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ABSTRACT

these models are being used to predict, and thereby define mitigating actions for crackin g
in stainless steel piping and core components, nickel-base alloys and low alloy steel
pressure vessels.

INTRODUCTION

Crack initiation and propagation in structural materials due to stress corrosion,
corrosion fatigue or hydrogen embrittlement continue to pose economic and potential
safety problems in, for instance, the power generation, chemical, petrochemical and
aerospace industries. The reason for this lies in three factors. First, as design lives
increase, so the quantitative definition of cracking susceptibility changes; for instance, the
extremely low crack propagation rate of stainless steel in ultra high purity water would, in
previous times, have been regarded as “‘zero” cracking susceptibility, but these rates can
be of potential significance for design lives > 40 years. Thus, the number of ‘
material/environment/stress systems which show relevant cracking susceptibilites is
forever increasing. Second, the current life prediction codes are based either on a
relatively scattered data base, or do not account for the wide range of
material/environment conditions that can exist in an operating plant. Thus, there is no
guarantee that the predicted life according to these codes necessarily applies to the
specific component under consideration. Third, the mechanistic understanding of the
cracking process has tended to be qualitative, and this has made it hard to predict the
sensitivity of cracking susceptibility to subtle changes in the myriad of material,
environment and stress parameters that are conjointly required for environmentally-
assisted cracking to occur. Thus, it is not surprising that environmentally-assisted
cracking in operating plant has gained the reputation of being non-reproducible or non-
predictable.

The objective of this paper is to address the third of the above items and to

illustrate how recent advances in our mechanistic understanding of environmentally-
assisted cracking may be used for practical design and system operating purposes.
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THE PROBLEM OF SYSTEM DEFINITION

In order to derive a deterministic model of cracking, it is necessary to define the
steady-state and transient environment, material and stressing conditions that exist for a
specific component. Any uncertainty in this system definition will automatically lead to
a corresponding scatter in the predicted cracking response. This scatter is illustrated
schematically in Figure 1 by the “upper” and “lower” a; values, which correspond
quantitatively to the “worst” and “best” conceived combinations of the relevant system
conditions. Thus, for the purpose of this paper, it is assumed that an adequate system
definition is possible.

A further problem of definition occurs in differentiating between crack initiation
and propagation. To a certain extent this division is arbitrary since it will depend on the
sensitivity of crack detection or crack following. For the purpose of model development,
it is assumed that environmentally-assisted cracking starts at localized corrosion or
mechanical defect sites; such sites are associated with for instance, pitting, intergranular
attack, scratches or weld defects. If it is further assumed that the probability of such
initiation sites existing relatively early in the life of the component is high, then the
problem of life-prediction narrows down to understanding the growth of small cracks
from each of these geometrically-separated initiation sites, and the coalescence of these
small cracks to form a major crack which may then accelerate or arrest depending on the
specific material, environment and stress conditions. There has been relatively little
fundamental work on the growth of such microscopically short cracks. For sake of
brevity, this will not be reviewed in detail, apart from mentioning that most work has
been done under fatigue loading (1-5), with emphasis on the microstructural interactions
required for microscopic crack arrest or propagation, and how linear elastic fracture
mechanics analyses have to be modified in this crack size range. In the area of
environmentally-assisted cracking, the coalescence of microscopically small cracks has
been investigated for carbon steels (in carbonate/bicarbonate solutions)(67) and stainless
steels and nickel-base alloys(®) in high temperature water. In these cases it is observed
that the crack growth rate increases as the small cracks coalesce, and approaches a
steady-state value when the mean crack depth is of the order of 50 um (Figure 2), and
where the crack propagation rate may be analyzed in terms of linear elastic fracture
mechanics normally applicable to “long” cracks.

