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ABSTRACT 

The effect of elevated temperature aqueous environments upon the initiation and 
propagation of fatigue cracks in low-alloy steels is discussed in terms of the several 
parameters which influence such behavior. These parameters include water chemistry, 
impurities within the steels themselves, as well as factors such as the water flow rate, loading 
waveform and loading rates. Some of these parameters have similar effects upon both crack 
initiation and propagation, while others exhibit different effects in the two stages of cracking. 

In the case of environmentally-assisted crack (EAC) growth, the most important 
impurities within the steel are metallurgical sulfide inclusions which dissolve upon contact 
with the water. A "critical" concentration of sulfide ions at the crack tip can then induce 
environmentally-assisted cracking which proceeds at significantly increased crack growth 
rates over those observed in air. The occurrence, or non-occurrence, of EAC is governed 
by the mass-transport of sulfide ions to and from the crack-tip region, and the mass-
transport is discussed in terms of diffusion, ion migration, and convection induced within 
the crack enclave. Examples are given of convective mass-transport within the crack enclave 
resulting from external free stream flow. • 

The initiation of fatigue cracks in elevated temperature aqueous environments, as 
measured by the S-N fatigue lifetimes, is also strongly influenced by the parameters 
identified above. The influence of sulfide inclusions does not appear to be as strong on the 
crack initiation process as it is on crack propagation. The oxygen content of the 
environment appears to be the dominant factor, although loading frequency (strain rate) and 
temperature are also important factors. 
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INTRODUCTION 

There has been a great deal of research interest in the area of environmentally-assisted 
cracking (EAC) of low-alloy ferritic steels since the pioneering work of Kondo et. al0^ 
disclosed that, under some conditions, greatly enhanced (relative to an air environment) 
fatigue crack growth rates could be observed in elevated temperature aqueous environments. 
The interaction of an aqueous environment and the fatigue process can be divided into two 
general subject areas: 1) the effect of environment upon the fatigue crack initiation process, 
and 2) the effect of the environment upon the propagation of fatigue cracks. Both of these 
subject areas have been the focus of considerable research interest, and the objective of this 
paper is to review this progress. The paper will concentrate upon those environments 
typical of light-water reactors (LWR), both boiling-water reactors (BWR) and pressurized-
water reactors (PWR). 

Environmentally-assisted fatigue crack propagation is a phenomenon that is relatively 
easy to achieve in the autoclave testing of laboratory specimens. However, the paucity of 
EAC-related failures in the commercial nuclear industry suggests that the phenomenon may 
be somewhat more difficult to achieve under actual service conditions. This paper will, to 
the extent possible, attempt to reconcile this apparent contradiction. 

Thephenomena of environmentally-assisted fatiguecrackinitiation and environmentally-
assisted fatigue crack propagation share several factors in common which influence their 
behavior. There are also a few factors which may influence one stage of the fatigue process 
but not the other. For this reason, the two processes of fatigue crack initiation (FCI) and 
fatigue crack propagation (FCP) are addressed separately in this paper. 

ENVIRONMENTAL EFFECTS UPON INITIATION 

Review of the Reported Results 

The first low cycle fatigue experiments conducted in LWR environments, which have 
been reported in the literature, were conducted by General Electric in an autoclave attached 
to the coolant loop of the Dresden reactor (3 ,4). These experiments were conducted on 
cantilever bending specimens in a side stream autoclave. A significant effect of the 
environment was observed in these experiments. A few years later General Electric 
conducted another series of experiments in an evaluation of the use of carbon steel piping 
to replace stainless steel piping*5"5. These experiments were conducted in laboratory 
autoclaves and consisted of both axially loaded low cycle fatigue tests and tests on actual 
pipes with welded joints. The results from these experiments again reported significant 
effects of the environment. 

Li both of these experimental programs the objective was to determine if there was an 
effect, not to determine the significant variables and range in concentration level of each of 
the variables over which the effect was observed. Two more recent programs, one in Japan 
and the other in the U.S. have attempted to do this. The program in Japan consists of two 
cooperative programs ^ ^ while the U.S. program, supported by the NRC has been 
conducted first at MEA °5,"1?)and later at Argonne National Laboratory09'"25. In these 

2 



programs the objective has been to determine range in concentration level of each of the 
significant variables and the magnitude of the effect as a function of the concentration level 
on the fatigue life of pressure boundary material. The overall effort has been however 
substantially smaller than the effort exerted in the study of environmental effects on the 
fatigue crack growth rates in the pressure boundary materials. Because of this it is difficult 
to make as definitive statements concerning the effect of some of the variables. 

All of the studies have identified strain rate and oxygen content as the most significant 
variables. Figure 1 presents some data from the program at ANL^ on the S-N properties 
of carbon steel in a 288°C high purity water environment containing 500 to 800 ppb oxygen. 
Under these test conditions the fatigue life of the specimen is a strong function of the strain 
rate. The second curve in Figure 1 presents data on the same steel in a simulated PWR 
environment with < lOppb oxygen. These results show little or no effect of the 
environment. In Figure 2 are presented some Japanese data ( 1 4 ) on the effect of dissolved 
oxygen. In these data an effect of oxygen concentration on the fatigue life is observed to 
start at concentration levels of above 100 ppb with the effect increasing up to the maximum 
level tested of 8 ppm. The magnitude of the effect observed at the 8 ppm level appears to 
be a drop in fatigue life of a factor of approximately five times. The magnitude of the effect 
however appears to be a function of the testing temperature. 

The effect of test temperature has been investigated in Japan on several materials. Some 
of these results of this study are presented in Figure 3. < M ) In the results presented in this 
figure no environmental effect on the fatigue life of the carbon steel was observed until a 
test temperature of 200°C was reached. The magnitude of the effect increased from 200°C 
to the maximum test temperature of 288°C. At that temperature the magnitude of the 
effect was approximately a factor of three drop in the fatigue life. 

