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FOREWORD

Environmental effects are an important element in assessing the fitness for service of nuclear
power plant components. Such effects may be accounted for at the design stage in the ASME
Code fatigue analysis, and during the component service, when inspection may reveal cracking,
by a fracture mechanics based evaluation.

Three papers presented in this section treat different aspects of the environmental effects; “A
Review and Further Applications of the Incremental Damage Approach for SCC Assessments,”
addresses the development and application of incremental damage approach to steam generator
tubing. “Use of Fundamental Modeling of Environmental Cracking for Improved Design and Lifetime
Evaluation,” describes the application of slip dissolution/film rupture model for environmentally
assisted crack growth to stainless steels, nickel alloys, and low alloy steels in high temperature
water systems. “An Environmental Fatigue Stress Rule for Carbon Steel Reactor Piping,” reports
on a proposed method to account for the environmental effects in the ASME Code stress analysis.
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A REVIEW AND FURTHER APPLICATIONS OF THE
INCREMENTAL DAMAGE APPROACH FOR SCC ASSESSMENTS

Y. S. Garud
S. Levy Incorporated
Campbell, California

ABSTRACT

Stress corrosion cracking (SCC) of normally ductile
materials under aqueous environments continues to be
a dominant mechanism of degradation of many load-
bearing components in the existing power generation
systems. SCC has also been identified as the primary
(life-limiting) mode of failure in a number of key com-
ponents critical to the success of plant life extension
programs. In an effort to provide a critical and quan-
titative assessment of this degradation mechanism the
author had recently developed and applied a new in-
cremental damage approach which offers some unique
and alternative prediction capabilities.

The approach explicitly accounts for the mate-
rial creep deformation and its interaction with the ex-
tent and growth rate of SCC. An arbitrary definition
of crack initiation is not needed since the approach
does not require that the initiation and propagation
phases be treated separately; nor is it a requirement
that a crack-like defect should exist for SCC to occur.
The predictive capabilitics for crack growth rate esti-
mations and for consistent inter-relation between ac-
celerated tests data and service conditions are demon-
strated.

The objectives of work presented in this paper are
(a) to critically review and summarize the incremental
damage approach, (b) to discuss earlier applications,
and (c) to present results of further applications. In
particular, an alternative interpretation is offered for

the so-called short-crack behavior and, at the other end
of the crack response spectrum, the model is also ap-
plied to explore the possibility of crack arrest and/or
crack growth rate retardation. Furthermore, although
the model is based on a strain-rate interpretation of the
film-rupture mechanism of SCC, the resulting charac-
teristics and predictions are re-evaluated in terms of
the fracture mechanics parameters. This evaluation
offers a new perspective on the model application and
a more explicit comparison of the linear elastic fracture
mechanics (LEFM) stress intensity method and the in-
cremental damage approach.

INTRODUCTION & BACKGROUND

The stress corrosion cracking (SCC) of pressure retain-
ing components is one of the significant mechanisms
of sub-critical crack growth, especially under aqueous
environments. SCC and the related mechanism of cor-
rosion fatigue (CF) under cyclic loads have been rec-
ognized as the primary (life-limiting) forms of degra-
dation affecting several components critical to the suc-
cess of plant life extension of light water reactor (LWR)
power generating systems.

Both, the significance of safety implications on the
one hand and the desirability of longer term continued
operation of unflawed or possibly flawed components
on the other hand, call for a more accurate and com-
prehensive evaluation of the cracking response char-



acteristics (under the influence of localized corrosion).
Various methods and concepts available for such an
evaluation were examined in a recent survey [1] which
suggested some merits in utilizing the framework of
nonlinear damage accumulation methods, especially if
the key factors affecting the cracking mechanism are
known and can form a consistent basis. This is partic-
ularly applicable for SCC and CF in which the (local)
interactions between mechanical and (environmental)
electrochemical factors need to be adequately repre-
sented and in which these factors can change with time
and the extent of damage significantly affecting the lo-
cal response.