Thus, mechanistic knowledge of propagation rates of “long” cracks may be used
for life prediction, recognizing that the resultant lives may be conservative because the
crack initiation at pits, etc. and subsequent crack coalescence periods are not taken into

account.
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Schematic variation of crack length with time due to environmentally-
assisted cracking showing the curves for the mean system conditiors,

and the limiting values associated with extremes in material, environment
and stressing conditions.
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growth/coalescence in the sainless steel/288°C water system. (8)
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CANDIDATE CRACK PROPAGATION MODELS

The basic premise for all of the proposed crack propagation mechanisms for
ductile alloys in aqueous solutions is that the crack tip must propagate faster than the
corrosion rate on the unstrained crack sides; if this were not the case, the crack would
degrade into a blunt notch(%:10). Based on this rather obvious criterion, the
material/environment conditions for cracking to be possible may be defined based on the
thermodynamic criteria for the existence of a protective oxide, salt or compound film on
the crack sides. For instance, the well known cracking susceptibility of mild steel in
hydroxide, carbonate/bicarbonate, nitrate, phosphate and molybdate-containing solutions
may be predicted to occur in the specific potential/pH ranges where the protective film is
thermodynamically stable (1), Very similar thermodynamic arguments may be made for
other systems, (e.g. brass/ammoniacal solutions (12)), and may be extended to kinetic
arguments (13-15) that the electrochemical reaction rates (e.g. dissolution or oxidation) at
the strained crack tip must be significantly higher than those on the crack sides for an
“electrochemical knife”’(13) to propagate. Indeed the suppression of both stress corrosion
and corrosion fatigue in many systems may be explained in terms of blunting of cracks
during the early propagation stage. The cracking of mild steel and low-alloy steels in
aqueous environments offer ideal examples of this criterion. For instance, low-alloy
steels will not exhibit stress corrosion in acidic or concentrated chloride solutions unless
the general corrosion/blunting effect is counteracted with chromium or nickel alloying
additions (11,16), Similar blunting explanations may be proposed for the relative ease of
corrosion fatigue crack initiation of aluminum in chlorides in comparison to hydroxides
(7, etc.

Provided there is a mechanism for preventing chemical blunting of the crack,
numerous crack propagation mechanisms were proposed in the period 1965-1979 (18-28)
ranging from the pre-existing active path mechanisms, through the strain-assisted active
path mechanisms to those depending on various absorption/absorption phenomena (e.g.,
hydrogen embrittlement mechanisms). There was considerable debate concerning the
dominant mechanism in a given system, promulgated in part by the fact that up to 15
years ago there were few analytical techniques to test quantitatively the various
hypotheses. Parkins (29) pointed out early on, however, that it was likely that there was a
“stress corrosion spectrum’” which logically graded the cracking systems between those
that were mechanically dominated, (for instance, hydrogen embrittlement of high strength
steels), to those that were environmentally dominated (for instance, pre-existing active
path attack in the carbon steel/nitrate system). Indeed, it was suggested that two
mechanisms may operate in one alloy/environment system with a dominant mode being
determined by relatively small changes in the material, environment or stressing
conditions. This rationalization was followed by the suggestion (e.g., 9, 30-32) that a
similar spectrum of behavior occurs between constant load (stress corrosion), dynamic
load (strain-induced cracking), and cyclic load (corrosion fatigue) conditions.

With the advent in the last 15 years of more sensitive analytical capabilities, many
of the earlier cracking hypotheses have been shown to be untenable, and the candidate
mechanisms for environmentally-assisted crack propagation (for both stress corrosion and
corrosion fatigue) have narrowed down to slip dissolution, film-induced cleavage and
hydrogen embrittlement.
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In order to restrict further discussion. attention is focused on ductile alloys in high
temperature water symptomatic of Light Water Reactor operations. Of the various crack
propagation models mentioned above, the slip-dissolution mechanism will be used as the
working hypothesis.

MODEL FORMULATION AND QUANTIFICATION

The slip dissolution/film rupture mechanism of environmentally assisted cracking
relates crack advance to dissolution reactions at the crack tip where a thermodynamically
stable oxide is ruptured by increasing strain in the underlying matrix. The periodicity of
this film rupture event is related to the strain rate in the metal matrix and this, in turn, is
controlled by either creep processes under constant load or applied strain rates under
monotonically increasing or cyclic load conditions. Thus, the model is potentially
applicable not only to stress corrosion (under constant stress) but also to corrosion fatigue
over the range of stress amplitude, mean stress, frequency, etc. combinations.