The effect of sulfur has not been studied in controlled experiments such that similar S-N 
plots can be produced. Argonne National Laboratory has tested an SA302B material with 
0.032%S in a simulated PWR environment and has observed no significant effect of the 
environment. Table 1 lists these results. These results show a stronger effect of the 
specimen orientation than they do of the environment. Changing the orientation of the 
specimen from the rolling direction to the short transverse direction appears to reduce the 
fatigue life of the specimen by a factor of five while the effect of the PWR environment on 
the fatigue life appears to be a factor of less than four. The fatigue crack growth rate of a 
material with this sulfur content would be increased by a factor approaching 40 in a PWR 
environment. 

Both the program in Japan and the work at Argonne have developed models to predict 
an S-N curve for a particular material and environmental condition. In both cases the 
models are fits to the data and not based on a mechanistic understanding of the phenomena. 
In Japan the strain rate effect was observed to exert such a strong influence on the S-N 
curve in an environment that their model is based on the slope of a fatigue life reduction 
factor versus strain rate curve ("p"). Their program has developed the relationships 
between the "p" factor and the oxygen content, temperature etc. The original model was 
presented by Higuchi and lida ° 3 \ It has since been modified extensively to allow for the 
analysis of loading transients in which the strain rate or the temperature change during the 
transient^. 
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A model has been developed at Argonne National Laboratory which is based upon a 
statistical fit to a large quantity of data. It is useful in predicting the S-N curve given a set 
of environment, loading and material conditions03*. ANL has used this model to estimate 
the probability of crack initiation for the S-N design curves presented in the ASME Code. 

Discussion on Effect 

A PVRC Working Group on S-N Curve Data has developed a list of six variables which 
appear to necessary for there to be an effect of the environment on the S-N properties of 
a carbon or low alloy steel pressure boundary material. All six of the conditions must be 
met in order for there to be an effect. Table 2 presents the latest version of this list04*. 
This list should still be considered as tentative. The group is still working on the 
experimental verification of each of the items in the list. Some of the limiting values may 
change. The list of variables will however probably not change. Some of the concerns which 
need to be resolved before this list can be finalized include: 

1. The effect of mean stress and corrosion pit growth on the fatigue limit stress 
levels. 

2. More information on the effect of the material sulfur content on the materials 
susceptibility to a reduction in its fatigue properties in a LWR coolant 
environment ^ 

3. Experimental verification of the effect of coolant flow rate on the S-N properties. 

This list of variables and the limiting conditions associated with each of them is 
probably the best explanation at this time as to why more problems with fatigue cracks 
initiating in service have not been observed. It is probably very unlikely that all six of the 
conditions will be met for a significant number of transients in the operating lifetime of a 
pressure boundary component. 

REVIEW OF COMMON FACTORS BETWEEN FCI AND FCP 

Before discussing the implications of EAC upon the structural performance, it is useful 
to review briefly the present understanding of the EAC phenomenon. Several reviews of 
environmentally-assisted fatigue crack growth in LWR environments have been 
performed,015"27' and each successive review reflects an up-dated state of knowledge. The 
basic cause and effect relationships have been known qualitatively for over a decade, and 
considerable progress has been made toward quantifying these relationships. This increased 
level of understanding allows estimates to be made of whether EAC might, or might not, 
occur in a given structural component under a given set of conditions. It has been 
recognized for several years that the presence of sulfur species at the crack tip can induce 
EAC in low-alloy steels.03"30 The sulfur can be present in the steel as metallurgical sulfide 
impurities (e.g., MnS, FeS, etc.), or it can be present in the water as an impurity. Since the 
primary water chemistry of most LWR power plants is kept quite free of impurities, only 
the metallurgical sulfides embedded within the steel will be discussed here. 

A number of metallurgical, environmental, and mechanical factors influence EAC 
propagation in low-alloy steels. These factors have been reviewed extensively in a recent 
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publication,c27> and it is not the intent of this paper to repeat that review. It is, however, 
useful to list such factors because some of them also play a role in influencing FCI. 
Metallurgical factors include the sulfur content of the steel, the size, orientation, morphology 
and distribution of the sulfide inclusions, and the chemical composition of the sulfide 
inclusions. Although the majority of the embedded inclusions appear to be mainly MnS, few 
of them are stoichiometric MnS, and some inclusions are FeS or mixed Mn.FeS. The 
variations in sulfide composition may be related to the steel-making process,052* and different 
sulfide compositions may produce different levels of local electrochemical attack.01-33,3* MnS 
is readily soluble in acidic water, FeS and NiS are somewhat less soluble, CrS is "sparingly* 
soluble, and some sulfides found in steels are insoluble.055 The dissolution of embedded 
sulfides that occurs when a growing fatigue crack intersects the inclusion is, in the absence 
of water-borne sulfur species, essentially the only source of sulfide ions (S2" or HS") at the 
crack tip. As discussed earlier, the dissolution of metallurgical sulfide inclusions may also 
play a role in environmentally-assisted FCI. 