The suggested approach was formulated and ap-
plied [2] with reference to the intergranular stress cor-
rosion cracking (IGSCC) response of Ni-Cr-Fe Alloy 600
tubing used in the steam generators. This formulation
is summarized in the following with a review of the
results of subsequent applications; the predictive ca-
pabilities and characteristics of the quantitative model
are demonstrated and discussed in terms of the crack
growth (da/dt) aspects of test specimen geometries
and service components. These model predictions and
characteristics are evaluated using the linear elastic
fracture mechanics (LEFM) stress intensity factor (K7);
notwithstanding the approximations involved, this eval-
uation offers a more explicit comparison of the results
of damage mechanics formulation with the da/dt — K;
method. The paper is concluded with some implica-
tions and discussion of the presented developments and
suggestions for further work in the application to bet-
ter quantify the environmentally influenced sub-critical
crack growth.

INCREMENTAL DAMAGE FORMULATION

In the new approach, for the purpose of quantitative
evaluation, the environmentally assisted crack growth
process is treated incrementally in the space-time con-
tinuum so as to account for the essential changes in
both the mechanical and environmental factors known
(or presumed) to govern the cracking mechanism. For
example, one basic concept is that as the microcracking
under the joint load—environment action continues with
time, the effective load-bearing area decreases, thereby
increasing the mechanical driving force; similarly, the
environmental influence will also change. With regard
to the process of SCC of ductile alloys in aqueous en-
vironments one of the significant factors appears to be

the local strain rate which relates well with at least the
(corrosion or oxide) film rupture mechanism. With the
progressive action of microcracking, the effective strain
rate will also depend on the extent and the speed of
crack growth. Thus, a number of inter-related and
inter-dependent factors are affecting the SCC. These
are conveniently integrated in the incremental treat-
ment of SCC evaluation as shown in the logic diagram
of Figure 1.
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GEOMETRYJ END
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Fig. 1: Incremental damage approach for crack growth
prediction under IGSCC (schematic).

Analytically, the formulation can be expressed as
follows [1, 2]:

D =

€ =

F(¢,D,T) (1)
G(o(D),e,D,D,T) (2)

where o(D) represents the effective stress dependent
on the accumulated damage D, T is the temperature,
€ is the local strain-rate, and F' and G denote the func-
tional relations between the respective factors. The
function F' represents the localized SCC damage rate
and contains the main corrosion related parameters de-
pendent on the material-environment conditions. The
function G describes the local stress-strain behavior
and it is determined mainly by the material constitu-
tive relations.

The effective stress o(D) relates the nominal de-
formation response (in the absence of any damage) to
the local response by the following relation:

U(D) = gl[D] * Oyom + gZ[D] * Ongen » D (3)
where ‘g;’ and ‘gy’ are geometry dependent functions
of D, and 0,0, is the nominal stress.



The specific functions (F, G, g1, and g;) and
model parameters are summarized in the Appendix
for the applications discussed below. Thus, in brief,
the IGSCC model considered in this work consists of
three sets of relations: (1) the damage rate expres-
sion that describes the local rate of SCC in terms of
the local strain rate and environment-material specific
parameters, (2) an effective stress, which accounts for
the extent and growth rate of SCC, relating the local
strain rate to the nominal stress-strain values, and (3)
the material constitutive relations which relate the ex-
ternal loads to the nominal stresses and deformations.
Any particular load-geometric combination is then an-
alyzed by numerical solution (computer simulation) of
the appropriate set of model equations.

RESULTS OF MODEL APPLICATIONS

In the following, unless otherwise indicated, the term
damage is used to represent the (uniform) depth of
IGSCC; also the specific model predictions and data
correlations considered in this paper deal with the Ni-
Cr-Fe Alloy 600 in de-ionized, de-oxygenated, lithium-
borated water in the temperature range of 290°C to
370 °C—conditions typical of the primary side of pres-
surized water reactor steam generators.

Since the SCC damage model emphasizes the role
of strain rate and also claims to address the crack
growth starting from a practically smooth (unflawed)
surface, the first natural application is to evaluate the
slow strain rate test (SSRT). This was considered in
detail in the earlier work [2] in which a flat, uncracked
specimen with rectangular cross section was analyzed
for IGSCC; the minimum dimension was 1.252 mm (50
mils) typical for the wall thickness of steam genera-
tor tubes. The following significant observations were
shown to be correctly predicted by the model: With
the lowering of the applied strain rate (1) the apparent
ductility is reduced, (2) the sustained maximum load
before failure is lowered, and (3) the extent (area) of
cross section affected by IGSCC is increased. These
are also the more generally observed effects in many
other IGSCC-prone material-environment systems.

