following equations will be used

rf = ¥- (18)
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where ect is is the mean value of the crack tip strain rate in the time interval Tf.

By using this latter equation and Eqns (8), (9), (10), and (11), one obtains the equations of the
crack growth rate d as a function of the mean value of the crack tip strain rate ect for the time
interval Tf.

The first equation is related to the existence of a threshold value for considering the dissolution

dn = Oifad ,n +i < ath (19)

Under this condition, one has:

For Tf < t0:

a =
e id,o (20)

It appears that a linearly varies with ect. For the case where cleavage is not considered, there is no
dependence of d on ect.

For t0

a =
MFe

nFpFe
1 +

-P+1

- P + I
- 1

€f
(21)

There is no simple relationship between d and ect for the general case. If the cleavage length is
much smaller than the dissolution propagation length, and for large values of Tf with respect to t0,
the expression of d will be

d ~ ep
ct (22)

allowing to determine the value of p from the analysis of the plot.

For > TP:

M
a = Fe

ect \

[
- P + I

- 1
nFpFe - - " e y [" ' -p+l

The crack growth rate is proportional to ect for any values of the cleavage length.

(23)

Due to the fact that the cleavage is assumed to be generated at the end of the dissolution, Eqns
(20), (21), and (23), are not rigourously set up from the mathematical point of view. This is of no
relevance in this work.

For a given value of the crack tip strain rate ect, the parameters which determine the crack growth
rate d are p, i .̂o, £/, t0, Tf, and a^ They represent the intensity of the dissolution, the repassivation,
the rupture of the oxide film, and the cleavage, respectively. All are defined at the crack tip. A
determination of these parameters can be expected from measurements of d as a function of ect.

4 Model for the dissolution cell: equations

The goals are (a) to calculate the dissolution propagation length â  per dissolution event for the
whole spectrum of the values of the parameters of the model known from the literature, and (b)
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and to determine the sensitivity of â  to these parameters for further determination of the relevant
parameters for a .̂

4.1 Description of the system and assumptions

4.1.1 Geometry of the crack and of the dissolution cell

The position of the dissolution cell in the crack and the diagram of this cell with its dimensions
are shown in Figures 6 and 7, respectively. The assumptions are the following.

(1) The crack is two dimensional, has parallel surfaces, and is included in a half-space with its
mouth at the surface of the half-space.

(2) The metal embedding the crack is pure iron. This assumption is reasonable for a low alloy
steel in which the dissolution of the precipitates, except that of the manganese sulphur (MnS)
inclusions, can be neglected for a first step. This is due to the fact that the concentrations of the
dissolved alloying species in this steel are small compared to that of iron, and that no relevant
effects from the dissolution of precipitates other than MnS on the crack growth have been reported
in the literature. The case of the dissolution of the MnS inclusions will be considered by the
presence of sulphate in the electrolyte.

(3) The dissolution cell is composed of one anode, situated at the crack tip, and of two cathodes,
each on a particular surface of the crack. This assumption is consistent with the fact that the
rupture of the oxide film generating the bare surface of the metal can be expected to occur at the
crack tip.

(4) The height of the cell is the Crack Tip Opening Displacement (CTOD); the anode and the
cathode are of bounded extension. This three dimensional geometry for the cell allows to take into
account the relative dimensions of the anode and cathodes on the value of the dissolution current
density (sensitivity to the cathode to anode area ratio), and, in connection to the height of the cell,
on the value of the electrical resistance of the cell

4.1.2 Electrolyte composition and electrochemical reactions

The electrolyte composition is chosen to put in evidence the effects of the repassivation. The
assumptions are the following.

(1) The electrolyte includes water and the ions H+ , OH", Fe2+ , NOg , Na+, and SO2", resulting
from the dissociation of H2O, Fe(NO3)2, and of Na2SO4, respectively. This composition allows to
take into account all the phenomena of relevance for the dissolution. The Fe2+ and H+ ions will be
involved in the electrochemical reactions; their concentrations provide the equilibrium potentials
of these reactions. The NOg" and SO2" ions will be considered for investigating the effect of the
conductivity and of the repassivation, respectively, on the dissolution propagation length. For the
repassivation, the effect of the sulphate ion SO2" is strong while it is small for the nitrate ion NO3
(referred in [24, section 3]).
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(2) The anodic reaction is the oxidation of iron (Fe2+ + 2 e - = Fe).

(3) The cathodic reaction is the reduction of the hydrogen ion (2H+ + 2e~ = H2). This is consistent
with the assumption that no oxygen is present in the region of the crack tip.

(4) The electrolyte is assumed to be dilute, of constant composition, chemical neutral, electroneu-
tral, and homogeneous. The assumption of a dilute electrolyte simplifies the equations (the con-
centrations can be considered instead of the activities). For H+ and OH~, and for the Fe2+ ions
generated by the anodic dissolution, it can be expected that this assumption is fulfilled because of
the solubility products. For the ions resulting from the dissociation of Na2SO4 or of Fe(NO3)2, it
will be considered that the concentrations up to about 105 ppb considered in this work fulfil this
assumption. The constant composition means that the ions Fe2+ and H+ produced and consumed,
respectively, at the electrodes are not considered. The chemical neutrality is represented by pH
= 7 at 25° C . These two latter points are two limitations of the model, mainly from the points of
view of the electrode potentials (Fe2+ and H+) and of the repassivation for H+ (the pH value for
25°C at the crack tip can be smaller that 7 [36]), which will be discussed in sections 5.2.4 and
5.3.3. The electroneutrality means that the effects of the double layer on the electrode surfaces (of
the order of the nanometer [28, section 3]) are neglected. The assumption of homogeneity means
that there is no concentration gradient in the electrolyte, which is consistent with the fact that the
transport phenomena are not considered in the model. This point is also a limitation of the model
discussed in section 5.3.3.

4.1.3 Other assumptions

(1) The electrode surfaces are homogeneous and their areas constant during the dissolution.

(2) The cross section of the dissolution cavity is the anode surface. This means that the lateral
dissolution is neglected. Note that this assumption implies that the dissolution will propagate
perpendicularly to the bare surface of the metal and not along the glide planes of the dislocations
whose arrival has resulted in the rupture of the film, oppositely to the assumptions made in other
models [15, 16]. These two latter facts are not relevant here.

(3) The dissolution cavity is not taken into account in the geometry of the dissolution cell. This
assumption will be discussed in section 5.3.1.

(4) The temperature is constant in the whole system.

(5) The electrolyte is at rest. This assumption is fulfilled more especially as the crack is sharp.
It is consistent with the fact that the transport is not considered here and with the tests conducted
under static loading at PSI.
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4.2 Main equations and parameters

4.2.1 Main equations

The goal is to calculate the maximum value of the dissolution current density i^o for a given
metal-environment system.

Several models which assume a homogeneous electrolyte have been proposed for calculating the
anodic dissolution for the cases of the propagation of pits [37, 38] or of the stress corrosion crack-
ing for metals [39]. The two first models [37, 38] calculate the dissolution current density and
the potential drop by simultaneously using the Ohm law and the Butler-Volmer law but do not
consider the cathodic current. The third model [39] completes the set of equations by considering
the cathodic current with the consecutive application of the charge conservation which explicitely
includes the cathode to anode area ratio. However, these equations have not been solved.

This latter model will provide the basis equations for calculating idto- To make easier the reading
of the report, only the main equations with the underlying ideas will be presented here. The full
set of equations is given in Appendix B.

The equations include:

(1) The charge conservation

This principle yields that the anodic and cathodic currents are equal. They will be termed as the
dissolution current and denoted by Idfi-

(2) The Ohm law

This law can be applied due to the assumption of homogeneity of the electrolyte. One has

$ c - $ a = ReId>0 (24)

where <£a and $ c are the anodic and cathodic potentials and Re the resistance of the electrolyte.
The resistance of the electrolyte is a function of the geometry of the cell and of the concentrations
of all the ions present in the electrolyte and of their mobility at the temperature of the system.

(3) The Butler Volmer law

This law states for an electrode the dependence of the current on the overpotential, i. e. the differ-
ence between the potential present on the electrode and the equilibrium potential of this electrode.
For the case where the current is not limited by the species transport, as assumed here, one has for
each of the anodic and cathodic currents (the indices a for the anode and c for the cathode have
been omitted, [28, section 4])

= iA = i0A \exP ( ^ - ^ ) - exp (- ~ - ^ ) ] (25)

where I is the current, i the current density, A the electrode surface, io the exchange current density,
i. e., the current density at the equilibrium potential , $ and $ 0 the potential and equilibrium
potential, respectively, and (3a and /3C, the Tafel coefficients for the partial anodic and cathodic
reactions at a given electrode.
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The exchange current density depends on the kinetics of the reaction at an electrode [28, section
4]. Its value takes into account all the phenomena involved in the kinetics, which include the
composition of the electrolyte at the electrode surface [28, section 4] and the composition and
microstructure of the electrode surface [28, sections 4 and 7]. The role of sulphur is critical here
[40]. This parameter, whose values scan twelve orders of magnitude and cannot be predicted, will
be a relevant parameter of the model for the dissolution. The Tafel coefficients depend on the
reaction mechanism at the electrode, which takes place generally in several steps. Their ranges of
values are not large [28, section 4].

The equilibrium potential is given by the Nernst law, written for the small concentrations here.
By assuming for the case of the cathodic reaction that the partial pressure of H2 is the standard
pressure, the Nernst equation will be of the form

( 2 6 )

where 3>° is the standard potential of the reaction at the temperature T, R the perfect gas constant,
n the stoichiometric electron number involved in the reaction, and C the molar concentration (in
mol/m3) of the reacting species at the temperature T and pressure of the system.

The system of four equations to be solved is given by the charge conservation equation, the Ohm
law, and the two Butler Volmer-equations, providing the values of the anodic and cathodic po-
tentials and currents for given values of the parameters. The dissolution current density is given
by

Ho = - r - (27)

where Aa is the anode surface.

The corresonding electrical circuit of this equation system is given in Figure 8. It includes a
voltage source, given by the anodic and cathodic equilibrium potentials, with at each boundary the
anodic and cathodic polarization resistances (dependent on the current). The anodic and cathodic
potentials are the potentials at the output of this system. The electrolyte resistance is the external
resistance of the circuit.

The system of equations can be represented in an Evans diagram (Figure 9). One sees the anodic
and cathodic currents given by the Butler -Volmer law, the value of the current in the electrolyte
given by the Ohm law, and the effect of the highly non-linear anodic and cathodic polarization
resistances. Clearly, it can be stated on the basis of Figure 9 that the assumption of homogeneity
provides the maximum case for the dissolution current density in connection to the anodic and
cathodic current densities given by the Butler-Volmer law (Eq. (25)).

One notes that all the ions of the electrolyte are assumed to transport the current for the calculation
of the resistance, while, at each electrode, the current is provided by the reaction of only one
species (Butler-Volmer equation). This important fact will be discussed in section 5.3.3.
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4.2.2 Cathode to anode area ratio and parameters

The cathode to anode area ratio results from the charge conservation

ia = -~ic (28)
•"•a

where ia and ic are the anodic and cathodic current density, respectively, and Aa and Ac the anode
and cathode area, respectively. At given value of ic, the larger the cathode to anode area ratio
Ac/Aa, the larger ia or the dissolution current density i^, and the larger the dissolution propagation
length (Eq. (5)). Even while the constant value of ic at varying values of Ac/Aa cannot be ensured
because of the non-linearity of the equations, this amplifying effect will clearly appear in the
results of the model and will provide a major result of the model (section 5.2.3).

By refering to Appendix B, the parameters of the sytem for a given temperature and pressure
include the resistance of the electrolyte, which depends on the anode and cathode dimensions
and of the cell height as well as on the conductivity, the anode and cathode areas, the number of
emerging dislocations, which will provide the anode area, the exchange current densities and
the Tafel constant, which include all the physical phenomena involved in the electrochemical
reactions, the standard potentials of the reactions, and the concentrations of the reacting species
which provide the equilibrium potentials.

5 Model for the dissolution cell: results and discussion

5.1 Values of the parameters

The values of the physical and electrochemical constants and of the parameters are given in Ap-
pendix C and in the figures for the main ones. The values of the model parameters (cell and
electrode dimensions, concentrations, and exchange current densities) will be varied over their
whole ranges found in the literature. The values considered for a particular case will be those pro-
viding a maximum value for the dissolution propagation length, or representing a realistic case, or
corresponding to tests conducted at PSI, or to a particular case of the applications.

Only the values of the cell height and of the environment dependent parameters to, rp, and p will
be given with comments here.

For the cell height, the value of 2.19 fim will be taken. This value is the calculated value of the
CTOD for a pre-cracked compact tension specimen loaded to the stress intensity factor K/ of
30 MPam1/2 for the conditions of the tests conducted at PSI, with the fulfilment of the small scale
yielding condition (section 6.1).

For the nucleation time of the oxide film to, the constant value of 0.2 s measured on low alloy
steels in water at 288°C is realistic (referred in [24, section 4]). For the repassivation time TP,
the conservative value of 104 s will be considered. The reason is that the measurements of the
repassivation current do not exceed 103 s and can exhibit a relevant dependence of the amplitude on
the sulphate concentration [27]. The exponent p has been assumed to depend only on the sulphate
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concentration in the electrolyte. The corresponding function, shown in Figure 10, exhibits three
regions: a low sulphur region, a high sulphur region, and a transition region between these two
regions [41].

The threshold value for the dissolution propagation length will be three interatomic distances, i. e.,
10~3 fim. The reason of this choice is related to the possibility of generation of a real cleavage by
the stress concentrations induced by the dissolution cavity, for which a minimum length of three
interatomic distances for the cavity will be assumed.

As seen in section 3.1.3, the value of the cathode length must be determined together with the
dissolution propagation length. It will be seen in section 5.2.3 that, for given parameters and
values, the dissolution propagation length â  exhibits a maximum as a function of the cathode
length Lc. The maximum value of â  and the corresponding value of Lc will be the values of
the dissolution propagation length and of the cathode length for these parameters and values. This
value of the cathode length will provide the length and width of the dissolution cell, i. e., the spatial
extent of the cell along the crack for these parameters and values. The fact that the cathode length
cannot be smaller than the cell height for a consistent application of the model results in restricted
ranges of values for the parameters.