Sulfide inclusions tend to be rod-like in unidirectionally-rolled plates, and disk-like in 
cross-rolled plates. As was the case with FCI, the orientation of the crack relative to the 
sulfide inclusion can influence FCP rates. Generally, the T-L orientation1 produces higher 
FCP rates than the L-T orientation which, in turn, produces higher FCP rates than the L-S 
orientation.05*9 

Variables associated with the water chemistry can influence EAC susceptibility. The 
deleterious effect of water-borne sulfur species upon FCI has already been discussed. In 
a similar fashion, EAC was induced in steels that otherwise were not exhibiting EAC by 
either adding sulfate ions to the bulk water0571 or by injecting sulfide ions directly into the 
crack tip. 0 5 5 Several chemical species have been shown not to influence EAC susceptibility. 
The LiOH and H 3 B0 3 typically added to PWR water chemistry have been shown to have 
no influence upon FCP response,0571 and NaCl and NaOH impurities in PWR water also had 
no effect upon the FCP behavior.0550 

In the absence of water-borne sulfur containments, the single water chemistry variable 
that has the greatest influence upon EAC response is the level of dissolved oxygen (DO) in 
the water. Elevated levels of DO were shown to have a deleterious effect upon FCI, and 
the same is true for FCP. Several studies have demonstrated the significant effect that 
elevated levels of DO can have upon the FCP behavior.058'*5"*3 High FCP rates can be 
produced in a given steel in water with high levels of DO, whereas the same steel when 
tested in water with low levels of DO can exhibit significantly lower FCP rates. DO can 
have a profound influence upon the electrochemical corrosion potential (ECP), and the 
results of several studies are summarized in Figure 4. It is seen that in hydrogenated 
stagnant solutions at DO levels less than approximately 10 ppb, the ECP values are 
relatively active (electronegative) and that further decreases in DO do not produce 
significant additional changes in the ECP. Above about 10 ppb, rapid increases in ECP 
observed with increases in DO levels. Finally, at DO levels somewhere between 50 ppb and 
500 ppb with no dissolved hydrogen, the values of ECP tend to saturate at relatively noble 
(electropositive) values. Traversing the entire range from very low levels of DO (e.g., 

1 See ASTM E616-89 for the crack orientation system. 
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* 1 ppb) to very high levels (e.g., « 8000 ppb) involves a change in ECP of approximately 
800 mV. 

The range of ECP values in Figure 4 is important because different types of nuclear 
power reactors operate at different levels of DO, and hence at different values of ECP. 
PWR designs operate with approximately 20-50 ml H^/kg H 2 0 in the water and hence have 
very low levels of DO (probably < < 10 ppb). BWR designs operating with "normal water 
chemistry" add no dissolved hydrogen, and steady-state operational levels of DO are 
approximately 200 ppb in recirc piping. Some BWRs now operate with a "hydrogen water 
chemistry." The levels of hydrogen are generally lower than in PWR plants, tend to be quite 
plant specific, and tend to vary considerably from location to location within a given plant. 
Levels of DO also vary within a given plant for both BWR water chemistries. 

It is clear from the foregoing discussion and Figure 4 that, depending upon the 
operating temperature, the ECP of ferritic steel surfaces exposed to the bulk water environ
ment in a PWR plant should range from about -850 mV S H B to about -650 mV S H B. In a BWR 
plant with "normal water chemistry" steady-state operational values of ECP should range 
from about -100 mV S H B to +100 mVS H H, again depending upon the temperature. These 
potentials of exposed steel surfaces would correspond to the crack-mouth potential of a 
crack emanating from such a surface. 

Measurement of crack-tip corrosion potentials is quite difficult in the high-temperature 
high-pressure autoclave experiments intended to simulate LWR environments. Reference 
45 represents one of the few attempts to measure crack-tip potentials under autoclave condi
tions with high levels of DO (s» 180 ppb) as well as low levels of DO ( « 10 ppb) in the 
bulk water. Corrosion potentials were measured at both the crack mouth as well as at the 
crack tip in both water chemistries. Under low DO conditions, the ECP at the crack mouth 
and crack tip were essentially the same, while under high DO conditions the ECP at the 
crack mouth was noble (electropositive) relative to that at the crack tip. Thus, under 
conditions of elevated levels of DO, a potential gradient exists from the crack tip to the 
crack mouth and, as will be discussed later, this can play an important role in the mass-
transport of sulfide ions. 

As .was previously discussed, temperature plays a role in FCI behavior in aqueous 
environments, and temperature plays a role in FCP behavior, as well. However, in the case 
of FCP, the effect of temperature is more complex. Several studies have dealt with the 
effect of temperature, 0 , 2 , 4 6 ' 5 0 and most have shown that over a relatively wide range of 
temperatures, a rather mixed response is observed. Fatigue crack growth rates may either 
increase or decrease with increasing temperature, and maxima or minima in FCP rates often 
occur at intermediate temperatures. Such inconsistency in temperature effects may be 
explained by referring to Figure 5 which illustrates the synergism between temperature 
dependency and time dependency. A given experimenter studying temperature effects 
would likely choose constant values of AK, R, and cyclic frequency, varying only temperature 
as a parameter. If a cyclic frequency of 5xl0'2 Hz was selected, FCP rates would be 
observed to increase monotonically with increasing temperature. Another experimenter, 
choosing a cyclic frequency of lxlO"4 Hz would observe the opposite trend, while a third 
experimenter employing a frequency of 2xl0"3 Hz would observe mixed behavior. Because 
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of the synergism between time- and temperature-dependent effects, simple generalizations 
regarding temperature effects upon FCP should be avoided. 

Some fatigue cycles occur under non-isothermal conditions, particularly when a 
structure operating at a relatively high steady-state temperature is subject to a flow of cooler 
water upon its surface. An experiment'521 conducted under non-isothermal conditions 
(temperatures cycling continuously between 243°C and 149°C) has shown that non-steady-
state FCP behavior results for significant periods of time. This is yet another illustration 
that temperature effects upon FCP is a complex phenomenon. 

As discussed earlier, time-dependent effects (i.e., strain-rate effects, cyclic frequency 
effects, etc.) influence FCI behavior, and again the same is true of FCP behavior. Figure 
5 illustrates this point. At a given temperature, FCP rates generally tend to increase with 
decreasing cyclic frequency until a maximum value is reached at a critical frequency. 
Further decreases in cyclic frequency result in decreasing FCP rates. As will be discussed 
later, the behavioral change at the critical frequency is due to a change in the balance 
between competing sulfide ion mass-transport processes at the crack tip. 