The change in oxidation charge density with time following the rupture of a
protective film at the crack tip is shown schematically in Figure 3. This oxidation is due
to a mixture of the dissolution of the exposed metal matrix, and oxide nucleation and
growth; in either case the original metal interface is being transformed i.e. the crack tip is
advancing. The amount of metal transformed to dissolved species or oxide, may be
related faradaically to the total oxidation charge density. Since a protective oxide
thermodynamically wants to reform at the bared surface, the rate of oxidation or crack tip
advance will slow with time because of this passivation effect. Thus, crack advance can
only be maintained if the film rupture process reoccurs. Therefore, for a given crack tip
environment, potential and material condition, the crack propagation rate will be
controlled by both the change in oxidation charge density with time and the frequency of
film rupture at the strained crack tip. This latter parameter will be determined by the
fracture strain of the film, €f, and the strain rate at the crack tip, €. Therefore, by
invoking Faraday’s law, the average environmentally-controlled crack propagation rate,
vy, is related to the oxidation charge density passed between film rupture events, Qf, and

the strain rate at the crack tip.

Tuei (1]
zpF gf

where
M, p = atomic weight and density of the crack tip metal
F = Faraday’s constant
z = number of electrons involved in the overall oxidation of an atorn of metal
Because the oxidation charge density on a bare surface varies with time at a rate
that is dependent on the material and environment compositions at the crack tip, it

follows that Equation 1 may be reformulated in terms of a more general power law
relationship:




/ Vi=Agy (2l
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f 5 where A and n are constants, depending on the material and environment compositions at
=] Tzl‘ié the crack tip. These constants may be related quite specifically to details of the oxidation
- ’ ¥ reactions at the crack tip. This is illustrated in Figure 4 by the oxidation current
= w density/time transients which occur when the protective oxide is ruptured. These
= f § transients generally have an initially high bare surface dissolution current density, io, that
= I e may exist for a time t,. After this time, oxide formation or precipitation leads to a decay
Eé 3 in the oxidation current density, given by a general relationship;
< =
E % AVERAGE CRACK TIP = -n
- PENETRATION s .t
5 oMM g h=iq =
< npF ty mF g = o
=) a |
S CRACK SIDE PENETRATION : If the bare surface condition is maintained at the crack tip, i.e., when Ef/e, < lo» (where

Vs = % cip \ ; €f = fracture strain of oxide and é., = crack tip strain rate), then integration of Equation 3
i leads to a predicted maximum crack propagation rate:
OXIDE NUCLEATION §}
—J)——AND GROVITH——L' TIME — M
OXIDE RUPTURE Vmax = oF o (4]
BARE - SURFACE € p
DISSOLUTION =g
This relationship is the quantitative basis for the early empirical observations shown in
Figure 5 for various alloy systems in relatively concentrated environments.
Figure 3 Schematic oxidation charge density/time relationship for a strained crack In recent years the emphasis has been on studying cracking in dilute environments

and constant load conditions where theé relevant crack propagation rates are < 10-7 cms-1.
Under these circumstances a bare surface is not necessarily maintained at the crack tip,
and the crack propagation rate is defined by:

tip and unstrained crack sides.

_ M ipth
Vit =il Bl (5]
ZpF(l—n)Ef

where the parameters relate to the bare surface oxidation kinetics (i, ty, n) shown
schematically in Figure 4.

One limit to the validity of this relationship (equation 5) occurs at high crack tip
strain rates (=10-2 s-1), where the environmental crack growth rate saturates because a
bare surface is maintained continuously at the crack tip (i.e. equation 4). Another limit
occurs at low crack tip strain rates due to crack blunting (i.e. when the corrosion rate of
the crack sides approaches the oxidation rate at the crack tip).

The model has been quantified by evaluating the following processes: (1) the
steady state and transient compositions of the environment at the crack tip as a function
of the conditions in the bulk (external) solution; (2) the oxidation rates for the
material/environment system expected at a strained crack tip; and (3) the oxide fracture
strain and the crack tip strain rate, defined in terms of engineering parameters such as K.
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AK, R, frequency, etc. These tasks have been discussed in detail elsewhere for stainless
steels (30,34-36), low alloy and carbon steels (30, 34, 35, 37-40), ductile nickel alloys
(34-36,41-43) and irradiated stainless steels (35,44-47). Additionally, short crack
behavior and the transition to long crack behavior(48,49), concerns for crack chemistry
similitude (16,17), reatment of thickness and time-varying properties, and treatment of
distributions in properties and statistical approaches (33, 34, 35, 38-40) have also been
addressed. This paper will illustrate the validity and practical use of a prediction model

based on Equation § .