5.2 Results

5.2.1 Values of the potentials and of the current densities

The solution of the system of equations of the model (Eqns (1), (2), (3) and (4) of Appendix B)
is graphically displayed in Figure 9. The values of the anodic and cathodic potentials are always
situated between the values of the corresponding equilibrium potentials (about -0.96 V for $° and
-0.64 V for $°). The values of the cathodic potential 3>c only slightly deviate from <J?C)0 (mimimum
value: -0.67 V). The values of the anodic potential $ a are found between about -0.79 and -0.64 V.
The potential drop $ c -$ a varies between about 0.001 and 0.144 V and the dissolution current
density between about 0.44 and 104 A/m2. The small values of these two latter variables are
observed for the ranges of the small values of the exchange current densities and of the sulphate
concentration, which are also characterized by a large value of the cathode length.

The range of values of <J>a includes the calculated value of about -0.75 V for the repassivation
potential for a film assumed to be made out of magnetite at 288°C [29]. This roughly shows that
the values of the anodic potential are in the instability region of the oxide film for the potential, in
agreement with one feature of the stress corrosion cracking.

5.2.2 Dissolution current density and dissolution propagation length

Dissolution current density

The dissolution current density as a function of time, which is the time interval between two film
ruptures TJ here, exhibits three stages (Figure 11).

They include the stage of continuous dissolution occuring for the nucleation of the film (17 < to),
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in which the dissolution current density is constant with a value id)0 dependent of the sulphate
concentration by the conductivity, the stage of partial repassivation, occuring for the growth of
the oxide film (to < TJ < rp), in which the dissolution current density decreases at a rate which
strongly depends on the sulphate concentration by the kinetics environment parameter p, and the
stage of repassivation (17 > rp), in which the dissolution current current density was assumed
to be zero. A simulation made for the assumed value of 1 for the exponent p for the sulphate
concentration of 104 ppb shows that the effect of the repassivation delay, observed in the stage of
partial repassivation, is to increase the dissolution current density by a factor about 103 at the end
of this stage.

Dissolution propagation length

The corresponding results for the dissolution propagation length â  are shown in Figure 12.

The regions already put in evidence for the dissolution current density also appear for a^, but they
can be restricted to only the regions of partial repassivation and of repassivation if the occurrence
of the dissolution is delayed by a time larger than to, a new result of the model explained below.
For Tj < to, Sid linearly increases as a function of Tf. For to < Tf < rp, â  still increases but at a rate
which decreases as a function of Tf. The larger the sulphate concentration, the larger the increase
rate, as expected. For Tf > TP, the repassivation arrests the dissolution, resulting in a constant
value of a .̂ The effect of the repassivation delay is, for a given time, to increase a .̂ At last, the
effect of the repassivation can drastically overcome that of the conductivity for â  according to the
value of Tf (up to a factor 100).

It appears that the dissolution is delayed when the contribution of the dissolution time to the value
of &d allows to overcome the threshold value of &d when the contributions of the other parameters
(here the composition of the electrolyte by the conductivity and repassivation) are small. This
delay is at maximum the repassivation time.

5.2.3 Dimensions and location of the cell

The cell dimension and location, particularly the length of the cathode, is subject of concern in
the literature, certain authors assuming that the cell is situated in the vicinity of the crack tip [26],
and other authors that the cell occupies the whole crack with the cathode situated on a part of the
external surface of the crack [12].

Figure 13 shows that the dissolution propagation length â  increases with the cathode length
(scanned range: 10~3 - 104//m) to reach a maximum situated in the range of the micrometer,
depending on the values of the exchange current densities and of the sulphate concentration, and
then decreases at higher values. The increasing phase is attributed to the increasing cathode to
anode area ratio, and the decreasing phase to the increase of the electrolyte resistance due to in-
creasing dimensions of the cell. Figure 14, which shows the effect of the value of the cathodic
exchange current density at constant anodic current density, confirms this result; it shows also that
the results of Figure 13 are not due to numerical interferences. The value of the cathode length for
the maximum of â  relevantly depends on the cathodic exchange current density.

The cathode length corresponding to a maximum value of â  decreases as a function of the ex-
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change current densities from roughly 300 to 0.1 fan, with a relatively small dependence on the
sulphate concentration (Figure 15).

For the general case, the cathode area can be defined as that beyond which the dissolution current
no more increases as a function of the area, at an error, due to the ohmic effects. In this model, the
cathode area for given values of parameters will be estimated by the value of the area for which â
is maximum. This area is directly given by the cathode length, which determines the active extent
of the cathode along the crack for the considered parameters and values. The consequence is that
the model can be applied only for the values of the cathode length in excess of, roughly, the cell
height. This results in a relevant reduction of the range of values of the parameters which can be
scanned for the parametric studies, which the following figures will show.

With the dislocation mechanism assumed for the local generation of the bare surface of the metal
for the model, the anode width scans the range from about 0.1 to 20/xm (the grain dimension).
However, another mechanism assuming the brittle rupture of the oxide film can also be proposed,
which generates anode widths up to the crack width. These two mechanisms will be considered
for investigating the dependence of â  on the crack width. Figure 16 shows that â  decreases as
a function of the anode width in two stages for any sulphate concentration. The first, for widths
smaller than, roughly, lOfim, exhibits relatively no relevant sensisitivity to the anode width; the
second exhibits a relevantly larger sensitivity which is similar to that observed for the dependence
on the cathode length in Figure 13. One sees that anode widths in excess of the hundred of mi-
crometers relevantly reduces a^; in addition, if the sulphate concentrations is smaller than lOOppb,
ad becomes zero, i. e., the dissolution is cancelled.

The dependence of â  on the anode height, which cannot exceed the cell height and which corre-
sponds to a number of emerging dislocations between about 20 and 7000 (Appendix C and section
6.2) is similar to that calculated for the anode width for the first stage (Figure 17).

These two latter results will be attributed to the effect of the decreasing value of the anode to
cathode area ratio when the anode width or height increase and of the electrical resistance of the
electrolyte.

It appears that the dissolution cell has a limited extent along the crack (up to a few hundred of
micrometers here) with as relevant parameters the exchange current densities and the sulphate
concentration. It appears also that the cathode dimensions are no parameters of the model. These
results support the assumption that the active part of the cell is situated in the very vicinity of
the crack tip if the crack is relevantly in excess of a few hundred of micrometers. One notes
that considering a small value of the anode width for the calculations is conservative and that
sufficiently large anode widths relevantly reduce the dissolution propagation length, or, according
to the case, cancel the dissolution.

5.2.4 Conductivity and composition of the electrolyte

To fix the ideas, it is convenient to take as reference parameter the conductivity, as often made in
the literature for characterizing an electrolyte.

Two elecrolytes will be considered: the first with predominant Na+ and SO^" ions and the second
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with predominant Fe2+ and NO3 ions, each with the same conductivity.

For the first electrolyte (Figure 18), ad increases as a function of the conductivity with a rate
strongly dependent on the sulphate concentration in connection to the repassivation. This is in
agreement with results of the literature for the low alloy steels [26].

For the second electrolyte, the results totally differ: they show a decrease of a<£ as a function
of the conductivity. This result is due to the increase of the equilibrium anodic potential due to
the increase of the Fe2+ concentration, in connection to the equilibrium cathodic potential which
remains constant (the H+ concentration is constant, Figure 19). At larger Fe2+ concentrations, â
would become zero, due to the fact that the equilibrium anodic potential becomes equal or larger
than the cathodic equilibrium potential.

In the same way, and at constant Fe2+ concentration, decreasing values of â  can be obtained
by decreasing values of the H + concentration, i. e., by shifting the pH at 25°C to values larger
than 7. This is due to the fact that the equilibrium cathodic potential decreases together with
the H+ concentration. This result is in agreement with experiments with stainless steels which
show a decrease of the crack growth rate (down to a certain value) by increasing values of the
conductivity when the pH at 288°C is shifted from about 6.5 to 8 [26]. This can be attributed
to the decrease of the cathodic equilibrium potential at constant anodic equilibrium potential as
well as to the repassivation delay which decreases at decreasing H+ concentration, but shows the
realistic character of the above-mentioned result obtained at increasing Fe2+ concentration.

These results show that the relevant parameter for characterizing an electrolyte is its composition,
in connection to the repassivation and/or to the equilibrium potentials, and not only the conduc-
tivity. They also show that the concentrations of the species reacting at the electrode should be
considered for modelling at the surface of the electrode, not far from the electrode as it results from
the assumption of homogeneity. A limit for the application of the model appears here, discussed
in section 5.3.3.

At last, the maximum case in connection to the composition of the electrolyte will be provided
by considering the properties of the electrolyte (conductivity and effect on the repassivation) con-
trolled by the sulphate concentration with the smallest value of the iron concentration considered
here (0.1 ppb). This latter value is consistent with the low solubility of Fe2+ in water. This case is
that considered for the simulations.

5.2.5 Exchange current densities

The dissolution propagation length a^ increases as a function of the exchange current densities i0

with a decreasing rate (Figure 20). There is a a strong dependence of â  on the sulphate concen-
tration.

The linear region, which could be expected from physics and from Eq. (25) for a dissolution time
equal to the repassivation time because the larger the exchange current densities, the larger the rate
of the electrochemical reactions, and the larger the dissolution propagation length, is observed only
for the large sulphate concentrations and in a narrow range of the small values of io, i. e., when the
cell behaves as a current source.
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One notes the large range of values of the exchange current densities (nine orders of magnitude)
for which a value of â  larger than the threshold value is obtained.

5.3 Discussion

5.3.1 Dimensions of the dissolution cell

As Figure 15 shows, the cathode length can be relevantly smaller than the cell height for a large
range of values of the exchange current densities (the lower bounds scan the range 10~2 to 10 A/m2

according to the values of the parameters). For this case, the cathode should be considered no more
on the crack surface but on the crack tip in the vicinity of the anode, which makes the geometry
assumed for the dissolution cell no more realistic.

Figure 21 shows the value of â  as a function of the cell height Ho varying in the range 0.05 to
10 //m (this latter value is that present when the crack is loaded to the stress intensity factor of
60MPam1/2 [42]). The condition that the cathode length must be in excess of the cell height is
fulfilled. Only the values of the exchange current density i0 larger than 10~4 A/m2 have been
considered.

For any sulphate concentration, the range of the possible values for Ho strongly varies as a function
of the exchange current densities i0. The smaller i0, the larger the range of values of Ho. This can
be attributed to the effects of the polarization resistances: the smaller i0, the larger these resistances
with respect to the resistance of the electrolyte, resulting in a smaller contribution of the cell height
to the resistance of the cell.

The conclusion of these results is that the values of the cell height and of the exchange current
densities as well as the composition of the electrolyte in the cell must be known for consistently
applying the model. For this reason, and for the large sensitivity of â  to the composition of the
electrolyte and to the value of the exchange current densities, these parameters are the critical
parameters of the model. Their estimate will be discussed in section 8.2.

These results do not support the assumption of a pre-defined length for the dissolution cell (the
length of the crack) as the referred models do. The cathode length should be determined by the
model itself for which the above-mentionned parameters are critical. This implies for the models
calculating the dissolution to consider both cathode and anode, i. e., at least two spatial dimensions.

Note that, for dissolution propagation lengths in excess of the cathode length, the dissolution cell
should be considered in the dissolution cavity itself. For this case, the height of the cell is the
height of the dissolution cavity, given by the number of emerging dislocations. The cathode then
must be considered on the crack surface, allowing a full application of the model for any values of
the parameters. This was not considered in the calculations for the sake of simplicity.

5.3.2 Position of the dissolution cell in the crack

Due to the limited extent of the dissolution cell along the crack length, the dissolution cell can
be assumed to be located in the region of the crack tip if the crack length relevantly exceeds
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a few hundred micrometers. This result is in agreement with certain stress corrosion cracking
experiments with low alloy steels in oxygenated high temperature water, which show that the
electrolyte in the region of the crack tip is deoxygenated [25, 26]. The oxygen is reduced in a
differential aeration cell in the region of the crack mouth, resulting in a ion transport along the
crack [26]. This justifies the assumption of the reduction of H+ for the cathodic reaction in the
dissolution cell instead of that of oxygen assumed in other models. These results show that the
electrolytes at the crack mouth and at the crack tip are chemically coupled because of the species
transport, but, if the crack is sufficiently large, they are not electrically coupled.

5.3.3 Application of the Ohm law

Applying the Ohm law requires, from the expression of the conductivity of an electrolyte (Eq. (17)
of Appendix B), that all the ions present in the electrolyte contribute to the current. This condition
can be expected to be not fulfilled in the present case because the current is generated by only the
ions reacting at the electrodes.

In fact, the problem should be rigorously solved by applying the transport equations with the ap-
propriate boundary conditions for the fluxes and currents. This was done for the one-dimensional
case of a binary and electroneutral electrolyte in an electrolysis cell [43]. For this case, the expres-
sion of the potential in the cell exhibits a term of ohmic nature, but under a different form from that
of the Ohm law. This latter result suggests that a limited spatial extent for the dissolution cell due
to ohmic effects in connection to the cathode to anode area ratio can be expected. This shows that
the cathode to anode area ratio should be considered for modelling the anodic dissolution when
the transport is considered.

The results found for the composition of the electrolyte show that the transport effects as well as
the chemistry of the electrolyte should be considered for calculating the anodic dissolution. This
deals with the determination of the concentrations of the Fe2+ and H+ ions for calculating the
equilibrium potentials and, for the H+ ions, for calculating the kinetics of the oxide film growth
in connection to the repassivation delay.

However, the model has advantages which are its relative simplicity and its ability to provide
maximum values of the dissolution propagation length for the following points:

- The values of the concentrations of the Fe2+ and H+ ions reacting at the electrodes have been
chosen to provide large absolute values of the equilibrium potentials in connection to the dissolu-
tion propagation length. For example, for H+ , due to its consumption, the concentration of these
ions at the surface of the cathode is smaller than that in the bulk of the electrolyte, resulting in a
smaller value of the cathodic equilibrium potential.

- The mass transport phenomena, whose effect is to limit the current density in the cell in connec-
tion to the Butler-Volmer law, have not been considered.

- All the ions transport the current. As seen above, the values of â  calculated by the model can be
considered as upper bounds from this point of view.