THE ROLE OF SULFUR AT THE CRACK TIP IN FCP 
Two basic models have been suggested to explain EAC in ferritic steels: anodic slip-

dissolution (ASD) and hydrogen-assisted cracking (HAC). Both of these suggested models 
involve sulfide ions at the crack tip, and both require that a crack-tip straining event rupture 
the protective oxide layers that form in the vicinity of the crack tip. Each proposed model 
has its group of proponents who cite largely circumstantial evidence to support their 
particular case. Unfortunately, because both models require the presence of sulfide ions 
plus a crack-tip straining event, no clever experiment has yet to be devised that would 
produce unequivical proof of one and refutation of the other, or even show that both models 
operate simultaneously. Although knowledge of the EAC mechanism is important for basic 
understanding, it is not necessary for a practical solution to the EAC problem in structures. 
Fortunately, the rate-controlling step for both the ASD and HAC mechanisms is the balance 
between competing sulfide ion mass-transport processes. Therefore, by considering the net 
flux of sulfide ions into or out of the crack-tip region, an estimate can be made concerning 
the occurrence or non-occurrence of EAC without having to consider details about the basic 
EAC mechanism(s). 

Sulfide ions play several roles in crack-tip corrosion and electrochemical processes, 
and some are common to both ASD and HAC. Because, as discussed earlier, the crack-tip 
environment generally contains low levels of DO (largely independent of the bulk water DO 
level), the most likely oxide to form at the crack tip is magnetite ( F e ^ ) , and this is 
confirmed by post-test examination. Magnetite is relatively tenacious and requires relatively 
high strains may be required to rupture the oxide layer and expose the underlying bare 
metal. However, once ruptured, sulfur species at the crack tip can delay the repassivation 
of the bare metal surfaces/53"*9 and the presence of bare metal surfaces is key to both ASD 
and HAC mechanisms. The bare metal surfaces allow higher current densities and hence 
greater metal dissolution in the ASD process. Similarly, the bare metal surfaces at the crack 
tip allow for the entry of hydrogen into the steel, a key requirement for HAC. Hence, 
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delaying crack-tip repassivation aids the progress of both ASD and HAC. Li addition, 
crack-tip sulfides act as a hydrogen recombination poison; atomic hydrogen produced by the 
corrosion reaction at the bare metal surfaces is retarded from recombining into molecular 
hydrogen (H2), and only atomic hydrogen can enter the steel. Pourbaix diagrams for iron-
water-sulfur suggest that the most likely crack-tip sulfur species are sulfide (S2*) and 
hydrosulfide (HS). 

Although there is disagreement whether ASD or HAC is the dominant EAC mecha
nism, there is general concurrence that a crack-tip strain rate event is necessary to rupture 
oxides at the crack tip and hence promote accelerated cracking. Traditionally, since the 
pioneering work of Paris, Gomez and Anderson,(57) it has been the consensus that the stress 
intensity factor range (AK) is the correct mechanical crack-driving parameter for FCP, and 
this remains true for relatively inert environments like air. However, as has already been 
discussed, the crack-tip strain rate (ert) is a key mechanical variable in the EAC of ferritic 
steels. Several authors have proposed that the crack-tip strain rate is the correct mechanical 
crack-driving parameter for corrosion-FCP in steels, and several expressions for e r t have 
been developed (e.g., see Reference 58 for a summary of some of these proposals). 
However, the formulation that has become rather widely adopted is that due to Shoji and 
co-workers.(59,6C° Shoji has suggested that the time-based crack growth rate, ab, is 
proportional to ert. The exact proportionality is not known, but a,, can be employed opera
tionally without knowledge of the exact proportionality. ab is defined as the mean crack 
growth rate expected in an air environment at a given AK and value of R, divided by theload 
rise-time, t r Using the expression developed by Eason et. al ( 6 1 ) for the mean FCP rates of 
pressure vessel steels in air produces: 

ab = [7.87xl0I,{AK/(2.88-R)}3O7]/tr 

where AK = MPa/m and ab = mm/second. The time-based environmental crack growth 
rate, a,, is defined as the experimentally-observed value of da/dN divided by t r When 
log(ae) is plotted as a function of log(ab), environmentally-enhanced cracking manifests itself 
by plotting significantly above a 1:1 line. The parameter ab correlates AK, R-ratio, and time-
dependent effects into a single unifying parameter that'is proportional to e^ in a sense, it 
represents the mechanically-driven rate (per unit time) at which a crack extends into the 
steel. It is also, therefore, related to the rate at which the crack intersects embedded MnS 
inclusions; i.e., the rate of sulfide supply at the crack tip. The application of Shoji's time-
domain modeling is discussed in more detail by Eason.(62) 

MASS-TRANSPORT CONSIDERATIONS IN FCP 

It is believed that in order for EAC to occur, a critical concentration of sulfides is 
required at the crack tip, and this is generally confirmed experimentally. In the most 
quantitative study to date, 0 9 water containing known concentrations of HjS was injected 
directly into the crack-tip region of a low-sulfur (0.004%) ASTM A533-B steel in a PWR 
environment at 288 °C. A low-sulfur steel of this type would normally not exhibit EAC in 
"clean" PWR water, and indeed it did not in clean water. 1 ppm of HjS did not cause EAC, 
while 2 ppm caused EAC once in two tries. Concentrations of 5-7 ppm HjS caused EAC 
that could be maintained only so long as the supply was continued. Higher concentrations 

8 



of 20,50, and 500 ppm HjS also caused EAC which appeared to be persistent. At 500 ppm, 
EAC was so persistent that it did not cease when uncontaminated water was injected 
directly into the crack tip area. EAC ceased only when hydrogen peroxide ( H P * which 
oxidizes any sulfur trapped in the oxide film) was injected into the crack-tip area for sixty 
hours. Such persistent EAC processes appear to be autocatalytic; i.e., the process itself 
creates the conditions necessary for its continued operation because the high crack growth 
rates expose additional embedded sulfides at a higher rate. It therefore appears that crack-
tip sulfide concentrations on the order of 2-7 ppm may be sufficient to initiate the EAC 
process. 