EVALUATION OF CRAUK GROWTH RATE PREDICTIONS

Observed crack growth rates for various combinations of stainless steel
microstructure, dissolved oxygen content, solution purity and stressing mode have been
compared with the values predicted by the slip dissolution/film rupture model via
Equation 5. The correlation between observed and predicted crack velocity/strain rate
relationships is shown in Figure 6 for furnace sensitized type 304 stainless steel in aerated
water at 288°C under static, monotonically increasing, and cyclic loading conditions.

It is assumed that under fatigue loading the crack advance mechanisms due to
slip-dissolution and striation/micro void coalescence (associated with “dry” fatigue
processes) are independent; thus the amount of crack advance under corrosion-fatigue
situations is given by the superposition or addition of these two components. Therefore,
two factors are noteworthy in Figure 6; first, the extent of environmentally-assisted crack
advance is correctly predicted for a wide range of stressing conditions, where the crack
tip strain rate is the normalizing parameter and, second, the crack propagation rate at the
high crack tip strain rates possible under certain fatigue loading conditions is dominated
by the dry-fatigue mechanism.

Similar agreement between observation and theory is obtained for other
environmental conditions associated, e.g., with the synergistic effects of corrosion
potential (e.g. dissolved oxygen and radiation flux) and solution conductivity (or anionic
activity) (Figure 7). The overall agreemen: between observation and prediction for the
stainless steel/water system is illustrated in Figure 8 as the ratio (predicted/observed) of
the crack growth rates over a wide rage of material, environment, and loading conditions.
The mean value of this ratio is 1.17, and the variance in the distribution can be correlated
with the uncertainty in the system definition (33,34-36). Similar predictive accuracy has
been obtained for low alloy steels (33,34,35, 38-40), ductile nickel alloys (34, 35, 41-43),
and irradiated stainless steel (44-47).

APPLICATIONS OF PREDICTIVE MODELING

The ability to predict environmentally assisted crack growth rates in high
temperature water with reasonable accuracy has considerable practical impact. For
example, it provides a methodology for evaluating the quantitative benefit and overall
validity of empirically derived remedies that have often been based on accelerated test
data. Also, it provides the ability to optimize inspection intervals and plant operating
conditions with regard to resistance to environmental cracking. Finally, it provides a
basis for improved design and lifetime evaluation codes, as well as plant life extension

decisions.
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Examination of the validity of the current ASME XI (1980) lifetime evaluation
codes for low alloy steel pressure vessels and piping undergoing corrosion fatigue
indicates that the maximum predicted (da/dn) vs. AK values approximate those in that
evaluation code, Figure 9(56), It is also apparent, however, that the use of the cyclic
based code can be conservative, especially for the majority of the stressing, material, and
environmental conditions shown in Figure 9. Under these corrosion fatigue conditions

and, clearly, static loading conditions, it is more appropriate to use a time based code
(50).

A similar evaluation was undertaken for stainless steels in high temperature water,
whereby a family of curves were developed to reflect actual differences in plant operating
conditions. Rather than relying on a single evaluation curve (e.g., the NRC disposition
curve (51) (Figure 10a), this approach eliminates unnecessary conservatism by providing
plant-and-condition-specific predictions (Figures 10, b, ¢). Similarly, informed
operational decisions can be made to permit, e.g., appropriate control of corrosion

potential, conductivity, and other inter-related parameters to ensure satisfactory stress
corrosion resistance.

With respect to the empirically derived remedies for sensitized stainless steel
piping in BWR’s, it was verified (33,34-36) that reducing the tensile (especially weld
residual) stress, decreasing the corrosion potential (e.g., by hydrogen addition into the
feed water), solution conductivity, or the grain boundary sensitization should decrease the
crack growthrrate to the extent observed in qualification tests performed by the reactor
manufacturers and confirmed by other laboratories. Moreover, the modeling predicts the
observed variation in cracking susceptibility of piping with, e.g., conductivity, and can
identify the combinations of corrosion potential and conductivity that must be achieved to
ensure satisfactory stress corrosion resistance.