Two other unique SSRT predictions of the model,
supported by experimental observations [3-5], are as
follows: (1) To produce measurable IGSCC under a
typical SSRT (at least for the examined material and
environment system) lower and lower strain rates are

needed as the test temperature is lowered; this result is
illustrated in Figure 2 where model predictions (solid
lines) show the strain rate and temperature combi-
nations needed for the two low values of the IGSCC
depth. (2) The applied nominal strain must exceed at
least a few percent, even at the lower strain rates, be-
fore the measurable extent of IGSCC can accrue.
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Fig. 2: The strain rate and temperature dependence of the
propensity to induce IGSCC; comparison of the model pre-
dictions (solid lines) with the experimental observations
(for non-detection of IGSCC) under slow strain rate tests.

Figure 8 shows the model predictions for the av-
erage crack growth rate as dependent on the tempera-
ture and the nominal strain rate in SSRT;' here the
average crack growth rate is calculated from the pre-
dicted IGSCC depth and the simulation time taken to
reach that depth. It may be of interest to note that
the slopes of prediction lines range from about 0.36 (at
365 °C) to 0.47 (at 300 °C) which differ from the expo-
nent 0.5 (used in the damage law, Equation 4, relating
the respective instantaneous rates).

!The author would like to note a correction in an earlier paper
[2]: the strain rate labels in Figure § of that paper should be
interchanged with reference to the model prediction lines.
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Fig. 3: Average crack growth rate characteristics under
slow strain rate tests.

Also shown in the same figure are the data values
as quoted in two experimental investigations [3, 5] un-
der somewhat similar conditions of interest; both the
sources expressed difficulties in accurately determining
these numbers and noted that the values are generally
underestimated (due to the use of total test time, not
knowing well the actual period for which the IGSCC
was active). Indeed, in one case [3] the quoted trend (at
the highest temperature) even shows slight inverse rela-
tion; on the other hand, the data from the other source
[5] appear to show very little temperature sensitivity at
the two lower temperatures. Clearly, it is difficult to
rationalize the data trend as shown—suggesting, not
surprisingly, that the average growth rate may not be
very usable for detail correlation in certain cases.

The model application to predict the IGSCC life
under constant nominal stress was considered in the
subsequent work [6] for the same material, environ-
ment, and initially uncracked geometry as in the above
SSRT investigation; both the stress dependence and
the temperature dependence were shown to be in rea-
sonably good agreement with the test data. Also, for
the idealized conditions examined, the model suggested
relatively sharp increase in failure times for stress levels
below the yield stress and below a critical temperature
of about 330°C (603 °K); however, the affected area of
IGSCC was predicted to be large and growing at very
slow rate. This also implied that a wide variation in the

failure times is to be expected at the current operating
temperatures of 325 °C (598 °K) and for the near-yield
stress levels typical of certain roll transition zones of
some steam generator tubes.

One of the significant and unique aspects of the re-
sults of model application under constant stress condi-
tion was that the instantaneous crack growth rate char-
acteristics showed four regions: (1) an initial short pe-
riod when no IGSCC takes place (since the strain rate
is too high), (2) a period of decreasing crack growth
rate as the small crack size is increasing (due to the
dominant strain hardening contribution to the reduced
local strain rates), (3) an interim period where the
IGSCC rate creeps back up to a high value (as the
crack size and its growth rate begin to influence the
local strain rate), and (4) the final phase where the
growth rate is mostly under non-IGSCC conditions.
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Fig. 4: Model predictions and data for IGSCC under con-
stant stress conditions and temperature effects.

Figure 4 illustrates the results of model applica-
tion to predict the life of steam generator tubing (19.05
mm diameter and 1.092 mm wall thickness) by con-
sidering the formation and growth of a part-through
circumferential crack under constant axial stress. The
predicted temperature dependence is shown for various
stress levels indicated by the respective values normal-
ized by the room temperature yield stress. The high
temperature test data as well as the field observations



of tube failures [7] in the hot leg roll transition zones
from (the primary side of ) various steam generators are
also shown for comparison purposes. In these zones the
total stress levels are expected to be in the same range
but with some through-wall gradients not accounted
in the analysis; also, the field failure data is likely to
represent the cases of highly stressed tubes from the
more susceptible heats of material.