It has already been suggested at the net balance between the competing processes of 
sulfide supply and sulfide loss at the crack tip determines whether EAC will, or will not, be 
observed. In the absence of water-borne sulfur contamination, the only source of crack-tip 
sulfides is the growing crack intersecting embedded metallurgical sulfide inclusions. The 
rate of such supply can generally be expressed as some multiple of ab. 

Sulfides can be removed from the crack-tip region by any one, or more, of four mass-
transport processes: 1) diffusion, 2) ion migration, 3) fatigue pumping, and 4) water flow 
induced within the crack enclave by external stream flow. 

Diffusion is mass transport due to a concentration gradient. For example, if the 
concentration of sulfide ions is higher at the crack tip than in the bulk water beyond the 
crack mouth, then sulfides will diffuse from the tip toward the mouth. The beneficial effects 
of diffusion can be counteracted by a competing process such as ion migration, which will 
be discussed next. Diffusion constants are a function of temperature; hence, diffusion 
should proceed at different rates depending upon the temperature. Diffusion models are 
discussed in more detail in References 63-65. 

Ion Migration is mass transport due to an electrochemical potential gradient. For 
example, if the crack mouth has a more noble (electropositive) potential than the crack tip, 
then sulfide ions will tend to migrate from the crack mouth toward the crack tip region. 
Under such conditions, if sulfide anions are released in the crack tip region by the 
dissolution of metallurgical sulfides, they will tend to remain there. This process is 
particularly relevant where the bulk water is oxygenated (e.g., normal BWR water) because, 
as discussed earlier, the potential at the crack mouth can be more noble than that at the 
crack tip. 

A recent set of experiments^5 has demonstrated the rather dramatic effect that a 
potential gradient between the crack tip and crack mouth can have upon EAC response. 
An ASTM A533-B steel was tested in pure water at 288 °C in an autoclave that allowed 
rapid changes to be made to dissolved gasses in the water. Water conditions were switched 
back and forth between 10 ppm DO and 95 ppb dissolved hydrogen (low-oxygen). A small 
capillary hole in the specimen intersected the crack tip region, and allowed small samples 
of the crack-tip environment to be withdrawn to external instrumentation for analysis. 
Under high DO conditions in the bulk water, crack-tip sulfur concentrations were up to an 
order of magnitude higher than under high hydrogen conditions (low-DO) in the bulk water. 
High FCP rates were observed under high-DO conditions, and low FCP rates under low-DO 
(high Hydrogen) conditions. The increased concentration of sulfur species in the crack-tip 
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region during high-DO conditions was attributed to ion migration due to the potential 
gradient along the crack. 

The third possible mass-transport process, fatigue "pumping," results from the relative 
displacements of the crack flanks between the maximum and minimum stress portions of 
a fatigue cycle. A certain volume of water could therefore be pumped into, and out of, the 
crack during each fatigue cycle. Such a process would become of greater importance as 
cyclic frequencies increased. A simple fatigue pumping model has been included in the 
modeling of Reference 65. 

The fourth, and perhaps the most important, mass-transport process is that of 
convective flow induced within the crack enclave due to fluid flow past the crack mouth. 
Several experiments have been conducted to study the effect of water flow rate upon EAC 
response/48,66"7"9 and all have shown that water flow can be quite effective in mitigating EAC. 
Other studies071"73* have also demonstrated that water flow can be effective in mitigating the 
related process of stress-corrosion-cracking. Most of the studies on flow rate effects upon 
EAC behavior have employed fracture mechanics specimens featuring through-thickness 
cracks; e.g., compact tension-type specimens. Although the observed trends were favorable, 
it is not clear that the flushing characteristics of such specimens will be quantitatively similar 
to the flushing of more prototypic surface cracks. Not only can sulfides easily leak out of 
the sides of compact tension (CT) specimens, but the crack-mouth opemng displacement of 
a CT specimen is over twice that of a surface crack of the same depth and loaded to the 
same K-level/*9 Surface cracks have been employed to study the effect of water flow upon 
the mitigation of EAC, ( 6 9 , 7 0 ) and these will be discussed in more detail later. 

This review will devote considerable attention to mass-transport of sulfides by 
convection, because it represents the most powerful method of demonstrating that EAC will 
not occur in a given component, even if the component is constructed of a high-sulfur EAC-
susceptible steel. 

Typical results comparing the effect of "high" and "low" water flow rates for CT 
specimens in PWR and BWR environments are illustrated in Figures 6 and 7, respectively. 
Figures 6 and 7 are plotted in terms of the time-domain modeling introduced by Shoji et. 
gj.cM.s?) t j j e abscissa fe ̂  and the ordinate is a e as previously defined. In both cases illustrat
ed in Figures 6 and 7, EAC rates are observed under low flow rate conditions; FCP rates 
are close to those predicted by the Eason model.(62> However, when the same steels are 
tested under the same conditions except with the imposition of high water flow rates, • 
considerably lower FCP rates are observed. Similar results were observed on CT-like 
specimens in References 48 and 68. 

Studies by Lenz et. al ( < 8 ) suggest that, to some degree, FCP rates appeared to be 
inversely proportional to the water velocity past the crack mouth. Lenz et al. studied a high-
sulfur (0.017 < S < 0.022%) ASTM A508-2 steel in a BWR environment at 240°C at a 
number of flow velocities, and EAC was not simply switched "on" or "off." There appeared 
to be an inverse proportionality of FCP rates with water velocity. 