Integration of an expanded version of equation 2 and inserting a derived algorithm
for the crack tip strain rate as a function of the stress intensity, K,

€ot = cK* = cna’(Bo)* [6]

leads to a quantitative version of the schematic crack depth/dme curves shown in Figure
1

- 1/1-2
= {;01720 4 7.8x10 30301 - 2m(Cr?a? (Boy* .1} " m

In this equation a parameter a; is needed since the formulation of equation 6 was
originally validated for precracked fracture-mechanics type specimens, and the concept of
an “intrinsic” defect aj was needed for applications to an initially undefected surface. In
numerous applications of the model to smooth stainless steel components a value of a; =
50 um as proven satisfactory.

The use of equation 7, in conjunction with the variation in stress intensity with
varying residual stress adjacent to welds leads to the prediction of the effects of, for
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instance, changing the solution purity on the crack depth/operating time for stainless steel
piping, and the range of crack depths within a given plant piping system due to the range
in residual stress in the HAZ adjacent to a weld (Fig. 11). Such a range of actual system
conditions automatically leads to a predictable range in observed cracking response in the
operating plant; this is illustrated in Figure 12 for the theoretical relationships between
the operating time required for a crack to penetrate a quarter wall thickness in a welded
304 stainless steel pipe and the coolant purity. These theoretical relationships are shown
for a range of carbon contents (i.e. EPR values), and residual stress profiles; it is seen that
the observed data lie between the theoretical bounds. Thus, with this proven prediction
capability, quantitative decisions may be made about the future behavior of plant for
proposed material, stress or environmental modifications (Figure 13).

The behavior of ductile nickel base alloy components has also been evaluated.
Comparatively extensive statistical data on environmental cracking of Inconel 600 shroud
head bolts (43) were obtained in the form of the incidence of cracking (percentage of
cracked bolts normalized by plant operating time). Modeling predictions are in
reasonable agreement with these observations (Figure 14).

Modeling extensions to permit predictions of irradiation assisted stress corrosion
cracking (LASCC) have also been performed (44-47). Of primary importance are the
effects of radiation on water chemistry (in elevating the corrosion potential), the effects of
radiation induced segregation (in causing depletion and enrichment of elements at the
grain boundary), and the effects of radiation creep on stress relaxation. These extensions
were quantified using data from a variety of sources including, e.g., in-situ measurements
of corrosion potential and crack growth rates in the core of commercial BWRs (Figures 7
and 15) (44, 45, 52). Reasonable predictions of IASCC data from irradiated specimens
(44-47, 53) of stainless steel (Figures 15 and 16) and IASCC cracking incidence in a
variety of core internals (Figure 17) were obtained (44-47), thereby providing the basis
for plant life extension decisions.

CONCLUSIONS

1. The slip dissolution/film rupture model for environmentally assisted crack growth
is capable of predicting the observed crack growth rates for the stainless steels,
nickel alloys, and low alloy steels in high temperature water systems over a wide
range of material, environment, loading, and irradiation conditions. The accuracy
of the prediction is strongly dependent on detailed knowledge of the system
conditions. This is optimally achieved by integrating the predictive capabilities
with system monitors.

2. The mechanism correctly predicts the effect on the crack growth rate of stressing
parameters, spanning constant load, monotonically increasing load, and cyclic
load over a wide range load of amplitudes, mean load, and frequency conditions,
as reflected in the crack tip strain rate.
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Figure 13 Predicted response of defected piping for defined changes in water
chemistry in BWR plant.

Figure 12 Observed and predicted relationships between average BWR coolant
conductivity and the operational time to achieve quarter wall penetration. :
Observed data from various operational BWR’s and pipe diameters are Creviced Al 'Oy 600 Shroud Head Bolts
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Figure 14 Predicted and observed effect of solution conductivity on statistics of

cracking incidence in shroud head bolts, expressed as the percentage of
the components which were inspected which possessed detectable cracks,
normalized by the on-line exposure time.
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Figure 16 Comparison between observed (53) and predicted (45-47) time-to-
failure for the effect of fast neutron fluence on pre-irradiated type
304 stainless steel tested at constant load in the laboratory in
oxygen saturated, 288°C water.
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This approach provides theoretical underpinning to the empirically derived
remedies for intergranular and irradiation assisted stress corrosion cracking of
stainless steels and nickel alloys, and confirms that, for extended time periods, the
ASME XI (1980) lifetime evaluation code for corrosion fatigue of low alloy

pressure vessel steels is probably conservative.
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