LEFM INTERPRETATIONS

As emphasized earlier the incremental damage formu-
lation was developed mainly with the explicit goal of
being able to analyze the crack growth aspects under
environmentally assisted cracking (EAC) conditions (in
particular, SCC and CF) while accounting for the lo-
cal creep strain rate and its interaction with the crack
size as well as EAC growth rate. However, it may
be of some interest to present and discuss the above
results in terms of the linear elastic fracture mechan-
ics (LEFM) factors commonly used in the engineering
analysis.

From the above model predictions the instanta-
neous value of LEFM stress intensity factor, K, was
calculated using the nominal (remote) stress, o, and
the IGSCC depth, D, for the two geometries: (1) For
the flat plate SSRT (double edge-crack tension) speci-
men the following expression was used:

Ky =ovaD - [1 40122 cos?(A) /(1/A) tan(/\)]

where A = wD/h and h is the plate thickness dimension
(into which the crack is growing). (2) For the tube un-
der constant stress (with part-through fully circumfer-
ential crack under remote tension) the stress intensity
factor was given by:

K;=11220+/nD/(1 — D/t)

where t is the tube wall thickness.

Figure 5 shows the model characteristics relating
the da/dt and K; for five nominal (constant) strain
rates under SSRT at two temperatures. First, it should
be noted that the load—geometric conditions analyzed
in the above application of the model to SSRT are such
that considerable inelastic deformations are present for
the most part (although less so at the lowest applied
strain rates); therefore, any interpretation based on the
LEFM stress intensity factor may not be strictly valid.
However, certain aspects of the SCC growth rate can
be illustrated without loss of generality.

T T L R B B B 3 | T T T

F  AVERAGE VALUES

s+ AT 365C
eeeee AT 325C

T
~
~
~
~
~
114

Lol

-=== 1x1073
---- 5x1077
-~ 2%10 ]
---- 1x1027
---- 5x10

STRAIN RATE (1/s)

Loa 1l

CRACK GROWTH RATE (mm/s)

MODEL PREDICTIONS FOR ALLQOY 600
PRIMARY WATER (LiOH + H3BOs + H,)
FLAT SSRT SPECIMEN (HEAT NO. 4)

-9 " L

T T T TTTT
Lol

T

[ A | 1 1 R S A

10 0s. 100
STRESS INTENSITY (MPa.m ™)

10

Fig. 5: Model predictions for da/dt — K characteristics
under slow strain rate tests.

For example, even if one were to use plasticity
based fracture mechanics parameter such as the J inte-
gral (to represent the loading severity), the da/dt — K
lines (Figure 5) would only stretch or shift to the right
and would not collapse into one relation. Thus, under
the applied strain rate conditions, the model predicts
a very weak dependence on the stress intensity factor
and shows that the plateau crack velocities are depen-
dent on the strain rate. These are analogous to the ob-
servations under corrosion fatigue when the conditions
are present for most severe EAC to occur. The com-
monly observed frequency effect—namely, the higher
the loading rate (frequency) the slower is the CF crack
growth—may appear to contradict the strain rate de-
pendence shown in Figure 5; however, if the plateau
EAC rates are converted into per-cycle-rates then the
trend is consistent.

The da/dt — K response under constant remote
stress condition as predicted by the model is shown
in Figure 6 for five stress levels (at 325°C). As may
be expected, the IGSCC growth rates are nearly an
order of magnitude slower than under SSRT (for the
same K;) (see Figure 5 for 325°C). Also, the time de-
pendent strain hardening effect in the very early stage
of crack growth (noted in the preceding section) is re-



flected in the bath tub shape of da/dt — K response.
Interestingly, for the analyzed case of load-geometry
combinations, in the latter stage of crack growth the
curves for different stress levels seem to converge.
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Fig. 6: Model predictions for da/dt — K characteristics
under constant stress condition.

For the purpose of comparison, recently published
test data for similar material-environment system are
shown by the vertical band lines [8]; these tests were
performed at 330°C on fatigue pre-cracked flat plate
(25.4 mm wide single edge notched tensile) specimens
with the initial crack depth of 10.16 mm.

IMPLICATIONS AND DISCUSSION

The da/dt — K characteristics as predicted by the in-
cremental damage formulation, shown to be consistent
with several related EAC observations, reflect the time-
and load-history dependence of the EAC growth rate
essentially implying the non-uniqueness of da/dt — I
relation.