References 74 and 75 have shown that, in oxygenated water, if the cathodic reaction 
at the surface of the specimen is limited by the rate of diffusion of oxygen to that surface 
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under quasi-stagnant conditions, then a more efficient means of delivering oxygen to that 
surface (e.g., high water flow rates) will result in an increase in the ECP at that surface. 
Therefore, ECP values tend to increase with increasing water flow rate,*74,7* and this effect 
is most pronounced over the range 20 < DO < 500 ppb. Recalling that crack-tip potentials 
are generally active (electronegative) and relatively invariant with respect to the bulk water 
DO level/4 9 it is clear that in oxygenated water, high water flow rates close to the crack 
mouth could exacerbate the already significant potential gradient from the crack mouth to 
the crack tip. Hence, high water flow rates would appear to create an even greater tendency 
for ion migration to concentrate sulfide ions at the crack tip. Since several of the flow rate 
studies have shown EAC mitigation in high-flow oxygenated water, ( 4 8 , 6 7 , 6 ! ) the increased 
potential gradient along the crack under high flow conditions appears to be counterintuitive. 
The reason for this apparent paradox is that the greater potential gradient apparently does 
indeed occur under high flow conditions, but the competing process of convective flow 
induced within the crack cavity is dominant and overcomes the ion migration process. This 
can be seen in Figure 8 which plots FCP rates and ECP (at the specimen external surface) 
for a steel tested in oxygenated water under both "high" and "low" flow conditions. The ECP 
of the specimen surface is about 0 V S H B under high flow conditions, and approximately -200 
mV S H B under quasi-stagnant conditions. Although the crack-tip potential was not measured 
in the Reference 68 experiments, the results of Reference 45 would suggest that the crack-
tip ECP would have been considerably more active (electronegative) than even the -200 
mV S H E measured at the surface under quasi-stagnant conditions. Hence, a significant 
potential gradient likely existed along the crack in the Reference 68 tests. Figure 8 shows, 
however, that in spite of the more unfavorable potential gradient, FCP rates were lower 
under "high" flow conditions because the kinetics of ion migration are orders of magnitude 
lower than those of convective transport. 

Another illustration of flow-induced convection winning the competition with an 
unfavorable potential gradient is illustrated in Figure 9. Although these experiments were 
not conducted as part of a study explicitly devoted to flow rate effects, they were conducted 
in the same high-flow autoclave rig as those of Reference 66. Combrade et. aF7* have 
pointed out that room temperature precracking of FCP specimens produces a relatively 
large inventory of exposed, and undissolved, metallurgical sulfide inclusions on the crack 
flanks, and these inclusions can dissolve when water is introduced into the autoclave. This 
relatively large inventory of sulfides can therefore predispose a specimen toward EAC 
behavior at the start of the experiment. Figure 9 shows that at the start of all three 
experiments, accelerated FCP rates were indeed observed, and it might be speculated that 
the high FCP rates might have continued in the absence of the high water flow rates. Most 
experimenters testing such a steel in oxygenated water under quasi-stagnant conditions 
observe a continuation of high FCP rates. However, it is clear from Figure 9 that FCP rates 
dropped relatively rapidly to levels very close to the mean non-EAC curve. The most 
plausible explanation of the drop in FCP rates is that in the competition between the 
sulfide-concentrating ion migration process and the sulfide-diluting convection process, the 
latter process finally prevailed. 

The results of the studies on flow rate effects using CT-like specimens have been quite 
encouraging since they show that EAC can be mitigated by "high" water flow rates past the 
specimen/ 4 8 ' 6 6^ However, as previously discussed, sulfide ions can leak out of the sides of 
a CT specimen, and the crack mouth opening displacement of a CT specimen is over twice 

11 



as large as that for a semi-elliptical surface crack of the same depth and loaded to the same 
K-level.**9 Considering the importance that mass-transport of sulfides plays in the EAC 
process, it is not clear that test results on CT-like specimens can be employed to estimate 
quantitatively whether a given fluid flow velocity will, or will not, mitigate EAC in more 
prototypic surface cracks. A recent series of experiments on semi-elliptical surface cracks 
offers an opportunity to obtain a more quantitative assessment of flow rate effects/6'-711' 
These experiments, and their accompanying computational fluid dynamics (CFD) modeling, 
will be described below. 

The experiments of Reference 69 and 70 employed relatively large (crack depth = 12.9 
-14.7 mm, crack length = 28.2 - 33.0 mm) semi-elliptical surface cracks. The cracks were 
prepared in such a manner that there was a "natural" intersection of the crack with the free 
surface of the specimen^; i.e., there were no machined fatigue starter notches or electrical-
discharge-machined slits to "short circuit" mass transport of sulfides. The specimens were 
constructed of a high-sulfur (0.024 «£ S £ 0.027%) ASTM A302-B steel which had been 
shown to be susceptible to EAC in earlier studies ( 4 M 7 ). Ducted water flow of known 
velocities was directed along the specimen surface parallel to the crack length. Each 
experiment started with a quasi-stagnant test phase in which EAC was observed. The quasi-
stagnant phase was then followed by an active flow test phase employing either "high" (5.00 
m/sec), "moderate" (1.71 m/sec), or "low" (0.56 m/sec) average free stream velocities. The 
test temperature was 243 °C for all tests. 

The crack growth behavior for the high, moderate, and low flow velocities is given in 
Figures 10a, 11a, and 12a, respectively. Note that in all three cases, EAC was observed 
during the quasi-stagnant flow phase. It is interesting to note that the FCP rates for the 
surface-crack specimens undergoing EAC are quite close to the "mean 243 °C EAC line" that 
was developed in Reference 51 employing CT specimens. Hence, steady-state EAC under 
quasi-stagnant conditions proceeds at about the same rate in both CT specimens and 
surface-cracked specimens. 

