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ABSTRACT

A brief review is presented of the electrochemical mitigation of IGSCC in water-cooled reactor heat
transport circuit structural materials. Electrochemical control and mitigation is possible, because of the
existence of a critical potential for IGSCC and by the feasibility of modifying the environment to displace the
corrosion potential (ECP) to a value that is more negative than the critical value. However, even in cases where
the ECP cannot be displaced sufficiently in the negative direction to become more negative than the critical
potential, considerable advantage is accrued, because of the roughly exponential dependence of crack growth
rate on potential. The most important parameters in affecting electrochemical control over the ECP and crack
growth rate are the kinetic parameters (exchange current densities and Tafel constants) for the redox reactions
involving the principal radiolysis products of water 02, H2, H202), external solution composition (concentrations
Of 02,H202, and H flow velocity, and the conductivity of the bulk environment. The kinetic parameters for the
redox reactions essentially determine the charge transfer impedance of the steel surface, which is shown to be
one of the key parameters in affecting the magnitude of the coupling current and hence the crack growth rate.
The exchange current densities, in particular, are amenable to control by catalysis or inhibition, with the result
that surface modification techniques are highly effective in controlling and mitigating GSCC in reactor coolant
circuit materials.

INTRODUCTION

Extensive research and plant experience extending over more than two decades has demonstrated that
the most effective methods for controlling or mitigating intergranular stress corrosion cracking (IGSCC) in the
structural materials of the heat transport circuits of water cooled nuclear reactors are electrochemical in nature.
Because of the severity of the cracking problem in Boiling Water Reactors (BWRs), starting in the early 1970 in
the smaller diameter piping in the recirculation system, and ultimately spreading to in-vessel components, such
as the core shroud and control rod guide tubes, electrochemical principles were first applied to the mitigation of
IGSCC in sensitized Type 304 SS in these systems. The possibility of electrochemical control of
environmentally-enhanced cracking (EAC) was soon realized after the first reports of the existence of a critical
potential for the propagation of IGSCC in sensitized austenitic stainless steels in high temperature water 1).
Since these early studies, which occurred in the late 1970s and early 1980s, electrochemical control of EAC in
reactor structural materials has developed rapidly, not only in its application in reactor coolant circuits, but also
in terms of fundamental understanding. The purpose of the present paper is to outline the fundamental
electrochemical concepts that underlie the practical application of electrochemical mitigation of IGSCC in
reactor coolant circuit materials. The author notes that the same principles that have been established in the
electrochemical control of EAC in BWRs also apply to other reactor systems (PWRs, CANDUs, VVREs, etc), to
fossil plants, and to non power generating facilities, such as petrochemical systems.



THE CRITICAL POTENTIAL

As noted above, the key to developing electrochemical methods for controlling EAC in reactor coolant
circuit materials was the observation of a critical potential for crack propagation in sensitized Type 304 SS in
high temperature aqueous solutions [1]. Earlier and subsequent work has demonstrated, in fact, that most, if
not all, localized corrosion processes, including pitting corrosion, stress corrosion cracking, corrosion fatigue,
crevice corrosion, hydrogen induced cracking, and erosion-corrosion, exhibit critical potentials. In each of these
cases, there exists an "electrochemical switch", such that the corrosion process occurs at potentials greater
than (or less than, in the case of hydrogen-induced cracking) the critical value, but not at values less than (or
greater than for HIC) the critical value.

In the case of IGSCC in sensitized Type 304 SS in high temperature aqueous solutions, the critical
potential was most commonly determined using constant extension rate experiments, in which smooth, round
tensile specimens were strained to failure at a constant strain rate (typically 10-5_ 10-7 S-) [1]. The extent of
intergranular fracture on the fracture surface was taken as a measure of the susceptibility of the steel to IGSCC
at a given potential. Thus, the fraction of the fracture surface that was intergranular in morphology ranged from
0 (complete ductile fracture) to 100 (complete IGSCC) over a voltage range of typically 100 mV. The
critical potential was taken by some researchers as the lower limit of this range at which no evidence of IGSCC
existed while others chose the inflection in the plot of % IGSCC versus potential as being the appropriate value.
Importantly, the critical potential was found to depend not only upon the degree of sensitization of the steel, but
also upon temperature and solution composition (e.g., pH). Critical potentials ranging from about 0.1 Vh t -
0.45 Vhe have been reported for sensitized Type 304 SS at 288 C, depending upon the values of these
independent variables.
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Figure 1: Measured and calculated (via the CEFIVI) crack growth rates for sensitized Type 304
SS in high temperature aqueous solutions as a function of ECIP and conductivity. The citations
refer to references in the original source [5].