- There is agreement with the experiments for the value of the potentials in connection to the
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repassivation potential, for the effect of the composition of the electrolyte, in connection to the
conductivity and repassivation. In addition, a delay for the occurrence of the dissolution has been
put in evidence. It should be stressed that these results were obtained for a relevantly limited range
of values of the exchange current densities.

6 Calculation of the crack growth length and rate

This section deals with the calculation of the crack growth length as a function of time and of the
crack growth rate as a function of the crack tip strain rate for the case of the static loading under
the conditions of plane strain and of small scale yielding (in connection to tests conducted in PSI).
The duration considered is of about 30 years (109 s), which corresponds to the design life of a light
water reactors.

Three sections will be devoted to the calculation of the creep at the crack tip (crack tip strain and
rate as a function of time), and to the estimation of the strain to film rupture and of the cleavage
length.

6.1 Creep at the crack tip

The calculation of the creep at the crack tip has been the topics of a special report [42]. Only the
results interesting for the present work will be presented here.

The Crack Tip Opening Displacement (CTOD) has been calculated as a function of time for a pre-
cracked C(T) specimen made out of a low alloy steel [42]. The specimen was assumed to be loaded
in air at 288°C at three values of the stress intensity factor K/ (30, 60, and 90MPam1/2) calculated
for the specimen thickness of 25 mm. The loading of the specimen included a dynamical phase, to
bring the load to a specific value, and a static phase where the load is maintained constant at this
value. Only the results concerning the static phase and the two dimensional case for the specimen
will be presented here.

The creep is described by a model of Chaboche [44]. The coefficients of the equations have been
determined experimentally from tensile, creep, and relaxation tests for the low alloy steel in air at
288°C . The CTOD is calculated with the finite element method. For each of the values of K/, the
calculation is made for the crack lengths of 25, 26, and 27 mm, or crack growth lengths of 0, 1,
and 2 mm, respectively. The element length in the vicinity of the crack tip amounts between 0.5
and 2.5 /xm according to the value of K/. The calculations have been made with the theory of the
large deformations.

The crack tip strain ect will be calculated by

ect = In ( A ) (29)

where S is the CTOD and <5o the CTOD at the beginning of the constant load phase, for the values
of K/ of 30, 60, andTOMPam1/2.
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The CTOD as a function of time exhibits two phases which can be related to the loading phase of
the specimen and to the static phase (Figure 23). In this latter phase, the CTOD is characterized
by a small variation with a decreasing rate. This allows to consider the height of the dissolution
cell, given by the CTOD, as constant.

At constant load, the crack tip strain increases as a function of time for the three values of K/, with
a relevant dependence on K/ for the values larger than 60 MPam1/2 (Figure 24).

For all values of K/, the crack tip strain rate, ict, behaves as a function of time t according to a law
in t"1 (Figure 25). This shows that the creep is logarithmic and denotes that the plastic flow at the
crack tip decreases as a function of time [33]. This results is in agreement with experiments made
in low alloy steels at 288°C in air for values of Kj up to 96 MPam1/2 [24, section 8].

The strain ect is very little sensitive to the values of the crack length of 25, 26, and 27 mm for the
value of K/ of 30, more for 60 MPam1/2, and strong for 90 MPam1/2 (Figure 26).

It is clear that the value of Kj of interest for the calculation of ect is 30MPam1/2. Due to the
fact that €ct pratically remains constant for a crack growth length of 2 mm shows that ect can
be described by the sole parameter K/. This fulfils the conditions of small scale yielding and
the transferabilty of the results to the case of a thick component (section 3.1.2). For a value of
60 MPam1/2 for K/, the crack length emerges as an additional variable for the calculation of ect,
showing a limit for the fulfilment of the condition of small scale yielding with consequences on
the crack growth (section 8.1.3).

6.2 Strain to film rupture and anode dimensions

The strain to rupture of the oxide film in high temperature water scans the range of values from
about 5x 10~4 to 3x 10~3 (referred in [24, section 4]). The corresponding number of emerging
dislocations n^ will be calculated with

where €/ is the strain to film rupture, DQ the grain diameter (20jtan in the low alloy steel, [4]),
and b the Burgers vector length (2.9 X 10~4 fim). This gives the range of values of 34 to 206
dislocations for the above-mentioned range of values of €/.

In fact, it is known that the strain to rupture of an oxide film depends on the measurement method
[24, section 4], and its not sure that the minimum measured value of 5 x 10~4 for €f represents the
maximum case. In this report, the maximum case will be defined by requiring that the transport
in the electrolyte of the Fe2+ ions generated at the anode can be described by the theory of the
continuum mechanics. It will be arbitrarily assumed that this requirement is fulfilled for a number
of emerging dislocations of 20, which corresponds to a strain to film rupture of 2.9 x 10~"4. For the
minimum case, the value of 10~2 will be considered for e/.

Note that, for calculation of the crack growth, the number of emerging dislocations is critical only
for the number of the film ruptures within a given time interval. It has pratically no effect on the
dissolution propagation length (section 5.2.3).
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The width of the anode will be the dislocation mean length in steels (0.1

6.3 Cleavage length

The cleavage length is a parameter taking the values of 0 fim (only the dissolution contributes
to the crack growth), and of 1 and 10 fim, this latter value corresponding to the grain dimension
(section 2.4).

6.4 Calculation method, parameters, and fulfilment of the condition of small scale
yielding

6.4.1 Calculation method and parameters

The equations used for calculating the crack growth length and rate have been given in section 3.3
(Eqns(15)and(16)).

The times of film rupture are calculated with Eq. (12) on the basis of the values of the crack tip
strain as a function of time calculated for the value of K/ of 30 MPam1/2 for the static load, a value
which allows scaling with the sole variable K/ and which fulfils at best the conditions of small
scale yielding of the specimen. The stepwise calculation of the crack tip strain generally provides
discretized values of the crack tip strain larger than the strain to film rupture. For this case, the
values of the crack tip strain between two calculated values are determined by linear interpolation.
The crack tip strain rate is directly calculted from these latter values of the crack tip strain.

The parameter to be determined for the calculations is the dissolution current density, which de-
pends mainly on the composition and conductivity of the electrolyte, on the exchange current
densities, and on the exponent p which depends on the sulphate concentration.

The values of the other parameters have been already defined: film nucleation time t0 (0.2 s),
repassivation time rp (104 s), strain to film rupture ey (between 2.9x 10~4 and 10~2), number of
emerging dislocations (between 20 and 690), and cleavage length &c (0, 1, and 10 fim).

For the exchange current densities io, and for given values of the parameters, the maximum value
fulfiling the requirement that the cathode length should be at minimum equal the dissolution cell
height will be always chosen. For the conductivity at the crack tip, the extremum values of 0.08
and 276/xS/cm, controlled by the sulphate concentrations of 10 and 105 ppb, respectively, will be
considered.

For the cell height, the value of 2.2 (im which is the calculated CTOD for 30MPam1/2 will be
chosen. This value provides a maximum case for the crack growth for the contribution of the
dissolution (Figure 21).

The crack growth will be calculated for a duration of about 30 years (109 s).

42



6.4.2 Maximum crack growth length for fulfilment of the condition of small scale yielding

One considers that the condition of small scale yielding is present if the radius of the plastic zone,
denoted by rp, fulfils the inequality

rp < — (31)

where W is the specimen width (50 mm [4]) and a the crack length (W-a is the remaining ligament).
It can be calculated [30, section 2] that, under plane strain condition, the value of rp amounts to
about 1 mm for the value of K/ of 30MPam1(/2 calculated for the initial crack length of 20 mm
and for the value of, roughly, 500 MPa for the yield stress of the low alloy steel. By assuming
that the assumption of constant Kj can be used for an increase of 10% of Kj, this gives for the
crack length the maximum value of about 25 mm, which just fulfils Eq. (31). Therefore, it will be
considered in this work that the value of 5 mm is an upper bound value for the crack growth length
for fulfiling the condition of small scale yielding.

6.5 Results

6.5.1 Crack growth length and occurrence of the crack growth

Crack growth length

According to the case, there is occurrence or non-occurrence of the crack growth (Figures 27
and 28). When the crack growth occurs, the crack length increases as a function of time, but at
a decreasing rate. The crack growth amounts up to at maximum about 3 mm, which fulfils the
assumption of small scale yielding.

The crack growth length exhibits as a function of time a logarithmic behaviour but only in time
intervals (at the inaccuracies of numerical origin, Figure 29). For given values of the parameters
related to the corrosion, the rate is different according to the time interval. After a sufficiently
long time (about 105 s), the behaviour is always logarithmic. From inspection of Figures 24 and
29, these results show no direct proportionality between the strain at the crack tip and the crack
growth length, which could be expected from the theory proposed in section 3.1.2 for the crack
growth. The influence of the repassivation (by the sulphate concentration) and of the cleavage
length clearly appears in these results.

The maximum value of the crack growth length (at 109 s) is plotted as a function of the strain
to rupture of the oxide film €f for several values of the sulphate concentration, exchange current
densities, and of the cleavage length (Figure 30). It appears that the crack growth length always
decreases as a function of ef, with about a linear rate. This fact is consistent with the above-
mentioned theory, which predicts, for a given creep and given values of the corrosion parameters,
a proportionality between the number of film ruptures (given by the value of the strain to film
rupture) and the crack growth length for times in excess of the repassivation time (of 104 s here).

An interesting result of Figure 30 is that, for sulphate concentrations smaller than 104 ppb at the
crack tip, the crack growth length will not exceed about the value of 5 mm for any values of the
strain to film rupture and of the cleavage length considered here, which is the upper limit for

43



fulfiling the assumption of small scale yielding. Of course, it should be stressed that the values of
i0 for which this result is obtained are relatively small compared to the largest value of 104 A/m2,
due to the requirement on the cathode length which must be at least equal to the cell height. For
larger sulphate concentrations, the crack growth length will exceed this upper limit only for the
strains of film rupture smaller than about 10~3.

Occurrence of the crack growth

An interesting result is the possibility of a delay for the occurrence of the crack growth or of the
non-occurrence of the crack growth.

This delay is found to amount up to about 1.6x 105 s, i. e., about 44 hours, reached for the sulphate
concentration of 105 ppb for the exchange current densities of about 3.2x 10~7 A/m2 (Figures 27
and 28). This delay is the larger as the sulphate concentration and/or the exchange current density
are smaller. The crack growth pratically results only from the cleavage.

The delayed occurrence or non-occurrence of the crack growth is a direct consequence of the
existence of a threshold value for â  in connection to the dependence of â  on the time interval
between two film ruptures Tf (section 5.2.1).

For the delayed occurrence, the contribution of Tf to the value of â  allows â  to overcome the
threshold value, explaining also the major contribution of the cleavage to the crack growth. For
the non-occurrence, this dependence is not sufficient for â  to overcome the threshold value. This
is the case for the value of i0 of about 3.1 x 10~7 A/m2 with the value of 103 ppb for the sulphate
concentration while the crack growth occurs for the same value of i0 with the values of 105 ppb
(or 104ppb) for the sulphate concentration. The reason is that the maximum value of 17 for
contributing to the value of &d is the repassivation time TP. For the present case, the value of 104 s
assumed for rp is too small to allow aj, to overcome the threshold value.

One notes that the delay time can be larger than the repassivation time. By refering to Figure 5,
this is explained by the fact that the large values of Tf are reached only when the strain rate is
sufficiently small. This can occur far beyond the repassivation time according to the behaviour of
the strain as a function of time. Therefore, it appears that the delay time of occurrence of the crack
growth will be closely connected to the value of the repassivation time and to the behaviour of the
strain as a function of time.

6.5.2 Crack growth rate and crack tip strain rate

The crack growth rate as a function of the crack tip strain rate corresponding to the results of Figure
27 is shown in Figure 31. For all cases of the sulphate concentration or of the cleavage length,
the crack growth rate as a function of the crack tip strain rate can increase, remain constant, or
suddenly fall down to the value of zero. Four stages according to the values of the crack tip strain
rate can be put in evidence.

Contribution of the sole dissolution

The following description concerns the case with the sulphate concentration of 105 ppb.

44



The first stage is related to the case where the time interval between two film ruptures r/ is larger
than the repassivation time rp (full repassivation, section 3.3). It is observed for the small values
of the crack tip strain rate. This stage exhibits a proportionality between the crack growth rate a
and the crack tip strain rate ect for any values of the cleavage length.

The second stage corresponds to the case where a new film rupture occurs between the beginning
of the film growth at time t0 and the repassivation at time rp (partial repassivation, section 3.3).
This stage still exhibits an increase of a as a function of ect, but at a rate smaller than in the first
stage. There is no more proportionality between a and ec4. This stage is the more prominant
with respect to the first stage as the sulphate concentration is larger. The slope of the curve at the
beginning of the stage is the exponent p whose value is given by the sulphate concentration.

The third stage corresponds to the case of the continuous dissolution, which results in a constant
value of a as a function of ect, given by the value of the dissolution current density (Eq. (20)).

The fourth stage corresponds to the case where the dissolution propagation length remains smaller
than the threshold value assumed for considering the dissolution, i. e., the crack growth event. The
value of a is zero.

For given values of to and of rp, the existence and position of these stages depend on the corrosion
parameters, as the case for the sulphate concentration of lOppb shows (Figure 31).

Figure 32 shows the same results as in Figure 31, but for the range of values of ect between about
10~8 and 10~3 s"1 for which stress corrosion cracking due to transient phenomena was observed
in the BWR's. For the sulphate concentration of 105 ppb, only the second stage will be measured.
For 10 ppb, only the second and fourth stages will be measured.

Effect of the cleavage

The contribution of cleavage increases the crack growth rate. It lets unchanged the first stage,
at the amplitude, but strongly modifies the second and third stages. In the third stage, there is
proportionality between the a and ect. This comes from the fact that the cleavage has been assumed
to be generated at each dissolution event (section 2.4). It should be noted that the systematic
contribution of a cleavage to the crack growth is not realistic for the third stage for the large
values of the dissolution propagation length. The reason is that the maximum value of the crack
growth due to dissolution amounts up to 5 m per year, a value which corresponds to the maximum
measured value of 3 m per year reported in the literature for the low alloy steels in high temperature
water (referred in [4]). The second stage appears as a transition stage between the first and the third
stage, more or less pronounced according to the value of the cleavage length.