One of the important implications (of the strain
rate based model) is that high stress and high K don’t
necessarily result in severe EAC—i.e., although the

SCC growth rate may be higher under these condi-
tions, the extent to which sectional area or depth is
affected can be substantially less than that possible
under low stress and low K. This is somewhat simi-
lar to the general observation (and to predictions as
shown in Figure 5 where the percent areas affected by
IGSCC, just before the non-IGSCC conditions set in,
are noted) that SSRT is a more severe test in the sense
of producing SCC in short time but not necessarily in
terms of large area of SCC; note that at the lower strain
rate the nominal stress levels are much lower than at
the higher strain rates.

There are indications that the influence of envi-
ronmental (high growth rate) conditions is likely to be
more surface bound; this is related not only to the me-
chanical factors emphasized in this paper but to possi-
ble changes in the electrochemical and flow conditions
for deeper cracks. The incremental damage approach
provided an estimation of the time and extent of max-
imum SCC damage before the non-environmental con-
ditions of crack growth start to dominate. In effect,
this has implications with regard to the assumption of
self-similar growth of a flaw (i.e., the crack aspect ra-
tio). It is apparent that the expected high EAC growth
rates near the surface will tend to drive the crack faster
and to greater extents along the surface than through
the wall.

The above aspects suggest the likelihood of crack
growth rate reduction or crack arrest—because, high
strain rate condition (e.g., with a larger flaw size) may
not necessarily imply high mechanical crack growth
rate while it would not allow the strain rate sensitive
EAC mechanism, with its high crack growth rate, to be
operative either. It is also likely that the environmen-
tal conditions at the crack-tip (pH, potential, concen-
trations or the ratio of anion to cation activities) will
change and will depend on the depth of SCC; these
changes may also contribute to the transition from
EAC to non-EAC. The relative significance of these
two actions (mechanical and environmental) is hard to
judge without further detail work; however, it may be
of interest to note that the environmental effects and
changes are ezpected to be less sensitive to the geomet-
ric dimensions and will be dominated by the absolute
depth (or extent) of SCC, whereas the mechanical fac-
tors will be more sensitive to the geometric dimensions
and the relative eztent of SCC. In any event, these
changes can be directly integrated in the formulation
in as much details as allowed by the need and under-
standing of the situation.



Also, as a consequence, it is to be expected that
the sub-critical crack growth response will be affected
by the physical dimensions (crack size and geometry)
in a manner not quite well representable by the usual
fracture mechanics parameters. For example, it seems
that a thin wall section may be relatively easy to un-
dergo large percent of SCC while for a thick section
it may be very difficult to have sustained high growth
rate of SCC (unless additional deformation rate tran-
sients occur to provide the necessary driving force).

CONCLUSIONS AND FUTURE WORK

The results of application of incremental damage for-
mulation were presented for various loading and geo-
metric conditions; these results were discussed in rela-
tion to the crack growth rates and flaw evaluations, es-
pecially from an initially defect-free, smooth surface. It
was shown that with the alternative crack growth inter-
pretation offered by the formulation significant quan-
titative information can be extracted from careful and
systematic observations made in SSRTs. The results
were shown to be consistent with general trends and
stress- strain-rate- and temperature-dependencies ob-
served under laboratory conditions and in the service.
The model predictions were interpreted in terms
of the calculated da/dt versus K characteristics. This
provided a more direct comparison of the strain rate
based damage formulation and the LEFM based ap-
proach in dealing with, or representing, several pecu-
liarities and significant aspects of the EAC (IGSCC
in particular). The non-uniqueness of da/dt — K re-
sulting from the load-history and time dependent ef-
fects was shown to be a natural consequence of the
incremental damage approach. Many other important
implications regarding various aspects of sub-critical
crack growth, which differ significantly from (or remain
unaccounted in) the LEFM type approaches, were dis-
cussed indicating new areas of further investigation.
In this paper only one set of SCC damage pa-
rameters was developed and examined for a fixed con-
dition of material and environment. In general, these
parameters will depend upon the metallurgical and en-
vironmental conditions which can vary from one set of
tests to another or from laboratory to service condi-
tions. These details could not be explored at this time
mainly due to the paucity of relevant test data and the
correspondingly limited development effort for the ex-
amined application (primary side IGSCC of Alloy 600).