The principal criticism of this type of measurement is that the experiment is not only severe, and may
indicate cracking in the laboratory where no cracking may occur in the field, but that a positive result (IGSCC)
may in fact indicate electrochemical control over the initiation event and not necessarily over crack propagation.
However, this issue was resolved 2] by demonstrating that, once the crack had initiated (i.e., during the
propagation stage), relaxation of the load could be arrested by displacing the potential in the negative direction
or accelerated by displacing the potential in the positive direction, corresponding to switching off or on the crack,
respectively. Since that time, numerous workers have demonstrated, using fracture mechanics [C(T)]
specimens, that the CGR is a strong positive function of the corrosion potential, as measured on the external
surface, and that there exists a critical potential below which IGSCC is not observed (Figure 1).
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It is important to note that the critical potential is strictly not an "on/off' (bistable) switch, but rather
displays a quasi-exponential transfer function with the lower limit corresponding to the creep rate (Figure 1).
Thus, the critical potential corresponds to the lowest observable crack growth rate at which the occurrence of
intergranular brittle fracture is negligible compared with ductile fracture; this being of the order of 10-9 cm/s
under favorable conditions. The requirement that the extent of intergranular fracture be negligible is tantamount
to specifying a minimum potential, because theory 35] and experiment 6] shows that the rate of IGSCC is
roughly proportional to the coupling current, which in turn is a strong function of the potential at the external
surface remote from the crack (Figure 1).
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Figure 2 Coupling of crack internal and external environments. Note that a positive current
flows from the crack internal environment through the solution to the external surfaces, where it
is consumed by an appropriate cathodic reaction (e.g., reduction of oxygen, as depicted in this
figure).

The fundamental origin of the critical potential for IGSCC is best illustrated by reference to Figure 2.
This figure illustrates schematically the fact that SCC, being a localized corrosion process, must be described
within the framework of the differential aeration hypothesis. Briefly, a viable crevice (crack) requires the
separation of the local anode (in the crack) and the local cathode (predominantly on the external surface
adjacent to the crack mouth). This separation, which occurs principally for geometric reasons, results in, and is
maintained by, the flow of positive current through the solution from the crack to the external surface, balanced
by electron flow through the metal, as indicated in the figure. That part of the current that is generated at the
crack tip contributes to the propagation of the crack through the electro dissolution of the crack tip matrix and/or
injection of hydrogen into the matrix ahead of the crack tip, as described by Faraday's law and the appropriate
crack advance mechanism, is evidenced by the close correlation between the magnitude of the coupling current
and the crack growth rate. In the case shown in Figure 3 which was modeled using the Coupled Environment
Fracture Model (CEFM) 3-5], crack advance is attributed to slip/dissolution/repassivation with the result that the
CGR is directly proportional to the coupling current, except when the potential is sufficiently negative that creep
crack growth becomes a significant factor. Noting that maintenance of sufficiently aggressive conditions in the
crack for IGSCC to occur is due to electro migration of anions (e.g., C-) into the crack coupled with the
hydrolysis of cations released at the crack tip, and that these processes are contradicted by diffusion of H' and
Cl- out of the crack, due to the establishment of concentration gradients, it is evident that a minimum coupling
current must exist below which IGSCC is negligible compared with the creep rate (purely mechanical fracture).
Thus, the critical potential can be identified with the potential at the external surface at which the coupling
current no longer ensures sufficient separation between the local anode in the crack and the local cathode on
the external surface that IGSCC is evident on the fracture surface under the loading conditions employed. For
the case modeled in Figure 3 the critical coupling current appears to be of the order of nA, or about 2 WCM2
based upon the area of the crack mouth. The reader is cautioned, however, that this current density should be
regarded as being little more than a rough estimate and that it will surely be revised as more sophisticated
models are developed and as more accurate and extensive experimental data become available.
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Figure 3 Calculated crack growth rate and coupling current for IGSCC in sensitized (DOS
15 CICM2 ) Type 304 SS in dilute NaCl solution 0135 ppm Na) at 288 C as a function of
potential of the steel at the external surfaces remote from the crack mouth and as modeled
using the Coupled Environment Fracture Model 3-5]. K = 27 Wavm, crack length = 0.5 cm,
crack width = .0 cm, crack mouth opening displacement = 5xl 0-4 CM, solution flow velocity =
100 cm1s, hydrodynamic diameter = 50 CM, K25 = 0.807,uSlcm, 288 = 6.89,uSlcm, and pl-128 =