Comments

All these results are in agreement with Eqns (19), (20), (21), and (23) given in section 3.3. Certain
of them could be directly derived from the first analysis of the equation of the crack growth (first
and second stages, section 3.1.2). It appears that the cleavage length is a critical parameter for the
behaviour of the crack growth rate as a function of the crack tip strain rate.

45



6.5.3 Results of experiments and comparison with calculations

Results of experiments

There are very few measurements published for the low alloy steels in high temperature water for
the crack growth as a function of time and for the dependence of the crack growth rate on the crack
tip strain rate under small scale yielding conditions.

(a) Crack growth length from tests at constant load

For the crack growth as a function of time, the results used here are those from a test conducted at
PSI [4] for the case of a low alloy steel (0.018wt.%S) in water at 288°C. The water, of conductivity
of 0.25 fiS/cm provided mainly by 65 ppb of sulphate, included 8000 ppb of dissolved oxygen. The
specimen was loaded to a stress intensity factor of 61 MPam1/2. The duration of the test was 1000
hours.

The crack growth length as a function of time, measured by the reversed direct current potential
drop method, is plotted in Figure 33. The crack growth length increases up to a value of about
70 fim with a decreasing rate [4].

(b) Crack growth rate from Rising Displacement Tests

The results for the crack growth rate are those obtained by Rising Displacement Tests conducted
up to the maximum value of K/ of 60 MPam1/2 [4]. These tests show that the crack growth rate
depends only on the Crack Opening Displacement rate at load line, which can be connected to the
crack tip strain rate [4].

The eleven measured points of the crack growth rate as a function of the crack tip strain rate are
reported in a logarithmic scale in Figure 34. By refering to Figures 31 and 32, these points are
situated in the range of values of the crack tip strain rate where the effect of the repassivation is
present. These points are distributed along a straight line of slope about 0.79 with a correlation
factor of about 0.98 (Figure 34). If cleavage does not contribute to the crack growth, this value of
the slope corresponds to a sulphate concentration at the crack tip of about 100 ppb (Figure 10).

This latter value is not consistent with the mean value of roughly 1600 ppb which can be expected
from the presence of 65 ppb of sulphate ions with 8000 ppb of dissolved oxygen in the bulk of the
electrolyte. Such a concentration of oxygen should result in an increase of the sulphate concentra-
tion at the crack tip with respect to that outside the crack by a factor between about 20 to 30 [26].
This gives for the sulphate concentrations at the crack tip values between about 1300 and 2000 ppb
with 1600 ppb for the mean value. According to the model, this means that an additional crack
growth mechanism to dissolution, represented by a cleavage, contributes to the crack growth (the
slope of the crack tip strain rate-crack growth rate curve can be increased if cleavage contributes
to the crack growth, Figure 31).

Comparison to calculations

(a) Crack growth length from tests at constant load

The crack growth length has been calculated with the model with two values of the sulphate
concentration at the crack tip (1600 ppb and 65 ppb) with for parameters the cleavage length and
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the exchange current densities. The goal was to determine the values of these two latter parameters
which at best fit the calculations with the experiments for a given sulphate concentration (crack
growth length as a function of time and crack growth rate as a function of the crack tip strain rate).

No satisfying results have been obtained by considering the strain at the crack tip calculated for
eOMPam1/2 with the corresponding value of 9.14/xm for the CTOD, i.e., for the cell height,
although a qualitative agreement with the measurements was found for the form of the curves.

Satisfying qualitative results have been obtained by arbitrarily taking for the cell height the value
of 2.2 /zm and for the cathode length and width the value of 1 /xm.

The strain to film rupture has been assumed to be of 10~3, a value corresponding to the measured
values.

For the crack length as a function of time, the best fit is obtained by considering that cleavage
contributes to the crack growth (Figure 33). However, for each sulphate concentration, several
couples of values of the cleavage length and of the exchange current densities could be found to
obtain a good fit.

(b) Crack growth rate from Rising Displacement Tests

The crack growth rate has been calculated according to the method presented in section 3.3. The
strain at the crack tip was assumed to increase linearly as a function of time up to the value of,
roughly, 2.5 corresponding to the final value of K/ of 60MPam1/2. For this analysis, the cell
height was assumed to be constant during the test with the value calculated for the end of the test
(9.14 /j,m). The dependence of the cathode length as a function of the exchange current densities
was taken into account. The values of the strain to film rupture ef, cleavage length a<. and of the
exchange current densities io will be those corresponding to the best fit between the calculated and
the measured results. The sulphate concentration was assumed to be of 1600ppb and the values
of the other parameters were let unchanged.

The best fit is obtained for the values of 0.0018, 17.8 A/m2 and 0.26 jim for ef, i0 and ac, respec-
tively (Figure 34). Only the point corresponding to the largest value of the crack tip strain rate
could not be fitted. This is due to the fact that, for this particular value, the dissolution propagation
length per dissolution event has not overcome the threshold value (section 6.5.2). Note that other
good fits could be obtained for other values of these parameters. All fits have required to consider
the presence of a cleavage (no satisfying fit has been found for the value of zero of the cleavage
length).

6.6 Discussion

Comparison to experiments

At this stage of the work, it can only be said that the model provides results in qualitative agree-
ment with the two series experiments at disposition which could be used for this comparison. This
agreement was obtained for reasonable values of the parameters. The consideration of an addi-
tional crack growth mechanism to the dissolution was necessary to obtain this agreement. The
three following points should be stressed.
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The first concerns the model. The geometry of the dissolution cell is approximative for the cell
height of about 9 fim present for the tests and the assumption of homogeneity of the electrolyte
conservative (section 5.3.3). The second concerns the rough assumptions which were made to
obtain the fits. For example, for analysing the Rising Displacement Tests, the value of the cell
height at the end of a particular test was assumed at any stage of this test. The third concerns the
test at constant load. For the value of 60MPam1//2 for Kj, pratically no crack growth occurs, i. e.,
the possibility that the measurement represents crack blunting rather than crack growth cannot be
ruled out.

It will be only noted that experiments with low alloy steels in high temperature water conducted
with a value of K/ of 30 MPam1 /2 and with very agressive chemistry of the electrolyte have shown
no crack growth exceeding the threshold value of detection (about 0.3 mm/year, [4]). This shows
the conservative character of the model, by its conception or/and by the values chosen for the
parameters (section 6.5.1).

The conditions to be fulfilled for comparing the model with experiments will be discussed in
section 8.2. It will be seen that the comparison of the model with experiments can be relevantly
and relatively easily improved.

Delayed occurrence of the crack growth

A new result of the model is the existence of a delay for the occurrence of the crack growth. The
existence of this delay is closely connected to the mechanism assumed for the crack growth in
this model, i. e., to the dissolution, with a threshold value for considering its occurrence for the
crack growth event, and to the assumption of other possible crack growth mechanisms, these latter
mechanisms providing the major contribution to the crack growth.

For the case of the low alloy steels in high temperature water, and for a sulphate concentration
at the crack tip of 105 ppb, a maximum delay of 44 hours has been found for the conservative
threshold value of three atomic lengths (about 10~3 fim) for the dissolution propagation length. A
few tests have provided the same delay for a threshold value of the grain dimension (10 //m). Note
that the existence and duration of the delay is very sensitive to the value of the exchange current
density for a given value of the sulphate concentration.

At last, and in the frame of the model, measuring a delayed occurrence of the crack growth with a
relevant amplitude will directly provide an estimate of the contribution to the crack growth of other
possible crack growth mechanisms, the contribution of the dissolution being in this case small.

7 Species transport

7.1 Necessity for considering the species transport

As seen in sections 3.1.2 and 5.3.3, the species transport should be considered for the two follow-
ing cases of the dissolution cell and of the differential aeration cell.

For the dissolution cell, the goal includes the determination of the concentration of the iron ions
and of the hydrogen ions at the surface of the anode and of the cathode, respectively, with the
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removal of the assumption of homogeneity and of the Ohm law.

For the differential aeration cell, the goal is to calculate the ion transport between the bulk of the
electrolyte and the crack tip, particularly the transport of the sulphate ions which are critical for
the repassivation. As seen in section 6.5.3, there is no quantitative agreement between the sulphate
concentration estimated from a criterion of the literature related to the oxygen content in the bulk
of the electrolyte and the concentration estimated from the model.

The models of the literature proposed for the stress corrosion cracking consider the species trans-
port along the crack, which can include the anodic dissolution at the crack tip for calculating the
crack growth as the coupled environment fracture model and its extensions do [12, 45].

In this section, the transport models of the literature, based on the transport and Poisson equations,
will be very briefly discussed, and proposals will be made for improved models for the dissolution
cell and for the differential aeration cell.

7.2 Models of the literature

A comprehensive literature review has been published about the transport models for the crack
and crevice chemistry [46]. This brief discussion will be made on the basis of this critical review
for the models published till about 1990 and on the literature investigation of the present author
[7] for more recent models [12, 45,46, 47, 48, 49, 50, 51].

The different models take into account one or several of the following topics, but not all together.
For the reactions, they include heterogeneous reactions (reactions at the electrolyte-electrode inter-
face) and homogeneous reactions (reaction in the volume of the electrolyte). For the mechanisms,
they include diffusion, migration, convection, with steadiness or unsteadiness. The temperature is
generally the ambient temperature, and for a few cases the operating temperature of a BWR. All
the models are affected by at least one of the following deficiencies.

By considering only the models including diffusion and migration (the most realistic case), and
the most known models, the main deficiencies include

- the use of the Laplace equation for the potential in connection to the transport equations when
concentration gradients are present without quantitative justification,

- the use of an incorrect equation between the potential and the concentration of non-reacting ions
resulting from an integration of a differential equation which does not consider that the potential
is a function of all ionic concentrations and total current density [46, Appendix B],

- the description of the chemical reactions by their equilibrium constants rather than by their kinetic
rates,

- the charge conservation principle, which is rarely explicitely applied in the models where elec-
trochemical reactions are considered,

- at last, the assumption that the problem is of the initial value type while it is intrinsically of the
boundary value type.
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In spite of the particular cases of interest considered by each model, none of them can be reliablely
used as published in the literature for practical applications. We outline here two models for the
species transport for the dissolution cell and for the differential aeration cell, based on those pub-
lished in the literature, which remove the above-mentioned deficiencies, but which arise difficult
questions.

7.3 Outline of models for the species transport for the stress corrosion cracking

7.3.1 Model for the dissolution cell

The dissolution cell, which can be assumed to be two-dimensional due to the fact that the goal of
the model is only to calculate the concentrations, is described in Figure 35. This geometry takes
into account the fact that the cathode can lie on the crack surface and/or on the crack tip near the
anode (section 5.3.1). The six species and the two electrochemical reactions are those considered
in section 4.1.2. It will be assumed that the system is steady, that chemical reactions can occur,
and that the electrolyte inside the cell is dilute, at rest, and the temperature constant.

The system of equations includes

- Six transport equations for the six species taking into account the diffusion and migration as well
as their source terms which will be the rate of the homogeneous reactions, whose expression for
the case of the dilute electrolyte is

= Qi (32)

where Q, D;, z;, u;, and Q; are the concentration, diffusion coefficient, charge, mobility, and
generation rate, respectively, of species No i, F the Faraday number, and <£ the potential.

- The Poisson equation

F — ( 3 3 )

a i=i

where e is the permittivity of the electrolyte.

The boundary conditions required for solving this second order equation system are of the mixed
type and include:

(a) For the transport equation

- At the entry of the cell, the concentrations.

- At the anode or at the cathode, the component of the flux of the species perpendicular to the
anode or cathode surface. For the species electrochemically reacting on a given electrode, this
component is connected to the corresponding current density by

J = nFi (34)
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where J is the flux of the reacting species perpendicular to the electrode, n the stoichiometric
number involved in the anodic and cathodic electrochemical reactions, and i the anodic or cathodic
current density, given by the Butler-Volmer law. By using Eq. (25) for i, Eq. (34) becomes

where i0 is the corresponding exchange current density, $ and $ 0 the potential and the corre-
sponding equilibrium potential, respectively, and {}a and /3C, the Tafel coefficients for the partial
anodic and cathodic reactions at the electrode. For each other species, this component of the flux
is zero.

- For eventual other parts of the cell surface, the component of the flux of each species perpendic-
ular to the surface, which is zero.

(b) For the Poisson equation

- At the entry of the cell, the potential. If the cell is adjacent to the differential aeration cell,
this potential is the potential at the bottom of the differential aeration cell. If it is not the case,
this potential is the potential present in the electrolyte along the entry of the cell, which will
be assumed to be constant and equal to the corrosion potential. This potential depends on the
composition of the electrolyte and on the electrochemical reactions occuring outside the cell at the
metal-electrolyte interface.

- Over the surface of the anode and of the cathodes, the charge conservation, whose expression is

f icdx + [ iady = 0 (36)

where La and Lc are the anode and cathode lengths, respectively, and ia and ic the anodic and
cathodic current densities, respectively.

- Over eventual other surfaces of the cell, the corrosion potential in connection to the passivating
oxide film.

7.3.2 Model for the differential aeration cell

A full description of this model is given in [7].

The differential aeration cell, assumed to be two-dimensional, is described in Figure 36. For the
sake of simplicity, the contribution of the iron ions diffusing in the oxide film will not be consid-
ered. The electrolyte is assumed to be composed of water with the four ions (H+, OH", Na+,
SO|~), and of two dissolved gas O2 and H2. The anodic and cathodic reactions will be assumed
to be the oxydation of hydrogen and the reduction of oxygen, respectively. The assumptions are
the same as for the dissolution cell.

The system of equations includes

- Six transport equations (Eq. (32)) for the six species taking into account the diffusion and
migration as well as their source terms which will be the homogeneous chemical reactions.
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- The Poisson equation (Eq. (33)).

The boundary conditions are of the mixed type and include:

(a) For the transport equations

- At the entry of the cell, the concentration of each species.

- On the cell surfaces where the anodic and cathodic reactions together occur, the component of
the flux of each species perpendicular to the surface. For the species reacting electrochemically,
this component is connected to the corresponding current density given by the Butler-Volmer law
(Eq. (35)). For each other species, this component is zero.

- At the bottom of the cell, the component of the flux of each species perpendicular to the surface,
which will be assumed to be zero.

(b) For the Poisson equation

- At the entry of the cell, the corrosion potential, defined as for the dissolution cell. The effect of
the oxygen concentration appears in the electrochemical reactions at the metal-electrolyte interface
outside the crack, i. e., in the value of the corrosion potential.