Although the model predictions and capabilities
have shown considerable promise in the quantitative
evaluation of EAC its application thus far has been
limited to only a few cases of loads, geometries, and
material-environment conditions. Further comprehen-
sive and critical investigations can be very useful in en-
hancing the model capabilities and expanding its ap-
plicability. In particular, and of immediate interest,
some items can be pointed out as follows:

The model implications for thin versus thick sec-
tions, static (SCC) versus dynamic (CF) loading con-
ditions, short versus long cracks, and crack arrest or
crack growth rate retardation, need to be explored
more systematically since these can have significant
impact on flaw evaluation, perhaps complimenting the
current, simplified methods of analysis.

The feasibility of extending the incremental dam-
age approach to investigate the role of irradiation in
SCC should be examined as it appears to offer the
possibility of integrating the influence of (prolonged)
irradiation on the deformation response of materials of
components critical to the plant life extension which
are also likely to be susceptible to SCC or CF.

It should be noted that the model applications
discussed in this paper dealt with an initially smooth
surface geometry and relatively thin cross sections; as
such, the implicit (and mostly conservative) assump-
tion of crack growth being dominated by the environ-
mental mechanism is valid. For better and more gener-
ally applicable evaluation it would be useful to incor-
porate the non-environmental crack growth response
more explicitly, especially for large crack sizes (or large
stress intensity factors).

Also, the existence of a lower cut-off strain rate for
a specific material-environment system, if confirmed,
may be included in the analysis to reduce the likely
conservatism integral in the current form of the model
which ignores this barrier (although, there is the inher-
ently built-in practical limit due to the fact that the
EAC rate at very low strain rates will be too slow to
have any impact within the design life).
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APPENDIX

SPECIFIC FORMS OF MODEL FUNCTIONS

For the case of IGSCC of Alloy 600 in high purity wa-
ter the following relation (for the function F' of Equa-
tion 1), between damage parameter D and the total
net local strain-rate €,.;, was proposed [2]:

D = aexp[-Q/RT)(énet)® for énet < éuer (4)

where ap, @, ¢, and é€,., are material-environment spe-
cific parameters to be determined from experimental
data; R is the universal gas constant. €, specifies the
upper critical strain-rate that must not be exceeded
if IGSCC is to occur. Here, the Arrhenius type of
temperature dependence is limited to temperatures be-
tween 290 °C (563 °K) to 370°C (643 °K).

The local strain-rate (function G of Equation 2)
is determined by the material constitutive relations;
these were derived [9, 10] using the deformation law,
proposed by Bodner and Partom [11], which was found
to adequately describe the visco-plastic strain rate re-
sponse of Alloy 600 for the above temperatures:

bnet = Onet/E + €nnet (5)
bnmet = (2Do/V3)exp[—0.5(Znet/0net)™]  (6)
Z et m(Zy — Znet)Wp,net (7
Wp,net = Opet* Eninet (8)



where overhead dots denote the respective temporal
rates, Onet, €net, €nnet denote the local stress, strain,
and non-elastic strain, respectively, Wy .. and Z,
represent the corresponding state variables for the work
of non-elastic deformation and the material hardness
due to the deformation, respectively. E is the elastic
modulus, Dy, Z;, m, and n are material parameters.
Similar set of equations is used to relate the nominal
(uncracked) section stresses and strains due to the ex-
ternal loads.

Note that the local and the nominal stress—strain
quantities are connected through the effective stress
(Equation 3 of the main text), here equated with the
net-section stress. The corresponding geometric func-
tions (g; and g,) are as follows:

(I) For the case of a flat plate, with same environ-
ment acting from both sides of the thickness dimension,
with uniformly loaded cross-section (under remote ten-
sion) of minimum thickness h:

(D] =
92[D] =

1/[1 —2D/h] 9)
(2/h)/[1 - 2D/hJ? (10)
(IT) In the case of a cylindrical tube, with envi-

ronment acting on the inside surface, under (remote)
uniform axial load:

9i[D] =
92[D] =

where a, = (d2 — d?)/4 and d;, d, are the internal and
external diameters of the tube, respectively.

ac/ac — D(D + d;)] (11)
91+ (2D +di)/[a. — D(D +d;)] (12)

MODEL PARAMETERS

The values of parameters for the material stress-strain
(constitutive) relations (Equations 5-8) are summa-
rized in Table 1; these were determined in an earlier
work [9] based on the mechanical tensile tests data.
Alloy 600 properties of the heat # 4.0 were used in the
analysis of SSRT's (since this was considered to be close
to the material used in SSRTs); the other heat (#5.0
with higher carbon, higher yield strength) is more rep-
resentative of tubes in service and is used in the anal-
ysis of constant stress condition on the tube geometry.