5.89.

MITIGATION OF STRESS CORROSION CRACKING

The close correspondence between the crack growth rate and the coupling current, as dictated
theoretically (Figure 3 and observed experimentally, suggests that control of the CGR may be affected by
modifying the coupling current that flows from the crack to the external surface. Fundamentally, the flow of
current from the crack tip to the external surface may be roughly modeled as an electrical circuit by invoking
Ohm's law to yield

I = V,, - V_,,, ) l(R.,. + R., + R,,,, + Zn, + Z,,,,

where I is the coupling current, V,t and tip are the voltages at the external surface and at the crack tip,
respectively, Rmtl is the resistance to electron current flow through the metal (from the crack tip to the external
surface, see Figure 2 Rt is the resistance to ionic current flow through the crack internal solution, R,,t is the
resistance to current flow through the external environment to the (external) steel surface, and Zt and Z..,t are
charge transfer impedances for the crack internal surfaces (including that for metal dissolution at the crack tip)
and external surfaces, respectively. These charge transfer impedances arise from processes that include
charge transfer reactions that result in the conversion of electron flow through the metal to ion flow through the
solution. In this linear approximation, it is possible to represent the charge transfer impedances as
combinations of linear elements (resistors, capacitors, and inductors), but the specification of Zt and Z.,t is not
necessary at the level of argument presented here. In any event, it is evident from Equation (1) that the
coupling current and hence the crack growth rate may be reduced by decreasing the numerator, by increasing
the denominator, or by both.

It is important to note that the voltages tip and Va.,t are electrostatic voltages in the solution at the
respective interfaces, referred to an appropriate reference, and hence are opposite in sign to the potential of the
metal referred to the same reference, as is normally defined in electrochemistry. Furthermore, tip must always
be numerically greater than Vt for positive current to flow from the crack to the external surface and hence for
stress corrosion cracking to occur. Modeling work suggests that the voltage at the crack tip, Vfip, and the
resistivity of the internal solution, Pint, where

Rj,t = ptUA (2)
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L is the electrochemical crack length, and A is the cross sectional area, are relatively insensitive to conditions
that exist in the external environment and on the external surfaces. This is because, the internal environment
quickly saturates in onically conducting species and because the metal ion hydrolysis and solubility reactions
effectively buffer the pH. Similarly, modeling work suggests that the impedance at the crack tip surface is also
relatively insensitive to changes in the external environment, again because of the insensitivity of the internal
environment to external conditions. The exception to this conclusion is the dependence of tip on the degree of
sensitization of the steel. Thus, for an unsensitized microstructure, the passive film at the crack tip is essentially
Cr2O3 as exists on the exterior surface of the steel. As the microstructure becomes sensitized, and the
chromium content at the grain boundaries drops below that necessary for "stainless passivity", the charge
transfer impedance at the crack tip, tip, which contributes to Zt, drops drastically, resulting in enhanced crack
growth rate. On the basis of this simple electrical analog, it is evident that, if the corrosion potential (ECP is
made more negative, V,t shifts in the positive direction, thereby decreasing the numerator of Equation (1) If
the numerator becomes sufficiently small, due to the ECP becoming sufficiently negative, the stress corrosion
crack growth rate becomes lower than the creep rate and the observed CGR becomes independent of potential,
as indicated in Figures and 2 On the other hand, increasing the value of the denominator also reduces the
coupling current and hence reduces the CGR, as indicated above. The two terms that appear to be most
amenable to modification are R,,t and Z.,t. R,,,t is inversely proportional to the conductivity of the external
environment, while Z,.,,t determines the rates of the redox reactions (reduction of oxygen and hydrogen peroxide
and the oxidation of hydrogen). Importantly, the ECP is also affected by the value of Z,t, as demonstrated by
the Mixed Potential Model 7]. Accordingly, the numerator and denominator in Equation (1) are coupled in a
manner that suggests a number of strategies for modifying the crack growth rate that might find application in
reactor coolant systems.