It will be noted that "high" flow rates (Figure 10a) and "moderate" flow rates (Figure 
11a) result in mitigation of EAC. FCP rates under these active flow conditions scatter 
about either the "mean non-EAC line" or the "mean air line". Reference 62 established that 
the "mean non-EAC line" is approximately a factor of 1.78 higher than the "mean air line", 
and hence represents a mild environmental acceleration (relative to air behavior) even 
under "non-EAC" conditions. Figure 10a shows that both the deepest location and the 
surface location(s) not only do not exhibit EAC under high flow conditions, the FCP rates 
actually fall slightly below the mean air line. Figure 11a shows that the same is true for the 
surface location(s) under moderate flow conditions (convective mass-transport should be 
more effective at, or near, the free surface). This suggests that even the mild acceleration 
of FCP rates under "non-EAC" conditions may be sulfur-related and hence mitigated by 
convective mass-transport. 

For the case of "low" flow velocity (0.56 m/sec), EAC was not mitigated by the active 
flow; at least in a crack of this size. Therefore, only the FCP rates associated with the 
quasi-stagnant test phase are plotted in Figure 12a; crack extension during the low flow 
velocity phase was too extensive to make meaningful calculations of da/dN and AK. 
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A computational fluid dynamics (CFD) computer code, FIDAP* was employed to 
model interaction between the free stream flow and flow induced within the crack enclave 
for the experiments shown in Figures 10-12. The test specimen was designed such that the 
entire semi-elliptical surface crack was elastically loaded; maximum stresses were only about 
67 percent of the yield strength at the test temperature. Hence, the cracks were very tight 
and offered considerable resistance to flow induced within the crack enclave. In general, 
the calculated crack mouth opening displacement was approximately one-one-thousandth of 
the surface crack length. This required special modeling of the frictional forces imposed 
upon flow within the crack, and this is discussed in more detail in Reference 70. 

FIDAP predictions of the crack enclave streamlines are shown in Figures 10b, l ib, and 
12b for the free stream velocities of 5.00,1.71, and 0.56 m/sec, respectively. Three distinct 
levels of free stream flow field to crack enclave flow field interaction may be seen. The 
number of stream functions and the minimum and maximum stream functions plotted in 
these figures are identical; thus these plots provide a direct comparison of the flow fields 
within the crack enclave for the three different free stream flow velocities. 

At the highest free stream velocity of 5.00 m/sec (Figure 10b), a significant interaction 
is observed between the free stream and the crack enclave. Recalling that only a finite 
range of stream functions is plotted, the depression in streamlines close to the crack surface 
is due to the presence of higher order stream functions beyond the range plotted. Also the 
irregular shape of the streamlines near the leading edge (upstream) of the crack is due to 
the presence of a clockwise recirculation loop that is lower than the range of stream 
functions plotted. A strong counter-clockwise half-loop pattern is also established, and the 
action of the recirculation loop and the half-loop is clearly sufficient to flush sulfides from 
the crack and stop EAC. 

At the moderate free stream velocity of 1.71 m/sec. (Figure lib), a weaker clockwise 
recirculation loop (again not plotted) exists near the leading edge of the crack. A relatively 
strong counter-clockwise half-loop pattern is again set up, with water entering at the leading 
edge and exiting the crack at the trailing edge. The calculated velocity at the deepest point 
of the crack is about 30 percent of the velocity at the same point for the high flow (5.00 
m/sec) case, and this is roughly the same proportion as the ratio of the free stream 
velocities. EAC was also mitigated for this moderate (1.71 m/sec) case. 

At the lowest free stream velocity of 0.56 m/sec (Figure 12b), it is clear that very little 
flow was induced within the crack enclave. The range of stream functions employed does 
not show any streamlines within the crack enclave. Plotting much lower stream functions 
would have revealed a very weak clockwise recirculation loop at the crack loading edge plus 
a very weak counter-clockwise half-loop pattern. The calculated velocity at the deepest 
point of the crack is only about one percent of the velocity at the same point for the high 
flow (5.00 m/sec) case. Clearly this very low level of communication between the free 
stream and the crack enclave was insufficient to flush sulfides from the crack, and EAC 
continued. 

*FTDAP(2), Fluid Dynamics International, Evanston, IL. 
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Reference 69 found that EAC was not instantaneously turned off as soon as the active 
flow was turned on. For that reason, the experiments in Figures 10, 11, and 12 had hold 
periods of 100, 288, and 500 hours, respectively, between the fatigue cycling of the quasi-
stagnant phase and the fatigue cycling of the active flow phase. Active flow was present 
during the hold periods, but no fatigue cycling took place; static loads of 75 percent of the 
maximum fatigue load were applied to keep the crack partially open. The objective was to 
allow the active flow the opportunity to reduce sulfide levels within the crack enclave before 
fatigue cycling resumed; no crack growth occurred during the static-load hold periods. This 
was clearly successful for 5.00 m/sec for 100 hours and for 1.71 m/sec for 288 hours where 
the crack-tip velocities were roughly in proportion to the free stream velocity. However, this 
proportionally did not hold for the crack-tip velocity at the lowest free stream velocity of 
0.56 m/sec. Hence, although EAC was not mitigated in that particular experiment at 0.56 
m/sec free stream velocity, it may be speculated that a hold period considerably larger than 
500 hours might have resulted in a case of no EAC during the subsequent fatigue cycling. 

SUMMARY WITH IMPLICATIONS FOR STRUCTURAL COMPONENTS 

As stated earlier, EAC is relatively easy to induce in laboratory specimens tested in 
autoclaves, particularly in steels with elevated concentrations of sulfur. However, the world
wide operating experience of commercial nuclear power stations does not suggest that EAC 
is rampant in low-alloy steel components exposed to LWR environments. There may be at 
least two reasons for this apparent disparity. Firstly, although almost all laboratory FCP 
experiments start with a sharp crack that is ready to propagate, most structural components 
apparently do not. In the absence of pre-existing cracks or defects, fatigue cracks need to 
be initiated at a free surface before propagation can occur (i.e., the FCI process described 
earlier), and this process clearly consumes many fatigue cycles. Secondly, virtually all 
autoclave FCP experiments which exhibit EAC are conducted in autoclaves under quasi-
stagnant conditions, yet there is some level of active fluid flow around most LWR 
components. Hickling and Blind0750 observe that EAC is generally not observed in the high-
flow regions of operating LWR power plants. Flow rate effects were also invoked as one 
possible explanation of the growth of a crack observed in a nozzle corner in a full-size 
demonstration experiment. The crack extension was over-predicted using FCP data from 
quasi-stagnant CT-type specimens0*9. Cyclic loadings were produced by alternating the 
temperature of water flows through the nozzle, and the flow apparently prevented EAC 
from occurring by flushing sulfides from the crack. 