The SCC related model parameters were deter-
mined [2] by correlating the data [3, 4] which consisted
of observations typically reported for SSRTSs; these ob-
servations included the total time to failure, strain to
failure, and the maximum load before failure. Equa-
tions 3 through 8 were numerically solved with para-
metric variations leading to the correlated parameters.
The data set pertained to mill-annealed Ni-Cr-Fe Al-
loy 600 tubing material in simulated primary water
(with 650 ppm of boron as H3BO3, 10~*M LiOH and
103.435kPa H;). The estimated values of model pa-
rameters were as follows:

6 = 05
ap = 203844
Q = 138.07 (kJ/mol)

5x 107% (1/s)

Equ

when D is expressed in m/s and é is in 1/s.

TABLE 1

Material constants for the visco-plastic (stress-strain) response of two mill-annealed heats

of Ni-Cr-Fe Alloy 600 and the respective room—temperature yield strengths (.S,) [9].

Heat | D, A a m, C, my Ci Sy

No.* | (1/s) (MPa) (K) (1/MPa-K) (1/MPa) (1/K) - (MPa)
4.0 10 805.82 5950 1.0196x107°> 1.942x1072 —1.635x10~* 0.42481 | 280.14
5.0 10 998.05 7319 1.0486x10~°> 9.923x10~3 —8.020x10~°> 0.45093 | 399.91

*with 0.019 and 0.029 weight percent of carbon content, respectively.

Note: m = Co + moT', n = a/T, Zinitia = (muT + C1)Z4,

E = 259363 — 199.244T + 0.205857T?% + 5.91521x107°T3 — 2.029x10~"T*,
where E is the Young’s modulus of elasticity (MPa) and T is the temperature (K).
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USE OF FUNDAMENTAL MODELING OF ENVIRONMENTAL
CRACKING FOR IMPROVED DESIGN AND LIFETIME EVALUATION

Peter L. Andresen and F. Peter Ford
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ABSTRACT

This manuscript reviews an approach for improved design and lifetime
evaluation for environmental cracking based on fundamental modeling of
the underlying, operative processes in crack advance. In outlining this
approach and its application in energy industries, the requirements for a
life prediction methodology will be highlighted and the shortcomings of
the existing design and lifetime evaluation codes will be discussed. Exam-
ples will be given of its development and application in a variety of crack-
ing systems, such as environmental cracking of stainless steels and nickel
alloys in hot water, and irradiation assisted stress corrosion cracking.

INTRODUCTION

Failure of structural components by stress corrosion or corrosion
fatigue represents a possible life limiting factor in the operation of Light
Water Reactors. A life prediction methodology for environmental crack-
ing is needed for design purposes, for lifetime evaluation of components in
which defects are found, and for plant life extension analyses. Essential
ingredients to any comprehensive life prediction methodology include: e
treatment of the continuum in material and condition, environment, and
stress; e treatment of time dependent crack growth to encompass the con-
tinuum from static to cyclic loading; e unified approach for crack initiation
and growth, which requires understanding of short crack behavior; e frac-
ture mechanics and crack chemistry similitude for relevance to varying
component geometries and loading conditions; e calculational approaches
for complex service conditions which require accounting for the time and
through-thickness variations in properties and the use of distributions in
properties as well as probabilistic approaches; e integrated predictive
modeling and monitoring of on-line system behavior; and, ideally e exten-
sibility into related cracking systems.