Finally, examination of Equations (1) and 2) shows that the coupling current, and hence the crack
growth rate, is an inverse function of the electrochemical crack length, L. The electrochemical crack length is
defined as the distance that the coupling current must flow from the crack tip to enter the external environment
and generally is different from the mechanical crack length. For example, in the case of a C(T) specimen, the
mechanical crack length is the distance between the crack tip and the loading line, whereas the electrochemical
crack length is the shortest distance through the internal environment to the external surface; this being through
the specimen sides because of the through thickness nature of the crack. Thus, in the case of a C(T) specimen
L is essentially constant for a given stress intensity, while the mechanical crack length increases as the crack
grows. In the case of a surface crack, it is expected that the electrochemical crack length will correspond
closely to the mechanical crack length. In any event, as shown elsewhere 16], differentiation between the
mechanical and electrochemical crack lengths is vital when predicting the accumulation of crack damage.

Over the past decade, codes have been developed to describe the chemical conditions that develop in
reactor coolant circuits, due to the interaction of ionizing radiation with the coolant, water 8-17]. These codes
invariably employ various 'radiolysis models', which purport to describe the primary radiolysis products and the
reactions that occur between them in a time scale that ranges from fernto seconds to hundreds of milliseconds,
or even longer. While a review of these models is beyond the scope of this paper, it is worth noting that all of
the models, after suitable calibration, yield values for the concentrations of the principal radiolysis products in a
BWR coolant circuit (H2, 02, H202) that are in reasonable accord with plant measurement. This fact is of the
utmost importance, because the different radiolysis models can differ substantially in the predicted
concentrations of the minor, more energetic radiolysis products, such as OH, H, e-,,,, H02, etc. However,
theoretical analyses by the author and his colleagues has shown that the contribution that any given radiolysis
product makes to the ECP is roughly proportional to its concentration 7]. Because these minor, more energetic
products are predicted to be present at concentrations that are orders of magnitude lower than those of H2, 02,

and H202, their impact on the ECP and hence on the crack growth rate may be ignored. This turns out to be a
very fortuitous situation, in that no data exist for the kinetics of oxidation or reduction of the energetic species at
a metal surface in high temperature aqueous solutions.

A detailed description of the original version of DAMAGE-PREDICTOR is given by Yeh et. al. 12], and
only a brief summary of the principal features will be given here. The original DAMAGE-PREDICTOR, together
with the descendents REMAIN and ALERT contained three principal sub-modules: (1) A water radiolysis code
(RADIOCHEM) for calculating the concentrations of electroactive radiolytic species under steady-state
conditions, at user-specified intervals around the coolant circuit; (2 a mixed potential model (MPM) for
calculating the ECP from the concentrations of principal electroactive species 7 and 3 a coupled
environment fracture model (CEFM) for estimating the growth rate of a "standard" crack at the same locations
(3-5]. The distance between successive points is typically a few centimeters to a meter, depending on the
component being considered. Not unexpectedly, the larger the number of points, the slower is the code,
because of the increase in size of the matrices that are used in solving the equations for the species
concentrations.
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To our knowledge, DAMAGE-PREDICTOR was the first BWR radiolysis code to contain a deterministic
model, the Mixed Potential Model (MPM), for calculating ECP 712] and is still one of only a few that has
achieved this state, the others being developed by Dr. T-K. Yeh 17], who was one of the developers of
DAMAGE-PREDICTOR in the author's laboratory at the Pennsylvania State University. The MPM makes use of
the fact that, for a system undergoing general corrosion (which is the process that establishes the ECP), the
sum of the current densities due to all charge transfer reactions at the steel surface must be zero 7 By
expressing the redox reaction currents in terms of the generalized Butler-Volmer equation, which incorporates
equilibrium thermodynamic, kinetic, and hydrodynamic effects, and by expressing the corrosion current in terms
of either the Point Defect Model or as an experimentally derived function (both have been used), it is possible to
solve the charge conservation constraint for the corrosion potential (ECP). The MPM has been extensively
tested against experimental and field data and has been found to provide accurate estimates of the ECP
[18,19]. Importantly, the partial current due to each charge transfer reaction at the steel surface depends upon
Z,..t.