It is quite clear that in the competition between sulfide supply to the crack tip and 
sulfide loss through mass-transport, sulfide loss through mass-transport seems to prevail in 
most situations. This is particularly true for applications involving active water flow past the 
crack mouth and parallel to the crack length. The beneficial effect of water flow has been 
recognized in a qualitative sense for some time, but recent experiments with well-
characterized ducted flow on more prototypic surface cracks now allow more quantitative 
assessments to be made. In addition, the excellent agreement between CFD modeling and 
experimental results provides confidence that CFD predictions could be used to assess EAC 
susceptibility for a given specific application. 
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The use of prototypic surface cracks (e.g., References 69 and 70) allowed the 
characterization of a minimum free stream velocity below which EAC was not mitigated in 
a high-sulfur steel (at least within the time frames employed in that experiment). It may 
be speculated that, because of the very different mass-transport characteristics in CT 
specimens, such a minimum velocity might not have been observed using CT specimens. 
The mass-transport path in a surface crack is more prototypic than that of a CT specimen, 
the crack opening is considerably smaller, and CFD modeling has verified the influence of 
crack flank roughness on the frictional resistance to fluid flow induced within the crack 
cavity^, in this respect, a crack penetrating weld-deposited cladding can alter the 
interaction between the free-stream flow and the crack cavity flow. The mode of crack 
extension in weld-deposited cladding is transdendritic with crack extension occurring within 
each relatively large dendrite along a single crystallographic plane m . The resulting fracture 
surface has a rougher texture than the underlying ferritic steel. CFD modeling has shown 
that the greater crack flank roughness in the cladding interferes with the interaction between 
the free stream flow and the flow within the crack cavity. Preliminary CFD calculations 
accounting for crack surface roughness in the cladding suggest that at 5 m/sec. free stream 
velocity, the flow induced within the steel portion of the crack cavity appears to be 
qualitatively similar to that illustrated in Figure 12b. Hence, caution should be exercised 
when applying the foregoing flow rate results to clad applications. 

The higher DO levels associated with a normal BWR environment pose a greater 
threat to EAC mitigation than the lower levels of DO typically found in a PWR 
environment. In spite of this, experiments have shown (at least qualitatively with CT-type 
specimens) that active flow can again overcome the unfavorable potential gradient and 
thereby mitigate EAC in a normal BWR environment. It should be remembered, however, 
that experiments demonstrating EAC mitigations in prototypic surface cracks in normal 
BWR environments have not been conducted. 

EAC results when the rate of sulfide supply to the crack tip exceeds the rate of sulfide 
loss concentration for a sufficient period of time to achieve a critical concentration at the 
crack tip. World-wide operating experience of commercial LWR power stations suggests 
that this is a relatively rare event, and the understanding of mass-transport processes within 
the crack enclave can now provide a relatively sound technical basis for that observation. 
With the coupling of CFD analysis and flow rate studies employing prototypic surface 
cracks, it should be possible in the future to demonstrate EAC mitigation for a wide variety 
of structural applications involving active fluid flow. 
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Table 1. Low cycle fatigue results A302-Gr B material containing 0.032% sulfur at tested 
288 °C In a simulated PWR water containing < 10ppb oxygen and at a strain range of 
0.75%. 

Environment Orientation Strain rate Life 

Air rolling direction 0.4%/sec 8070 

PWR rolling direction 0.4%/sec 6212 

PWR short transverse 0.4%/sec 1230 • 

Air rolling direction 0.004%s / 0.4%/s 4936 

PWR rolling direction 0.004%s / 0.4%/s 3860 

PWR transverse 0.004%S / 0.4%/S 1458 

PWR short transverse 0.004%$ / 0.4%/s 348 

Air rolling direction 0.0004%s / 0.4%/S 5350 

PWR rolling direction 0.0004%s /0.4%/s 3718 

Table 2: Values of independent parameters for acceptable moderate environmental 
effects on the S-N fatigue (Carbon and Low Alloy Steels). 

Strain Amplitude < 0.1% • 

Strain Rate > 0.1%/sec 

Dissolved Oxygen < 0.1 ppm 

Temperature < 150°C 

Sulfur in Steel < 0.003% 

Water Flow Velocity > 3 m/sec. 
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Figure 1 - Strain range vs. fatigue life data for SA106-GR B steel in oxigenated high purity 
water and simulated PWR water at 288 °C (Reference 23) 
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Figure 10 - a) Time-domain plot of the effect of 'high' water flow rate (5.0 m/sec) upon 
the EAC response of a high-sulfur steel, b) FlDAP-calculated crack enclave streamlines 
for Specimen SOW with 5.00 m/sec free stream velocity (flow direction is left to right). 
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Figure 11 -a) Time-domain plot of the effect of 'moderate" water flow rate (1.71 m/sec) 
upon the EAC response of a high-sulfur steel, b) FIDAP-calculated crack enclave 
streamlines for Specimen SC-11 with 1.71 m/sec free stream velocity (flow direction is 
left to right) 
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Figure 12 - a) Time-domain plot of the effect of 'low* water flow rate (0.56 m/sec) upon 
the EAC response of a high-sulfur steel. Data is shown for only the quasi-stagnant test 
phase, b) FIDAP-calculated crack enclave streamlines for Specimen SC-5 with 0.56 
m/sec free stream velocity (flow direction is left to right). 
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