- Over the surfaces where the anodic and cathodic reactions together occur, the charge conservation
with the same length for the anode and for the cathode (Eq. (36)).

- At the bottom of the cell, the corrosion potential corresponding to the passivating oxide film in a
deoxygenated electrolyte (see discussion), or the potential at the entry of the dissolution cell.

7.4 Discussion

One sees that these equations and conditions provide a full description of the dissolution cell and
of the differential aeration cell, with the fulfilment of the charge conservation, and, for the case
of the differential aeration cell, with the consideration of the corrosion potential which explicitely
appears as parameter, in agreement with experiments.

The geometry of the cell is taken into account as well as the composition of the electrolyte at the
entry of the cell and the chemical reactions. Although this description is the simplest which can
be made of these systems, it includes all the parameters known of relevance for these systems.

The systems of equations are two-dimensional, non-linear, stiff, and of the boundary type. They
should be solved with the finite difference or finite element method.

For the dissolution cell, difficulties arising from the complicated geometry of the cell due to the
locations of the anode and of the cathodes can be expected. The position of the cathode in the cell
as well as its length will be determined when the dissolution current will no more depend on the
cathode length, at an error.

For the differential aeration cell, additional difficulties are that the length of the cell and the po-
tential at the bottom of the cell are unknowns of the problem. For the length of the cell, the reason
is that it can be expected that this length depends on the species concentrations at the entry the
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cell. The length of the cell and the potential at the bottom of the cell should be defined on the
basis of a threshold value for the oxygen concentration for which the electrolyte can be assumed
as deoxygenated.

The two-dimensional system for the differential aeration cell can be transformed into a one-
dimensional system by applying an average procedure which consists in substituting to the con-
centrations and potential the mean value of these variables along the y-axis if their variations along
this axis remain small [52]. A system of one-dimensional equations of the second order requires
two boundary conditions for each equation for the solution. For the particular case of the Poisson
equation, this means that one of the three boundary conditions defined above for the system of
two-dimensional equations, which include the corrosion potentials at the entry and at the bottom
of the cell and the charge conservation along the electrodes, must be removed. If the corrosion
potential at the entry of the cell and the charge conservation are kept, the value of the potential
at the bottom of the cell will result from the calculations and will be a function of the corrosion
potential and of the concentrations at the entry of the cell. The consequence of that will not be
discussed here. However, this procedure has the advantage to strongly simplify the solution of
the equations and to make to appear in the equations themseves the boundary conditions for the
y-components of the fluxes.

For the two cells in two dimensions, using the approximation of the electroneutrality equation
instead of the Poisson equation conserves the boundary conditions for the potential.

It appears that considering the transport phenomena results in the solution of systems of equations
which are not immediate and for which it exists, as far as we known, no examples of solution in
the literature.

8 Critical assumptions of the model, comparison to experiments and
future work

The future work should be devoted to the comparison of the model with experiments with si-
multaneous estimation of the sensitive parameters, as the results of section 6.5.3 show. It is also
important to discuss the question of the conservative or non-conservative character of the model

8.1 Critical assumptions of the model

The topics include the geometry of the dissolution cell, which is not conservative for the cell
heights of interest for the tests conducted at PSI (section 5.3.1), the assumption of homogeneity
of the electrolyte, which is intrinsically conservative but can result in values of zero of the disso-
lution propagation length if the iron ion concentration is in excess of a critical value dependent
on the assumed value for the concentration of hydrogen ions (sections 5.2.4 and 5.3.3), and the
assumption of a value of the crack tip strain ect non dependent on the crack growth length (if it is
not too large) for a given value of Ki, which might be not conservative.
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8.1.1 Geometry of the dissolution cell

The approximative character of the geometry of the dissolution cell appears for cell heights larger
than about 0.5 /mi, i. e., from stress intensity factors relevantly smaller than SOMPam1/2 which is
the value considered in this work (section 5.3.1).

A first solution is to locate the cathode on the crack tip near the anode, and to calculate the re-
sistance of the electrolyte assumed to be homogeneous by solving the Laplace equation for the
potential in this new geometry. An approximated calculation of the electrolyte resistance similar
to that used in this work (Appendix B) and based on the solution of the Laplace equation in two
dimensions can also be proposed; it will not be discussed here.

8.1.2 Homogeneity of the electrolyte

The next step for modelling should be to consider the species transport in the dissolution cell to
remove the assumption of homogeneity which is very conservative. The goals are to become free
from the application of Ohm law and to calculate the iron and hydrogen ion concentration on the
anode and cathode, respectively (section 5.3.3). It is clear that this work should be carried out
only after the improvement of the geometry of the dissolution cell (which is not conservative) and
estimation of the sensitive parameters (see below).

A first approximation is to assume that the anode and the cathode have the same dimensions and
are parallel. For this case, the solution of the transport and Poisson equations given in section 7.3.1
can be attempted for one spatial dimension with for the chemical reactions the reaction between
the iron ions and water and the dissociation of water.

8.1.3 Assumption of the crack tip strain non-dependent on the crack growth length

By refering to Figure 26, it appears that the crack tip strain ect depends at more or less extent on
the crack length for any constant value of Kj considered for the calculation. The crack growth
can be calculated by taking into account the dependence of ect on K/ and on the crack length a by
using Eqns (1), (2), and (3) of section 3.1.2. Equation (3) should be modified as follows

ect(* + rf, KI} a) - ect(t, Kj, a) = ef (37)

This equation together with Eqns (1) and (2)

Aa = ad + ac (38)

ad = lid,o{qd)Td{Tf)r(qf) (39)

forms a system of difference equations with as unknowns as a function of time t a, a ,̂ and Tf which
is the integration time step. It can be integrated for a given value of the initial crack length. The
corrosion parameters q,j and q/ are related to the electrolyte composition and to the oxide film,
respectively. This system of equations shows a non-linear coupling between the crack length, the
crack tip strain (for its dependence on the crack length), the dissolution propagation length â  by
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its dependence on the time interval between two film ruptures 17, and the cleavage length ac. The
crack length itself now appears to be a parameter of its future value by the dependence of the strain
at the crack tip on it, in addition to the corrosion parameters and cleavage length.

The fact that ect increases with the crack length for the same value of Kj will result in decreasing
values of Tf at constant e/, i. e., in an increasing number of film ruptures. An acceleration of the
crack growth then can be expected if the effect of the number of film ruptures on the crack growth
length overcomes that of the value of &d (which decreases together with 17, Figure 12).

For this case, the calculation of the crack growth length for the strain at the crack tip not depen-
dent on the crack length is no more conservative. This case also makes mathematically possible
the existence of an inflexion point in the curve of the crack growth length as a function of time
followed by an acceleration of the crack growth resulting in an instable fracture of the specimen.

For the first point, and for the value of K/ of SOMPam1/2 considered in the calculations, the
dependence of ect on the crack length in the considered range of values of this length is very small
(Figure 26). Therefore, it will be considered that the effect of this dependence on the calculation
of the crack growth length can be neglected.

For the second point, the inflexion point a priori might occur after a very long time after the
beginning of the crack growth, i. e., after a time where the crack growth will be inside the threshold
error of the measurement system. For this case, the crack will appear as still whereas it is growing
for further instable propagation. It can be expected that, if this event occurs, it will occur for
values of K/ larger than 30MPam1//2, i. e., for values of Kj for which the assumption of small
scale yielding of the model will become no more fulfilled. The system of equations (37), (38)
and (39) allows to take into account such a case by considering for ect a dependence on the crack
length, eventually through a parameter as K/ or as the J-integral value, and on another parameters.
A parameter study will allow to determine whether this event can occur or not, and, if it occurs, to
determine the time interval and the values of the parameters.

These results confirm the key role of the strain at the crack tip for the crack growth, which should
be accurately determined as a function of the crack length and on other parameters for ensuring the
conservative character of the calculation of the crack growth. They also show the general character
of the system of equations of the model for the description of the stress corrosion cracking assumed
in this work.

8.2 Comparison of the model to experiments and determination of the sensitive
parameters

The procedure requires to use good measurable effects (qualitative and quantitative). The results
of the model provide many opportunities for qualitative comparison to experiments for the low
alloy steels which include the dependence of the crack growth on the conductivity, on the sulphate
concentration, or on pH (section 5.2.4).

The simplest procedure is to perform tests using a low sulphur low alloy steel and several de-
oxygenated electrolytes with an increasing conductivity controlled by the sulphate concentration.
For these cases, the sulphate concentration at the crack tip can be expected to be similar to that
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outside the crack. These tests should be conducted at constant load with the largest value of K/
fulfiling the small scale yielding condition, which is essential here (section 3.1.2), and the crack
growth length continuously measured by the direct reversed current potential drop method. Rel-
atively easy qualitative and quantitative comparisons with the predictions of the model should be
obtained by such tests, as Figures 33 shows.

In addition, performing at least three tests, each with a different value of the sulphate concentra-
tion, also allows to determine the values of the exchange densities, strain to film rupture, and of
the cleavage length (which represents other possible crack growth mechanisms), all assumed to be
constant as a function of the sulphate concentration.

It should be stressed that the strain to film rupture and the cleavage length, which can be expected
to depend on the conditions at the crack tip, can be determined only by stress corrosion cracking
experiments interpreted with the model according to the method shown in section 6.5.3. This is
not the case for the sulphate concentration (see above) and for the exchange current densities. For
these current densities, no large variations of their values can be expected for the same steel in
high temperature water. Therefore, the exchange current densities can be estimated by other tests
with plates with electrolytes simulating those at the crack tip. Such experiments are a requirement
for ensuring the reliability of the estimations of the strain to film rupture and of the cleavage length
for further application of the model to practical cases.

At last, a reliable estimation of the strain to film rupture for testing the fulfilment of the condition
of small scale yielding is necessary. As seen in section 6.5.1, this condition was found to be not
fulfilled for extremum values of the parameters. But, for example, increasing the strain to film rup-
ture to 10~3 with unchanged values of the other parameters allowed to fulfil this condition. Note
that this latter value of the strain to film rupture is that commonly reported from measurements.

8.3 Future work

The future work should include the comparison of the model with experiments under more ap-
propriate conditions than those present for the experiments considered in this report as well as
the determination of the exchange current densities for the low alloy steels in high temperature
water. For this latter case, the water should contain sulphate ions with the concentrations which
can be expected at the crack tip. The result of this work will be the basis for deciding to improve
the model of the dissolution cell for the geometry of the cell and for the species transport. An
estimation of the contribution to the crack growth of the crack growth mechanisms different from
the dissolution should be also given. The last step will be to consider the species transport along
the crack for calculating the composition of the electrolyte at the crack tip as a function of that
in the bulk of the electrolyte. This will also allow to calculate the crack growth as a function of
macroscopical parameters.
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9 Conclusions

(1) A literature review has shown that there is no common crack growth mechanism for the stress
corrosion cracking at the microscopic level, and that a model for a particular metal-environment
system should be based on observations made on this system.

(2) The PLEDGE model and the coupled environment fracture model, which have been developed
for the cases of reactor steels in high temperature water for calculating the crack growth on the
basis of macroscopic parameters exhibit questionable assumptions and uncertainties for direct
application.

(3) The analysis of stress corrosion cracking tests conducted with low alloy steels in high temper-
ature water allows to assume for the crack growth mechanism of these steels the three following
basis phenomena for modelling: local rupture of the passivating oxide film by creep at the crack
tip, crack growth by anodic dissolution and by additional mechanisms represented by cleavage,
and repassivation.

(4) A model applying well accepted laws of physics has been developed for calculating the crack
growth for a given specimen, load, metal, and composition of the electrolyte at the crack tip, each
particular phenomenon being the object of a particular model. The model shows that the strain at
the crack tip governs the crack growth and that the amplitude of the growth depends on parameters
related to mechanics and corrosion.

(5) The model for the dissolution cell is in agreement with experiments. Particularly, the dissolu-
tion cell is situated in the region of the crack tip with dimensions up to a hundred micrometers.
This result shows that the critical parameters for the dissolution must be considered at the crack
tip. It does not support the assumption of the cathodic reaction on the external surface of the crack.
The geometry assumed for the cell is found to be approximative for the cell heights of interest for
the tests conducted at PSI but the assumption of homogeneity of the electrolyte is conservative.

(6) Sensitive parameters for the crack growth are the strain to film rupture, the composition of the
electrolyte at the crack tip, in connection to the repassivation, the exchange current densities, and
the cleavage length.

(7) The calculated crack growth is in qualitative agreement with measurements in low alloy steels
in high temperature water for the effect of the sulphate ions, for the decrease of the crack growth
rate at constant load and for the dependence of the crack growth rate as a function of the calculated
strain rate at the crack tip. It supports the presence of an additional crack growth mechanism to
the dissolution.