DAMAGE-PREDICTOR, ALERT, and REMAIN also contain a deterministic model (the CEFM) 3-5] for
calculating the rate of growth of a "standard" crack at any point in the coolant circuit. The CEFM is
deterministic, in that the solution to the constitutive equations is constrained by the relevant natural law; the
conservation of charge. Furthermore, a basic premise of the CEFM, that current flows from the crack and is
consumed on the external surface, as depicted in Figure 2 has been demonstrated experimentally 20]. To our
knowledge, the CEFM is the only currently available model that satisfies the conservation of charge constraint
explicitly. The high degree of determinism is demonstrated by the fact that the model can be calibrated by a
single CGR/ECP/conductivity datum for a given degree of sensitization (DOS) of the steel (see Figure 1) [5].
The reader will note that any model that ignores the role of the external environment in affecting the crack
growth rate is fundamentally incomplete and non-deterministic, and hence is unlikely to achieve the level of
accuracy in prediction that is necessary for estimating the accumulation of stress corrosion cracking damage in
reactor coolant circuits.

Figure 4 ECP variation in the heat transport circuit of a BWR employing general catalysis
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As noted above, DAMAGE-PREDICTOR, REMAIN, and ALERT contain versions of the Coupled
Environment Fracture Model (CEFM) for predicting crack growth rate. The CEFM has been extensively tested
against experiment, as discussed elsewhere 5,20,21-23]. The deterministic nature of the CEFM means that it
requires minimal calibration. Accordingly, because it captures vital relationships between the CGR and various
independent variables, it can be used to model regions in a reactor for which insufficient data exist for reliable
calibration. For example, the CEFM yields the crack growth rate as a function of crack length. This relationship,
which is not captured by any empirical model, is essential for the prediction of integrated damage (i.e. crack
length as a function of time for a proposed operating history), because the crack growth rate decreases as the
crack length increases 16]. The decrease in CGR with increasing L is due to an increase in the potential drop
down the crack [see Equations (1) and 2)], even though the mechanical driving force (the stress intensity) is
maintained constant. As the potential drop down the crack increases, less potential drop becomes available to
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drive the current through the external solution and across the external interface, where charge-transfer occurs.
Thus, if the rate of the charge transfer reactions on the external surface decrease, so must the coupling current
and hence the crack growth rate. If the dependence of CGR on the electrochemical crack length is not
recognized, the integrated damage function is over-predicted by several hundred percent, thereby leading to a
much more pessimistic evolution of damage.
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Figure 5: Crack growth rate variation in the heat transport circuit of a BWR employing general
catalysis (exchange current density multiplier 1 04) under NWC ([H2]FW=0-0 ppm) and HWC
([H2]FW=1-0 PPM) conditions. Note that the multiplier employed in the calculation is considered
to be extreme and probably could not be achieved with deposited noble metal coatings. The
value is used for illustrative purposes only.