By these standards, existing design and lifetime evaluation procedures
are inadequate. The approach described in this paper incorporates these
elements, and has involved identifying the mechanism of environmentally
assisted crack advance, then independently evaluating the parameters of
fundamental importance. On this basis, predicted subcritical crack growth
rates are obtained for different combinations of environment (e.g., dis-
solved oxygen content, impurity concentration, radiation flux), material
(e.g., thermal or radiation-induced sensitization, sulfur content), or stress,
(e.g., static and cyclic load). Short crack studies address the transition
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between crack initiation and growth, as well as crack tip chemistry
similitude issues. The complex variations of properties vs. time and thick-
ness are accounted for using computer codes which incrementally
integrated these effects over elapsed time and crack depth. Ranges in dis-
tributions (e.g., mean, upper, and lower limits) are easily input into the
model, and a variety of approaches have been used for statistical and pro-
babilistic treatment. Incorporation of direct measurements from system
monitors has been used to fine-tune the model by providing improved
characterization of specific system conditions, or calibrate the overall
model prediction using in-situ, on-line measurements of crack growth in
reference components or specimens. Finally, predictions have been com-
pared with the observed data to evaluate the quantitative validity of the
original working hypothesis and modeling algorithms.

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 increas-
ing strain in the underlying matrix (Figure 1). (This mechanism is also
applicable to chemical oxidation, where no electrochemical reactions
occur). 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 appli-
cable not only to stress corrosion (under constant stress) but also to corro-
sion fatigue over the range of stress amplitude, mean stress, frequency,
etc. combinations. The average crack velocity, V,, is related to the crack
tip strain rate, €, as follows:

V, = A G )

where A and n account for the material and environment compositions at
the crack tip. One limit to the validity of this relationship (Figure 2)
occurs at high crack tip strain rates (<1072 s™'), where the environmental
crack growth rate saturates because a bare surface is maintained continu-
ously at the crack tip (dotted line in Figure 2). At low crack tip strain
rates, changes in the parameters in Equation 1 can occur if, e.g., crack
blunting occurs (i.e., when the corrosion rate of the crack sides approaches
the oxidation rate at the crack tip), or the dynamic creep—crack growth
processes which sustain crack advance under static loading are disrupted.
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Figure 1. Schematic oxidation charge density/time relationships for a
strained crack tip and unstrained crack sides.
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Figure 2. Observed and predicted crack growth rate vs. crack tip strain
rate for type 304 stainless steel. The film rupture model predicts a max-
imum in crack velocity at crack tip high strain rates associated with the
bare surface dissolution rate (dotted line). The dashed line shows the con-
tribution of the inert fatigue crack growth rate.

Since Equation 1 expresses only the environmental component of crack
advance, the contribution of the mechanical component of crack advance
under cyclic loading must also be accounted for (dashed line in Figure 2).

The model was 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, AK, R, frequency,
etc. These tasks have been discussed in detail elsewhere for stainless
steels [1-4], low alloy and carbon steels [1-3,5-8], ductile nickel alloys [2-
4,9-11], and irradiated stainless steels [3,12-15]. Additionally, short crack
behavior and the transition to long crack behavior [16,17], concerns for

crack chemistry similitude [16,17], treatment of thickness- and time-
varying properties, and treatment of distributions in properties and
statistical approaches [1-4,6-8,11-15] have also been addressed. This
paper will illustrate the validity and practical use of a prediction model
based on Equation 1.

EVALUATION OF CRACK GROWTH RATE PREDICTIONS

Observed crack growth rates for various combinations of stainless
steel microstructure, dissolved oxygen content, solution purity and stress-
ing mode have been compared with the values predicted by the slip
dissolution/film rupture model via Equation 1. The correlation between
observed and predicted crack velocity / strain rate relationships is shown
in Figure 2 for furnace sensitized type 304 stainless steel in aerated water
at 288°C under static, monotonically increasing, and cyclic loading condi-
tions. Similar agreement 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 3). The overall agreement between observation and pred-
iction for the stainless steel/water system is illustrated in Figure 4 as the
ratio of the (predicted divided by observed) crack growth rates over a wide
range 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 [1-4]. Similar predictive
accuracy has been obtained for low alloy steels] [1-3,6-8], ductile nickel
alloys [2,3,9-11], and irradiated stainless steel [12-15].
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Figure 3. Comparison of observed vs. predicted crack growth rate as a
function of corrosion potential for sensitized type 304 stainless steel at
constant load. Data points at elevated corrosion potentials and growth
rates correspond to irradiated water chemistry conditions in test or com-
mercial reactors [1-4].

APPLICATIONS OF PREDICTIVE MODELING

The ability to predict environmentally assisted crack growth rates in
high temperature water with reasonable accuracy has considerable practi-
cal impact. For example, it provides a methodology for evaluating the
quantitative benefit and overall validity of empirically derived remedies,
often based on accelerated test data. Also, it provides the ability to optim-
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