(8) Future work should deal at first with the comparison of the model with experiments with simul-
taneous estimation of the values of the sensitive parameters. Particularly, the pre-determination
of the value of the exchange current densities by separated experiments is required. This work
is necessary before deciding an improvement of the model for the dissolution cell (geometry and
species transport).
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Figures

Crack growth by anodic
dissolution

Crack surface
covered by an
oxide film

Additional crack growth
by cleavage

Cleavage generated
by dislocation pile-up
behind an obstacle

Bare surface of
metal generated
by oxide film
rupture and anodic
dissolution of the
metal

Repassivation

Cleavage growth
with blunting

Figure 1. Sequence of events assumed for the crack growth mechanism of the low alloy steels in
high temperature water based on the anodic dissolution. Cleavage represents the other possible
additional crack growth mechanisms. The sequence of events is represented for the case where a
real cleavage of length is generated in the region of the dissolution cavity by dislocations piling
up behind an obstacle. The length of the dissolution cavity or the dissolution propagation length
is denoted by a^ and the cleavage length by &c.
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Differential
Aeration Cell Dissolution Cell Cleavage

Oxide film
rupture

Repassivation

Anodic dissolution Cleavage

Figure 2. Phenomena assumed to be involved in the stress corrosion cracking of the low alloy
steels in high temperature water for modelling and related partial models. The dissolution cell and
the differential aeration cell are assumed to be electrically uncoupled. (1) Ion transport (Na+ and
SO^") by migration and diffusion in the potential gradient along the differential aeration cell. The
differential aeration cell is induced by electrochemical reactions including the reduction of oxygen
and the oxidation of hydrogen. (2) Rupture of the passivating oxide film by dislocations emerging
by creep and generation of a bare surface of the metal. (3) Anodic dissolution of the metal (by
oxidation of Fe) with the corresponding cathodic reaction (reduction of H+) in the vicinity of the
crack tip. (4) Nucleation and growth of the passivating oxide film resulting in the arrest of the
dissolution (repassivation). (5) Generation of a cleavage in the vicinity of the dissolution cavity
for an additional contribution to the crack growth.
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Figure 3. Calculated dissolution current density as a function of time considered for modelling
for four different sulphate concentrations and for three cases of the time interval between two film
ruptures TJ . The time interval ry is defined with respect to the film nucleation time to and to the
repassivation time rp. The kinetics law of the oxide film growth is assumed to be in (t/to)~p where
t is the time and p a coefficient representing the kinetics of the film growth, depending only on the
sulphate concentration here.
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Model for the repassivation

Possible cases

® xF<t0

IIUIIIIUUIU

to<TF<Tp

logt logt logt

No repassivation Partial repassivation Full repassivation

Figure 4. Stages of continuous dissolution (1), partial repassivation (2), and of full repassivation
(3) shown for the current density î  for the three corresponding values of the time interval between
two film ruptures 17. The kinetics law of the oxide film growth is assumed to be in (t/to)~p

where t is the time. The film nucleation time t0, the repassivation time TP and the exponent p are
environment dependent parameters.
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Crack
growth
length

Dissolution
current

Oxide film
rupture

Crack tip
strain

Load

TIME

Figure 5. Load as as a function of time and resulting strain at the crack tip, oxide film ruptures,
dissolution current and crack growth length as a function of time (arbitrary scales). The crack
growth is assumed to be generated by an anodic dissolution and, at the end of the dissolution,
by a cleavage representing other possible contributions to the crack growth. This figure shows the
influence of the time interval between two film ruptures TJ on the crack growth length with respect
to the values of the nucleation time t0 of the passivating oxide film and of the repassivation time
TP. The value of Tf depends on the crack tip strain and on the critical strain for the film rupture
(assumed to be constant). For 17 < t0, the crack growth is continuous, with a small contribution
of the dissolution with respect to that of cleavage here. For to < r/ < rp, the course of the
dissolution is arrested by a rupture of the film, then continues from its maximum rate: the crack
growth is continuous with similar contributions of the dissolution and of the cleavage here. For Tf
> TP, the dissolution is arrested due to the repassivation of the metal till a new rupture of the film
occurs: the crack growth is discontinuous.
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Locally separated cathodic and
anodic reactions:

H+ , OH", Fe2+, NO3

Na+, SO4
2"

Local galvanic cell

Figure 6. Outline of the dissolution cell with the ions assumed for the composition of the elec-
trolyte and with the anodic and cathodic currents in the crack. The anode is situated at the crack
tip and the cathodes on the crack surfaces adjacent to the crack tip.
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AZ

Cathode

Cathode

Figure 7. Diagram of the dissolution cell used in the model for the anodic dissolution in the
Cartesian coordinates axis x, y, z, each with the unit vector ex, ey, and ez, respectively. The
dissolution cell lies in the region of the tip of a crack. The crack is unbounded in the y direction.
The surface of the crack lies on two planes parallel to the (x,y) plane situated symetrically with
respect to this plane and separated by a distance Ho. The crack tip lies in the (y,z) plane. The
anode (width Wa, height Ha) is situated in a limited part of the (y,z) plane of the crack tip. The
cathode is composed of two parts (for each part: length or width Lc), each lying on a different
plane of the crack surface, and adjacent to the anode.
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R'p,c

'P,a

Figure 8. Equivalent electrical circuit of the dissolution cell for the static case. It includes a voltage
source, defined by the anodic and cathodic equilibrium potentials $0)o and $c>0, respectively, the
anodic and cathodic polarization resistances, Rp>a and RpC, respectively, and the resistance of
the electrolyte Re. The polarization resistances depend on the current 1 .̂ The potentials at the
boundaries of the voltage source $a,o and $Ci0 depend, in the model, on the iron ion and hydrogen
ion concentrations, respectively. The potentials at the output of the polarization resistances Rp>a

and Rp|C are the anodic and cathodic potentials <3?a and $ c , respectively.
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Temperature = 288°C, t0 = 0.2 s, xp = 104 s
4>°(Fe-/Fe] = -0.469 V
V 0V

= 24.46mV (1) ia,0=10-1A/m2

Pea = Pc c = 97.87 mV (2) ic,0 = 10"1 A/m2

-1.1 -1.0 -.9 -.8 -.7 -.6

ELECTRODE POTENTIAL [V]

-.5

Figure 9. Anodic and cathodic currents Ia and Ic, respectively, as a function of the corresponding
electrode potential in an Evans diagram. The anodic and cathodic equilibrium potentials $a>0

and $C]o, respectively, are those for which the corresponding currents are zero. The anodic and
cathodic potentials $ a and <3>c, respectively, are those for which the charge conservation is fulfilled,
i. e., for which the anodic and cathodic currents Ia and Ic are equal (1^). One also sees the non-
linear character of the polarization resistances (the smaller the current, the larger the corresponding
resistance). The anodic and cathodic currents are not symetric due to the different values of the
Tafel coefficients {fia,a, Pa,c) and (/3C>O, /3C>C) for the anodic and cathodic reactions, respectively.
This figure shows that the assumption of homogeneity of the electrolyte provides the maximum
case for the dissolution current Id in connection to the anodic and cathodic currents Ia and Ic.
Considering the diffusion of the species reacting at the electrodes for given conditions results in a
limitation of the values of these currents, and consequently, of the value of the dissolution current.
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Figure 10. Values of the exponent p as a function of the sulphate concentration ([41], Appendix C).
This diagram defines the so-called low and high sulphur regions with a transition region between
them.
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pH (25°C) = 7
CFe=* = 0.1 ppb
Cell height = 2.2 ji.m
Anode width = 0.1 urn
Anode height = 0.029 um
Temperature = 288°C
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Xf < t0 t0 < Tf < Tp

Figure 11. Calculated dissolution current density as a function of time. This figure shows the
influence of the time interval between two film ruptures r / on the dissolution current density.
Four different values of the sulphate concentration C5O2- in ppb with the corresponding values
of the exponent p and the same values of the anodic and cathodic exchange current densities ia)0

and iC]0, respectively, are considered. The two other environment dependent parameters are the
film nucleation time to and the repassivation time rp. This figure shows the stage of continuous
dissolution occuring for the nucleation of the film (77 < to), in which the dissolution current
density is constant, the stage of partial repassivation, occuring for the growth of the oxide film (t0

< Tf < TP), in which the dissolution current density decreases at a rate which strongly depends on
the sulphate concentration by the kinetics environment parameter p, and the stage of repassivation
(Tf > TP) defined here by the zero value of current current density. A simulation made for the
assumed value of 1 for the exponent p for the sulphate concentration of 104 ppb shows that the
effect of the repassivation delay, which is observed in the stage of partial repassivation, is to
increase the dissolution current density by a factor about 103 just before the stage of repassivation.
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Figure 12. Calculated dissolution propagation length per dissolution event as a function of time
corresponding to the dissolution current density shown in Figure 11. One sees the stage of con-
tinuous dissolution occuring for the nucleation of the film (r^ < t0), in which the dissolution
propagation length increases at a constant rate for any sulphate concentration, the stage of partial
repassivation, occuring for the growth of the oxide film (to < 77 < rp), in which the dissolution
propagation length increases at a rate which strongly depends on the sulphate concentration by
the kinetics environment parameter p, and the stage of repassivation (Tf > rp), in which the dis-
solution propagation length remains constant. A simulation made for the assumed value of 1 for
the exponent p for the sulphate concentration of 104 ppb shows that the effect of the repassiva-
tion delay, which is observed in the stage of partial repassivation, is to increase the dissolution
propagation length by a factor about 102 just before the stage of repassivation.
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Figure 13. Dissolution propagation length per dissolution event as a function of the cathode length
and width for different values of the sulphate concentration C5O2- in ppb and for two different
values of the anodic and cathodic exchange current densities iaio and iCi0, respectively, assumed to
be equal. This figure shows that the active part of the cathode has a length and width of the order
of the micrometer, this for any sulphate concentration. The limited spatial extent of the cathode
length and width at given anode area is due to the opposite effects of the cathode to anode area
ratio (which increases with the cathode area, resulting in an increase of the dissolution current) and
of the resistance of the electrolyte (which increases with the cathode area resulting in a decrease
of the dissolution current). See also Figure 14.
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Figure 14. Dissolution propagation length per dissolution event as a function of the cathode length
and width for the maximum value of the anodic current density iCT)o and three different values of
the cathodic exchange current densities iCjo- The sulphate concentration is at its maximum value
considered in the model. This figure confirms the limited spatial extent of the active part of the
cathode shown in Figure 13.
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Figure 15. Cathode length and width providing the maximum value of the dissolution propagation
length per dissolution event as a function of the exchange current densities assumed to be equal.
Five different sulphate concentrations C5O2- in ppb and the cell height of 2.2 ̂ um (calculated for

the value of Kj of 30 MPam1/2) are considered. The range of values of the exchange current den-
sities for which a cathode length can be defined is limited due to the threshold for the dissolution
propagation length, with a dependence on the sulphate concentration. There is an additional lim-
itation to this range of values due to the fact that the cathode length must be in excess of the cell
height (see Figures 16, 17, 20 and 21).
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Figure 16. Dissolution propagation length per dissolution event as a function of the anode width.
The same values of the anodic and cathodic exchange current densities iai0 and iC|0, respectively,
and four different values of the sulphate concentration CSO2- in ppb are considered. This figure
shows two stages for the variation of the dissolution propagation length as a function of the anode
width. The first exhibits relatively no relevant sensitivity to the anode width; the second exhibits
a relevantly larger sensitivity, similar to that observed for the dependence on the cathode length
(Figure 13).
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Figure 17. Dissolution propagation length per dissolution event as a function of the anode height
(or of the corresponding number of dislocations emerging by creep, which varies between about
10 and 6900). The same values of the anodic and cathodic exchange current densities ia>0 and iC]0,
respectively, and four different values of the sulphate concentration CSO2- in ppb are considered.
This figure shows that the sensitivity of the dissolution propagation length to the anode height
is relatively small. The anode height or the number of emerging dislocations will be no critical
parameters for the dissolution propagation length per dissolution event.
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Figure 18. Dissolution propagation length per dissolution event as a function of the conductivity
at 25°C of the electrolyte at the crack tip. The electrolyte has two different compositions. The
first is predominant in sulphate ions (active for the repassivation) with the corresponding sodium
ions. The second is predominant in nitrate ions (neutral for the repassivation) with the correspond-
ing iron ions (which also determine the anodic equilibrium potential). The anodic and cathodic
exchange current densities ia:0 and iC|0, respectively, are assumed to be equal. This figure shows
two important results of totally different origins. The first is the large effect of the repassivation
on the dissolution propagation length with respect to that of the conductivity. The second is the
decrease of the dissolution propagation length as a function of the conductivity when the conduc-
tivity is controlled by the iron and nitrate ion concentrations, due to the dependence of the anodic
equilibrium potential on the iron ion concentration (Figure 19).
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Figure 19. Anodic and cathodic equilibrium potentials $a<0 and $C]0, respectively, as a function
of the conductivity at the crack tip at 25°C of the electrolyte predominant in iron ions with the
corresponding nitrate ions. The value of $c?o remains constant due to the constant concentration
of the hydrogen ions. The value of $ajo increases due to the increasing concentration of the iron
ions. This results in a decreasing value of the potential $c,o-^a,o at the boundaries of the voltage
source (Figure 11), and consequently, in a decreasing value of the dissolution propagation length
per dissolution event by increasing values of the conductivity. The dissolution propagation length
becomes zero when $c,o-^a,o becomes zero or negative (Figure 12). This result is related to the
assumption of homogeneity of the electrolyte, i.e., to the non-consideration by the model of the
species transport in the dissolution cell.
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Figure 20. Dissolution propagation length per dissolution event as a function of the anodic and
cathodic exchange current densities assumed to be equal for four very different values of the sul-
phate concentration CSO2- in ppb. The linearity which can be expected from physics between the
dissolution propagation length and the anodic exchange current exchange density (in connection
to the dissolution reaction rate) appears only for the large sulphate concentrations and in very lim-
ited ranges of the exchange current densities, i. e., when the dissolution cell behaves as a current
source.
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Figure 21. Maximum value of the dissolution propagation length per dissolution event as a func-
tion of the cell height for five different values of the exchange current densities io and four different
values of the sulphate concentration CSO2- in ppb. The small dependence of the dissolution prop-
agation length per dissolution event as a function of the cell height at decreasing values of i0 is
due to the smaller contribution of the resistance of the electrolyte compared to that of the anodic
and cathodic polarization resistances.
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Cathode: O, + 2H,O + 4e- H> 4OH

Dissolution

Anode: 2Fe -» 2Fe2+ + 4e'

Cathode: O, + 2H9O + 4e" -> 4OH"
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aeration cell