The IVIPIVI and CEFIVI contain the necessary facilities for modeling enhanced hydrogen water chemistry
(EHWC), as affected by the use of catalytic coatings (e.g. noble metal chemical additions, NIVICA 24-28]), and
other advanced remedial measures, such as dielectric coatings and ultra low conductivity operation. A
considerable achievement of the IVIPIVI was the prediction that dielectric coatings represented a viable, and
indeed an advantageous, alternative to noble metal coatings; a prediction that has been confirmed
experimentally by the author and his colleagues 22]. The effectiveness of both strategies arises from
modification of the exchange current densities for the redox reactions (oxidation of hydrogen and the reduction
of oxygen and hydrogen peroxide) that occur on the steel surface 14,27]. In the case of the noble metal
coatings, the exchange current densities are increased, with the greatest increase occurring for the hydrogen
electrode reaction. This renders hydrogen, when present in excess (molar ratio m, / MO, > 2 to be a much

more effective reducing agent than it is in the absence of the noble metal, thereby making it much more
effective in displacing the ECIP in the negative direction. In the case of dielectric coatings, the lower exchange
current densities render the metal less susceptible to the ECIP-raising oxidizing species, with the result that the
ECIP is displaced in the negative direction toward the equilibrium potential for metal dissolution, even in the
absence of hydrogen added to the feedwater.

Typical plots of the predicted effects of noble metal coatings and dielectric coatings on the ECIP and
crack growth rate (CGR) behavior of stainless steel components in a BWR operating under normal water
chemistry (NWC) and hydrogen water chemistry (HWC) conditions are shown in Figures 4 to 7 Figures 4 and 
show the enhanced effects of HWC on the ECIP and CGR, respectively, that are predicted by increasing the
exchange current densities for the redox reactions by an arbitrary factor of 104 , as might be achieved by a highly
electroactive, continuous coating of an electro catalyst, such as platinum (i.e. by a noble metal), on the steel
surface. We stress that these calculations are reported for illustrative purposes only, and that they are not
meant to simulate noble metal coatings, as currently employed in the field. The available evidence suggests
that the exchange current density multipliers are far lower for the noble metal coatings currently being applied in
reactor coolant circuits. For NWC ([H2 = 0 ppm), where the molar ratio of H2 to 02 i less than 2 due to the
preferential stripping of hydrogen from the coolant into the steam phase, the ECIP and CGR are predicted to be
significantly increased, compared with the uncatalyzed case, although this conclusion is controversial and
appears to be highly dependent on the values assumed for the extents of catalysis for the three electroactive
species of interest. Nevertheless, the calculations raise a warning flag that noble metal coatings may present a
problem if a reactor had to cease hydrogen water chemistry at sometime in the future, because of other
problems (e.g. hydriding of the fuel sheaths or intolerable activity transport). On the other hand, under HWC
([H2 = 1.0 ppm), where the molar ratio of H t 02 is greater than 2 due to the addition of hydrogen to the
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reactor feed water, noble metal coatings are predicted 727] and found 28] to be effective in displacing the
ECIP in the negative direction and hence in lowering the CGR, except in the boiling channels, where hydrogen is
stripped from the water. We emphasize, again, that the simulations shown in Figures 4 and were carried out
using a multiplication factor of 104 ; no experimental data were available at that time to support or deny this
value. More recently, however, we have measured exchange current densities for the oxidation of hydrogen
and the reduction of oxygen on platinized alloy substrates, and we have also determined exchange current
density multiplication factors for noble metal coatings by fittings the MPM to ECP data 27]. The multiplication
factors so obtained are considerably smaller than the assumed above, but they are, nevertheless,
sufficiently large to indicate a significant impact of noble metal coatings on the effectiveness of HWC.
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Figure 6 ECIP variation in the heat transport circuit of a BWR employing general
inhibition (exchange current density multiplier 10-4) under NWC ([H2]FW=0.0 ppm) and
HWC ([H2]Fw=1.0 ppm) conditions. Note that the multiplier employed in the calculation
is arbitrarily chosen and represents a highly resistive dielectric film