Dissolution
cell
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Figure 22. Assumptions of the literature for the location of the dissolution cell (a) along the whole
crack with the oxidation reaction at the crack tip and the reduction reaction on the external surface
of the crack (coupled environment fracture model, [12]) and (b) in the vicinity of the crack tip with
the differential aeration cell at the crack mouth and electrically uncoupled from the dissolution cell
[26]. The results of Figures 13 and 14 support the assumption of the dissolution cell in the vicinity
of the crack tip.
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Figure 23. Calculated Crack Tip Opening Displacement (CTOD) as a function of time for a low
alloy steel at 288°C in air under constant load with the assumption of plane strain and for a steady
crack. The parameter is the stress intensity factor Kj with the values of 30, 60, and 90MPam1/(2.
The CTOD varies as Kf. From [42].
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Figure 24. Calculated crack tip strain as a function of time from the Crack Tip Opening Displace-
ment shown in Figure 23. Relative small variations of the crack tip strain as a function of Kj are
noted when Kj is in the range of values from 30 to 60 MPam1/2. This means that, in this range of
values of Kj, it can be expected that the crack tip strain can be scaled with the sole parameter Kj
for the considered crack length of 25 mm, which consequently fulfils the condition of small scale
yielding required in the model. From [42].
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Figure 25. Calculated crack tip strain rate as a function of time with the values of the crack
tip strain shown in Figure 23. The oscillations on the curves are of numerical origin (stepwise
calculation of the crack tip strain). The crack tip strain rate varies as t"1 where t is the time
for the considered values of K/ up to 90MPam1/'2. This means that the creep at the crack tip is
logarithmic (or low temperature) for the steel and conditions considered for the calculations. From
[42].
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Figure 26. Calculated crack tip strain as a function of time for three different values of the crack
length and for the three values of Kj of 30, 60, and 90 MPam1/2. The specifications of the calcu-
lations are those given in Figure 23. The strain at the crack tip exhibits pratically no dependence
on the crack length up to the considered value of 27 mm for the value of K/ of 30 MPam1/2. The
strain at the crack tip can be scaled with the sole parameter K/ for the value of K/ of 30 MPam1/2,
at least for values of the crack length up to 27 mm, which consequently fulfils the condition of
small scale yielding required in the model. From [42].
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Figure 27. Calculated crack growth length as a function of time for a low alloy steel at 288°C
under constant load over a duration of 109 s (about 30 years). The strain at the crack tip and
specifications are those of Figure 24. The parameters are the sulphate concentration CSO2- (in
ppb) with the extremum values of 10 and 105 ppb and the cleavage length ac (0, 1, and 10 /mi).
The exchange current densities (10~2 A/m2) fulfil the requirement that the cathode length must be
larger than the cell height. The strain to film rupture has the realistic value of 1.45x 10~3. The
crack grows as a function of time with a rate strongly dependent on the sulphate concentration
(in connection to the conductivity and to the repassivation) and on the cleavage length. The crack
growth length does not exceed about 1 mm, which fulfils the conditions of small scale yielding
considered for the calculation of the strain at the crack tip.
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Temperature = 288°C, t0 = 0.2 s, xp = 104 s
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Figure 28. Calculated crack growth length as a function of time for a low alloy steel at 288°C
under constant load over a duration of 109 s (about 30 years). The values of the exchange current
densities fulfil the requirement that the cathode length must be larger than the cell height. For
the value of 105 ppb for the sulphate concentration, changing the exchange current densities from
10"4 to 3.16xlO~7A/m2 results in an occurrence of the crack growth delayed from about 10 s
to 1.6x 105 s (about 44 hours). For the value of 3.16x 10~7 A/m2, changing the sulphate concen-
tration from 105 to 103 ppb cancels the crack growth. When the values of the exchange current
densities or/and of the sulphate concentration are small, the dissolution propagation length can
overcome the threshold value (of three interatomic distances here), with eventually triggering of
a cleavage, only if the time interval between two film ruptures is large enough. This occurs when
the strain rate is small, explaining the delay of occurrence of the crack growth. There is no crack
growth if the time required is in excess of the repassivation time. The major contribution to the
crack growth is provided by the cleavage which represents in the model other possible additional
contributions to the dissolution for the crack growth.
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Figure 29. Results of Figure 27 plotted in a logarithmic scale for the time. The case of the sulphate
concentration of 10 ppb without cleavage is not reported due to its small amplitude. One notes a
logarithmic behaviour of the crack growth length as a function of time, but with different rates
according to the time interval and to the values of the parameters. This result is consistent with a
crack growth length governed by a logarithmic creep at the crack tip for long times.
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Figure 30. Maximum value of the crack growth length after about 109 s (about 30 years) calculated
as a function of the strain to film rupture. The parameters are the sulphate concentration CSO2-
(in ppb) and the cleavage length ac. For each set of values of these parameters, the values of
the exchange current densities i0 are the maximum values providing a cathode length in excess
of the cell height. The crack growth length decreases as a function of the strain to film rupture.
This is due to the fact that the number of film ruptures, and consequently the number of crack
growth events, decreases as a function of the strain to film rupture. The striated area indicates the
values of the crack growth length beyond those calculated for which the assumption of small scale
yielding can be considered to be fulfilled. Crack growth lengths in excess of these 5 millimeters
are observed if the sulphate concentration or/and the cleavage length have their maximum (and
conservative) values. The values of the strain to film rupture do not exceed about 10~3 for this
latter case.
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Figure 31. Crack growth rate as a function of the crack tip strain rate corresponding to the case
shown in Figure 27. For increasing values of the crack tip strain rate ect, four stages can be defined
for the crack growth rate a. The first stage (1) exhibits a linear relationship between a and ect for
any values of the cleavage length a^ It corresponds to the case where the repassivation is achieved
before a new film rupture. The second stage (2) corrresponds to the case of the partial repassivation
before a new film rupture. The relationship between a and ect is of the type d ~ e™ where m is
an exponent strongly dependent on the cleavage length, which is the environment parameter p if
there is no cleavage. The third stage (3) corresponds to the continuous dissolution. The fourth
stage (4), for which no crack growth occurs, corresponds to the case where the occurrence of the
crack growth is delayed (see Figure 27 for the small values of time). The values of the parameters
sulphate concentration and cleavage length can strongly affect these stages (existence, width, and
amplitude).
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Figure 32. Results of Figure 31 but for the range of values of the crack tip strain rate considered
for the stress corrosion cracking tests (10~8 to 10~3). Only the second and fourth stages appear.
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Figure 33. Measured crack growth length as a function of time for a low alloy steel in high
temperature water at 288°C under constant load (Kj = 61 MPam1/2, [4]) and comparison with
calculated results. The crack growth has been calculated with for the strain at the crack tip the
values calculated for the value of K/ of 60MPam1/2 and for the cell height the assumed value
of 2.2 lira.. The crack grows as a function of time with a decreasing rate. For the strain to film
rupture of 10~3 considered for these calculations, there are many combinations of values of the
parameters which result in a good fit between the model and the experiment. With this analysis,
these results qualitatively support the model.
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Figure 34. Crack growth rate as a function of the crack tip strain rate, (a) Leer squares: points
measured by Rising Displacement Tests [4]. (b) Filled circles: points calculated by fitting with for
the cell height the value of 9.14 ̂ m at the end of a particular test, (c) Thin line: linear regression
on the calculated points (except the last point for which the dissolution propagation length did not
overcome the threshold value). A good fit is obtained for the following values of the parameters:
0.0018 for the strain to film rupture e/, about 17.8 A/m2 for the exchange current densities io,
and 0.26 (im for the cleavage length. Agreement is obtained only when an additional crack growth
mechanism to the dissolution (under the form of a cleavage here) is considered. With this analysis,
these results qualitatively support the model.
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Figure 35. Diagram of the dissolution cell (half part) for modelling the species transport inside
the dissolution cell with the transport and Poisson equations. The cathode is assumed to lie on
the crack surface and on the crack tip near the anode. The boundary conditions include (a) at the
entry of the cell the concentrations and the corrosion potential ^cor, (b) at the cathode the fluxes
Jy, connected to the cathodic current density ic for the hydrogen ion and of zero value for the other
ions, (c) at the anode the fluxes 3X, connected to the anodic current density ia for the iron ion and
of zero value for the other ions, and (d), along both electrodes, the charge conservation.
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Figure 36. Diagram of the differential aeration cell (half part) for modelling the species transport
along the crack with the transport and Poisson equations. The boundary conditions include (a) at
the entry of the cell the concentrations and the potential 3>COJ., (b) at the electrode the fluxes Jy,
connected for the reacting species to the anodic and cathodic current densities ia and ic, respec-
tively, and of zero value for the other species, as well as the charge conservation, and (c) at the
bottom of the cell the fluxes Jx which are zero for any species and the corrosion potential &'cor

(related to the passivating oxide film).
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Tables

Table 1: Models and main features proposed for the stress corrosion cracking.

Models

Semi-empirical models

Film rupture/anodic dissolution

Phenomenological models

Film rupture/anodic dissolution

Coupled environment fracture

Mechanistic models

Lynch

Jones

Dissolution-enhanced plasticity

Corrosion-assisted cleavage

Film-induced cleavage

Surface mobility

Crack growth initiation

Mechanical rupture of the film1

Mechanical rupture of the film1

Mechanical rupture of the film1

Adsorption of hydrogen; generation of
dislocations and microcavities2

Mechanical rupture of the film1 and
anodic dissolution

Mechanical rupture of the film1 and
anodic dissolution

Anodic dissolution

Film rupture by dislocations6

Vacancy generation under
the effect of the stress at the crack tip

Crack growth

Anodic dissolution

Anodic dissolution

Anodic dissolution

Dislocation glide and
microcavity coalescence

Cleavage3

Cleavage4

Cleavage5

Cleavage7

Vacancy enhanced atomic
diffusion from the crack tip

By strain at the crack tip
By plasticity effects

3Local decrease of KJC by divacancies generated in relation to the dissolution
4 Local decrease of K/c by hydrogen diffusion
5Local decrease of KJC by preferential dissolution
6For brittle films, initiation by dislocation pile-ups in the metal at the metal-film interface. For ductile films, initiation

by dislocation pile-ups in the film, in connection to the values of the atomic misfit between the metal and the film and
the film thickness

7By propagation of the cleavage in the film into the metal with blunting
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Table 2: Advantages and disavantages of the semi-empirical and phenomenological models for the stress
corrosion cracking.

Advantages

Semi-empirical models

Film rupture/anodic dissolution
(part derived experimentally)

Simplicity of the model
Parameters are physical and measurable
Ion transport in the electrolyte is considered
Dissolution crack growth rate is calculated

Phenomenological models

Film rupture/anodic dissolution
(part derived theoretically)

Simplicity of the model
Passivating oxide film is considered
Expression for the dissolution crack growth rate

Coupled environment fracture

Mass and charge conservation are fulfilled
Ion transport in the electrolyte is considered
Dissolution crack growth rate is calculated

Passivating oxide film is considered

Disadvantages

Uncertain calculation of the crack tip strain rate
Difficult determination of the parameter functions
Poor insight in the SCC phenomenon
Only one crack growth mechanism is considered

Only one crack growth mechanism is considered
Anodic current density is not calculated

Only one crack growth mechanism is considered
Uncertainty for the cathode location and area
Uncertain calculation of the crack tip
strain rate
Questionable calculation of the potential
Questionable solution of the equations

100



Table 3: Advantages and disavantages of the mechanistic models for the stress corrosion cracking.

Advantages

Mechanistic models

Lynch

Crack growth mechanism supported by observations
Accounts for the effect of hydrogen adsorption

Jones

Crack growth mechanism supported by observations
Accounts for the corrosion-deformation interaction

Dissolution enhanced plasticity

Crack growth mechanism supported by observations

Corrosion-assisted cleavage

Crack growth mechanism supported by observations

Film-induced cleavage

Crack growth mechanism supported by observations
Oxide film/metal interaction is considered

Surface mobility

Dissolution mechanism by crack tip surface
diffusion
Passivating oxide film is considered

Calculates the crack growth rate

Disadvantages

No calculation of the crack growth rate
Critical role of the microcavities
No role for the passivating film

No calculation of the crack growth rate
Critical role of the divacancies

No calculation of the crack growth rate
Values of the parameters

No calculation of the crack growth rate
Restricted role for the oxide film
Values of the parameters

No calculation of the crack growth rate
Description of the oxide film is required

Electrochemical effects are not considered

Experiments lack for supporting the effect
of the stress
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Appendix A: PLEDGE model and coupled environment fracture model

PLEDGE model

Part derived theoretically

Description

The crack growth mechanism is assumed to be the anodic dissolution due to the generation of a
bare surface of the metal resulting from the mechanical rupture of the passivating oxide film at the
crack tip [1].

The dissolution current density, which takes into account the repassivation, is given by the follow-
ing equation derived from experiments

_ if 0 < t < t0
ld~\ id,o(t/toTP i f t > t0

 ( 1 )

where î  is the anodic dissolution current density, i^o its maximum value which occurs for the
nucleation time of the oxide film to, and p an exponent. These two latter parameters are dependent
on the electrolyte and film composition. The time interval between two film ruptures 17 is

Tf = J~t (2)

where ey is the strain to film rupture and ect the mean value of the crack tip strain rate in the time
interval 17.

The crack growth rate a is calculated by the Faraday law for the dissolution of the metal assumed
here to be iron. One finds for 0 < 77 < to

Mr,

(3)
nFpFe

and for 17 > t0, with p different from 1

MFe idfit
p

0

where MFe and pFe are the atomic mass and density of iron, F the Faraday number, and n the
stoichiometric number of electrons of the reaction.

This model gives the proportionality of the crack growth rate with the maximum value of the
anodic current density, in agreement with experiments [2] for the case intergranular cracking [3].
It gives also a simple relationship between the crack growth rate and the crack tip strain rate.
This relationship can be calculated for given load, crack length, specimen geometry, and material
conditions, and on the repassivation by the parameters to and e/.
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Discussion

The main advantage of this model is its simplicity. It takes into account the existence of the pas-
sivating film, its rupture, and the dissolution together with the repassivation. However, certain
parameters or their values are lacking for a full application of this model for crack growth calcu-
lations. This includes the repassivation time (i. e., the time where the anodic dissolution can be
assumed to be finished), whose value together with that of TJ can be a relevant parameter according
to its value for the crack growth rate, and the value of i^o which is not calculated.

Part derived from experiments

Description of the model

This model has been developed to obtain from the analysis of the measurements an equation
similar to Eq. (4) for its dependence on the crack tip strain rate and on the exponent p, and to
relate the coefficients of this equation to measurable parameters, allowing to calculate the crack
growth rate as a function of these parameters [4].

An equation allowing to calculate the crack tip strain rate as a function of the stress intensity factor
K/ has been found to fulfil this requirement for stainless steels for the conditions of an in-service
reactor. This equation is

ect = AlKJ (5)

where Ai is a constant depending on the material and on its yield stress. This equation has been
derived from measurements (unpublished) of the crack mouth opening displacement rates in a 304
stainless steel in air at 288°C [5]. These measurements have shown that the creep at the tip of a
steady crack is logarithmic, whose expression of the rate is

ect = A2KJt~1 (6)

where A2 is a constant. Stress corrosion cracking experiments in stainless steels have shown that
this latter equation can be replaced by Eq. (5) with a good approximation [4]. However, the
values of K/ should not be too small (larger than about 44MPam1/2, [5]). Equation (5) has also
given sucessfull results for the low alloy steels and for a large number of material-environment
systems [4]. The effect of the crack growth rate on ect can be taken into account by considering an
additional term including the crack growth and rate [4], not discussed here.

By analysing the measurements with Eq. (5), one obtains the following expression for the crack
growth rate a

a = As% (?)

where A3 and m are constants. The equations to calculate m are given for the case of the stainless
steels [4]. They include three functions of the following parameters: conductivity of the bulk of the
electrolyte, corrosion potential, and the "electrokinetic potential reactivation" (EPR parameter), a
parameter related to the chromium denudation in the grain boundary. A3 is a coefficient depending
on m whose expression is given [4]. The numerical values of A3 and m are given for three low
alloy steels for the cases of the low and high dissolved sulphur contents [4].
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Discussion

There are questionable points of this model. By considering only the case of the low alloy steels,
these points are the following.

• The relationship between ect and Kj (Eq. (5)) is of empirical character and not supported
by finite element calculations.

• There are no expressions of the parameters A3 and m allowing to calculate the values of
these parameters as a function of macroscopical parameters. These macrocospical parame-
ters should include in all cases, by refering to the case of the stainless steels, the conductivity
and the corrosion potential.

• The anodic dissolution is the sole crack growth mechanism considered in the model. By
refering to models of the literature for steels in high temperature water (section 2.2), an
additional crack growth mechanism under the form of cleavage a priori cannot be ruled out.
There are no parameters in the model to represent an additional crack growth mechanism to
the anodic dissolution.

• At last, few applications of this model are published.

In the present form, these points show uncertainty for applying this model to crack growth predic-
tion for the case of the low alloy steels in high temperature water.

In spite of the similar dependence of the crack growth rate on ict, it is clear that the experimental
and theoretical parts of the PLEDGE model cannot be compared because most parameters of each
of these parts are of different nature, a point which has been already discussed [6].

Coupled fracture environment model

The crack growth mechanism assumed by this model [7] is the same as that for the theoretical part
of the PLEDGE model (anodic dissolution). The repassivation and the crack tip strain rate are
calculated as for the PLEDGE model. The model, which includes phenomenological and semi-
empirical parts, calculates the crack propagation rate as a function of measurable parameters.

The main assumption for the calculations is that the cathodic reaction, assumed to be the reduction
of the oxygen dissolved in the electrolyte outside the crack, occurs on a limited part of the external
surface of the crack. The transport equations, for the one-dimensional case and for the steady
state, are used for calculating the concentrations as a function of place with the assumption of
electroneutrality in the electrolyte. The source terms are the anodic and cathodic current densities
given as a function of the potential and of the anodic or cathodic equilibrium potentials by a Butler-
Volmer law. The charge conservation is fulfilled. The potential is calculated with the Laplace
equation.

There are questionable points of this model, which include the consideration of a sole crack growth
mechanism (see above), the use of Eq. (5) for calculating the crack tip strain rate as a function
of K/, the location of the cathodic reaction and the determination of the cathodic area (certain
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experiments support a location of this reaction in the region of the crack tip [8], as well as the
simulations presented in this report, section 5.2.3), and the integration of the system of equations,
which does not take into account the fact that the potential and the concentrations in the transport
equations are implicit functions. The Laplace equation is used to calculate the potential with
the simultaneous use of the electroneutrality condition. This is possible only if the concentration
gradients can be considered as small and the conductivity uniform [9]. No quantitative justification
is given for this point.

In spite of good physical foundations, these points show uncertainty for applying this model to
crack growth prediction for the case of the low alloy steels in high temperature water.
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Appendix B: Equations for calculation of the maximum value of the
dissolution current density

This appendix gives the full set of equations for calculating the maximum value of the dissolution
current density i^o-

Equation system

The equations include

(1) the charge conservation

Ia + Ic = 0 (1)

where la and Ic are the anodic and cathodic current densities, respectively,

(2) the Ohm law
<$> _ <J> — J? T (0\

where $ a and $ c are the anodic and cathodic potentials and Re the resistance of the electrolyte,
and

(3) the Butler Volmer law [1,section 4]

( a /3aa° '°) ~exp( ° ^ a '° I (3)

Jr. = ir.

where iOi0 and iCjo are the anodic and cathodic exchange current densities, respectively, Aa and
Ac the anodic and cathodic areas, respectively, $a>o and $C|0 the anodic and cathodic equilibrium
potentials, respectively, ^ a a and /3a,c the Tafel coefficients for the anodic reaction, and (3CA and
/3C]C the Tafel coefficients for the cathodic reaction.

The system of equations (1), (2), (3), and (4) will be solved for Ia, Ic, 3>a and <J?C by using a
least-squares numerical method based on a modified Newton algorithm in double precision [2].

One has for i^o

-ir- (5)
•"•a

Calculation of the parameters

Electrochemical parameters for the anodic and cathodic reactions

(1) Anodic equilibrium and standard potentials
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The Nernst law for small concentrations yields [1, section 2]

0 RT
(6)

where $° is the standard potential of the anodic reaction at temperature T (the effect of the pressure
will be neglected [1, section 2], R the perfect gas constant, F the Faraday constant, and Cjre2+ the
iron ion concentration (in mol/m3) at the anode surface, i. e., in the electrolyte here.

The value of $° as a function of the temperature will be calculated by linear interpolation on the
basis of the values at standard conditions and the value at 300°C of the literature (Appendix C).
One has

$0,300 _ $00
$0 _ $00 , To ^o_ ,7-,

-̂ 300 1

where $°° and $° '3 0 0 are the standard potentials of the anodic reaction under the standard condi-
tions and at 300°C , respectively, and T00 and T3Oo the standard temperature and temperature at
300°C, respectively.

(2) Tafel coefficients for the anodic reaction

By assuming one step for the reaction, one has [1, section 4]

•prp

Pa,a = ~ (8)
anF

T>rp

Pa,c = JZ r~= (9)
(1 - a)nF

where a is the charge transfer coefficient. By assuming that a. does not depend on the temperature
and pressure, Eqns (8) and (9) can be rewritten as follows

Pa,c = ZPaa (H)

where /3°°a is the measured value of /3OiO at standard conditions, and £ a factor depending on a.

(3) Cathodic equilibrium and standard potentials

By neglecting the effect of the partial pressure of hydrogen P#2 assumed to be the standard pres-
sure, the Nernst law yields [1, section 2]

where <f>°. is the cathodic standard potential at the system temperature and presure and CH+ the
hydrogen ion concentration (in mol/m3) at the cathode surface, i.e., in the electrolyte here. The
value of 4?° as a function of the temperature is zero by convention for the reaction of the hydrogen
reduction and its dependence as a function of the pressure will be neglected.
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(4) Tafel coefficients for the cathodic reaction

By using the same assumptions as for the anodic reaction, one has

Pa,c = 68c,c (14)

where /3°° is measured value of /3C]C at standard conditions. The factor £ will be assumed to be the
same as for the anodic reaction.

Electrode areas, conductivity, and concentrations

The anode area is generated by dislocations emerging by creep. By assuming a dislocation group,
one has

Aa = ndbld (15)

where n^ is the number of dislocations in the group, 1̂  the dislocation mean length, and b the
Burgers vector.

The cathode area is
Ac = 2L\ (16)

where Lc is the cathode length or width.

The electrolyte conductivity is [1, section 4]

Ge = F2Yjz
2

iuiCi (17)
i

where <re is the conductivity, Zj the charge of the ion No i, u; the mobility of the ion No i, and Q
the molar concentration of the ion No i at the system temperature and pressure (in mol/m3). The
mobility of the ion No i is

where D; is the diffusion coefficient of the ion No i at the system temperature and pressure.

One has the following equations for the concentrations of the ions resulting from the dissociation
of H2O, Fe(NO3)2, and Na2SO4

COH- = CH+ (19)

CNQ- = 2CFe2+ (20)

(21)

respectively.

The molality (mole number per solvent mass, in mol/kg) of the ion No i as a function of its molar
concentration is

Cm,i = — (22)
Pw
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where Cm>; is the molality of the ion No i, and pw the water density at the system temperature and
pressure. The concentration of the ion No i in ppb, denoted by CitPPb is

Ci,ppb = Cm>iMi x 109 (23)

where M{ is the atomic mass of the ion No i.

These two latter equations allow to calculate the molar concentration as a function of the concen-
tration in ppb used in the reactor technology.

Except for H+ and OH" which result from the water dissociation here, one has the relation be-
tween the molar concentrations at given system temperature and pressure and at standard condi-
tions (Eq. (22))

1 ~ i «00 *• '
rw

where C°° is the molar concentration of the ion No i at standard conditions, and p™ the water
density at standard conditions. For H+ , one has, by using Eq. (22)

„ -i r» — pH / O £ \

where pH is the pH value of the electrolyte at the system temperature and pressure for units in
mol/kg.

Resistance of the electrolyte [3]

It will be assumed that the current density lines between the anode and the cathode, each of given
dimensions, are straight lines. Due to the fact that there is no intersection between the current lines,
a similarity relationship between the emitting point of a current density line and its corresponding
receiving point can be also assumed (Figure Bl). For a given current density line, the Ohm law
yields

ie = Ve®0'*" (26)

where ie is the current density in the electrolyte and 1 the length of the current density line, which
depends on the position of the emitting point. The integration of this equation over the surface of
the electrode of the emitting points, which uses the assumption of the model that the potentials are
constant over the electrodes, provides the Ohm law for the current, from which the expression of
the resistance of the electrolyte can be drawn. This resistance will depend on the conductivity of
the electrolyte and on the dimensions of the electrodes and on their positions in the cell. It is clear
that this calculation is conservative with respect to that, much more difficult, using the Laplace
equation for the potential.
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Figure

Figure Bl. Current lines in the dissolution cell for calculating the resistance of the cell.
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Appendix C: Values of the parameters

The range of values considered in the parametric study as well as the reference values of a given
parameter for particular calculations (in brackets) are given here.

Parameters related to the dimensions of the dissolution cell

Dislocation mean length in steels 1̂  : 0.1 /zm

Anode width Wa: 0.1 - 10000//m (0.1 fim)

Anode height Ha: 0.0029 - 2/rni (0.0029 and 0.029/xm)

Number of emerging dislocations nd: 20 - 7000 (20 and 100) [1]

Burgers vector in iron b: 2.9 x 10~4 /xm

Cathode length or width Lc: 10~3 - 104 ^m

Crack Tip Opening Displacement So for K/ of 30 and 60 MPam1/2: 2.19 and 9.14 jt/m, respectively
[2]

Cell height Ho: 2.19 and 9.14//m for the values of K/ of 30 and 60MPam1/2, respectively, for the
general case (see text).

Parameters related to electrochemistry

Temperature T: 561.15 K (288°C ) [3]

Perfect gas constant R: 8.3145J/mol/K [4, section 13]

Faraday number F: 96485 C/mol [4, section 13]

Standard anodic potential at 300°C <£°: -0.47 V [5]

Standard anodic potential at 288°C $° : -0.469 V

Standard cathodic potential at 288°C $°: 0V (the effect of the pressure is neglected [4, section
2])

Anodic or cathodic exchange current densities iOi0 and iC]0, respectively, or i0: 10~8 - 104 A/m2

(10-1 and 10-2 A/m2) [4, section 4]

Tafel coefficients:

P™a = 0.014 V [4, section 5]

Pa,c=Pa,* = 0.0244 V

/3°°c= 0.052 V [4, section 5]

Pca=(3c,c = 0.0978 V
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Parameters related to the concentrations

Standard temperature T00: 298.15 K (25°C ), standard pressure: 0.1013 MPa [4, section 2]

Temperature T: 561.15 K (288°C ), pressure: 9 MPa [3]

/C997kg/m 3 [6]

pw: 738.9kg/m3 [6]

pH at 288°C : 5.65; pH at 25°C : 7 [7]

Cppb,H+ = 0.10ppb;C°°+ = 0.997 xlO-4moym3

Cppb,OH- = 1.70ppb;C°V = 0.997 xlO~4 mol/m3

Cpp6,Fe2+ = 0-1 - 104 PPb (0.1 ppb); C°°2+ = 0.179X 10~5 - 0.179mol/m3

CpPb,NO2~ = ° - 2 2 " 22222ppb (0.22ppb); C™o2_ = 0.357X 10~5 - 0.357mol/m3

Cppb,Na+ = 4.79 - 47860ppb (4.79 and 4786ppb); C°°a+ = 0.207x 10"3 - 2.07 mol/m3

c
PPb,so2- = 1 0 ' lOOOOOppb (10 and lOOOOppb); C°°o2_ = 0.104x 10~3 - 1.04mol/m3

Parameters related to the repassivation

Oxide film nucleation time to: 0.2 s (referred in [8, section 4])

Repassivation time rp: 104 s

Due to the fact that there are no measured values of the dissolution current density for the repassi-
vation for times larger than 103 s (referred in [8, section 4]), it has been assumed of a conservative
manner that the repassivation is finished after 104 s.

Values of the exponent p as a function of the sulphate concentration considered for Figure 10: 0.4
(104 ppb and larger values), 0.5 (103 ppb), 0.8 (102 ppb and smaller values), 1 (lOppb), [9, section
3]. The value of 0.99999 for p has been taken instead of 1.

Diffusion coefficients

The diffusion coefficients at 288°C have been calculated by linear interpolation between the values
at 250 and 300°C , each at the corresponding saturation temperature of water, with the data given
in [10]. For SO2", only the value for the standard conditions was given. The value at 288°C has
been calculated by interpolation by using the values for Na+ and Fe2+ at this temperature on the
basis of the corresponding values at standard conditions.

= 9.6x 10~9 m2/s; DH+ = 4.51 x 10~8 m2/s.

_ =5.5xl0-9m2 /s ;DO t f- = 3.95xlO"8m2/s.

=8x l0- 9 m 2 / s . DFe2+ = 1.45xlO-8m2/s.

_ =2xlO~9m2/s;D iVC1- =2.37xlO"8m2/s.
1
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= 1.4 x KT9 m2/s; DNa+ = 2.25x 10~8 m2/s.

^2_ =1.06xl0-9m2 /s;Dc r )2- = 1.80xl0-8m2/s.

Other parameters

Atomic mass of iron M/?e: 55.8 x 10~3 kg; Iron density (value for 25°C ): 7860kg/m3

Cleavage length a^ 1 and 10 ¿urn [3].
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