The calculated ECP and CGR values plotted in Figure 6 and 7 respectively, for general inhibition, in
which the exchange current densities are reduced arbitrarily by a factor of 1 04, predict that this strategy should
also be highly effective in displacing the ECP in the negative direction. In this case, however, HWC is predicted
to be unnecessary, in that both the ECIP and crack growth rate, while greatly reduced, are found to be
essentially independent of the concentration of hydrogen in the feedwater. Recent experimental work 22] has
shown that electrophoretically-deposited zirconia coatings on sensitized stainless steel increase the specific
impedance of the external surface, and hence reduce the exchange current density for oxygen reduction, by a
factor of 100 to 1000 (as determined by electrochemical impedance spectroscopy using the fast redox couple,

3-/4-Fe(CN)6 ). The CEFM predicts that the observed increase in the specific impedance should decrease the
crack growth rate from about 4xl 0-7 CMIS to less than 2x1 0-8 CMIS' which is the sensitivity of the experiment
(Figure 8). This prediction is in good agreement with experiment for CGR in sensitized Type 304 SS in dilute
sulfate solutions at 288 C (Figure 9 22]. The dielectric coating was also found to displace the ECP in the
negative direction by an amount that was also in good agreement with that predicted by theory (the MPM) 22).
The general inhibition strategy would seem to be particularly attractive, because it does not require HWC and
hence avoids the N 16 problem and the cost of hydrogen storage and injection.
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Figure 7 Crack growth rate variation in the heat transport circuit of a BWR employing general
inhibition (exchange current density multiplier 10-4) under NWC ([H2]FW=0.0 ppm) and HWC
([H2]FW=1-0 ppm). Note that the multiplier employed in the calculation is arbitrarily chosen and
represents a highly resistive dielectric film.

To the author's knowledge, the IVIPIVI and CEFIVI are the only models that could have predicted the
effects of catalysis (i.e. NIVICA) and inhibition (dielectric coatings), because they are the only models that
explicitly consider the electrochemical kinetics of the redox reactions that occur on the steel surface. Again, we
emphasize that the accumulation of damage due to stress corrosion cracking is primarily an electrochemical
phenomenon, and any quantitative, deterministic theory must address the kinetics of the charge transfer
processes in the system.
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Figure 8: Calculated ECP and IGSCC crack growth Figure 9 Inhibition of IGSCC in Type 304SS by a
rate for sensitized Type 304 dielectric ZrO2 coating on the specimen external
SS according to the IVIPIVI and CEFIVI, respectively, surfaces. The conductivity of the solution was 220
corresponding to the experimental conditions pSlcm at 25 C and the solution was saturated with
summarized in Figure 9 Other model parameters 02 at ambient temperature [02 = 40 ppm). K = 25
are given in Ref. 22]. Wa�m, T = 288 'C. The crack growth rate for the

uncoated specimen is 4xl 07 cm1s while that for the
coated specimen is < 2x1 0-8 cm/s.
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SUMMARY AND CONCLUSIONS

It is argued in this paper that Environmentally-Assisted Cracking (EAC), in general, and ntergranular
Stress Corrosion Cracking (IGSCC), in particular, in the structural alloys in the primary coolant circuits of water
cooled nuclear power reactors are primarily electrochemical in nature and that the most effective ways of
mitigating the accumulation of damage should appeal to electrochemical principles. Thus, using a simple
electrical equivalent circuit for a crack, it is shown that the critical potential for IGSCC in sensitized Type 304 SS
in high temperature aqueous solutions can be accounted for in terms of the dependence of the coupling current
on the potential at the external surface remote from the crack mouth. Shifting the ECP to a sufficiently negative
value reduces the coupling current and hence the IGSCC growth rate to the extent that it becomes negligible,
signifying the critical potential. The coupling current and hence the IGSCC growth rate may also be reduced by
decreasing the charge transfer impedance at the external surface, provided that the molar ratio of H2 to 02 is

greater than 2 (as achieved in hydrogen water chemistry), by increasing the charge transfer impedance at the
external surface regardless of the molar ratio of H2 to 02, or by increasing the resistivity of the external
environment (lowering the conductivity). These strategies are a direct manifestation of the fact that stress
corrosion cracking falls within the framework of the differential aeration hypothesis, which requires strong
coupling between the crack internal and external environments via the coupling current.
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