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| ABSTRACT

| The crack-tip micromechanisms and the computational models for

environmentally-assisted cracking in pressure vessel and piping steels
in high-temperature, low-oxygen (PWR), reactor-grade wa t t. r are
described and evalcated in this report. The report begins with a
brief descriptica of the critical variables which are known to affect
environmentally-assisted suberitical cracking in these metal /
environment systems. The micromechanistic models are discussed in
some detail, with anodic dissolution and hydrogen assistance being the
prime candidates for the successful explanation of the observed
phenomena. The anodic dissolution model offers far better quantifica-
tion of the environmentally-assisted crack growth rates, but tends to
overpredict the rates for a large number of conditions. The hydrogen
assistance models qualitatitvely could account for a wider range of
effects, but quantification of the model is virtually nonexistent. A

variety of calculational models are in various stages of development;
all of them are far from use as a predictive tool. Crack-tip strain
rate models have received the most attention, and the approach to
their use has been to partition the environmentally-assisted growth
rates into a mechanically-driven component, with the environmental
enhancement superposed. The environment component is then correlated
with a calculated crack-tip strain rate. At the present ti me , these

models predict monotonically increasing growth rates with increases in
the cyclic period, which is incorrect, although for cases in which the
environment assistance is significant, the strain rate models, with a
suitable choice of fitting parameters, correlate with the data
reasonably well.
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1. INTRODUCTION

The prediction of fatigue crack growth rates of pressure vessel and
piping steels in the high temperature water environment in which they
are employed involves consideration of a huge number of variables and

| their mutual interactions. Over the last 15 years or so, the effects

| of load ratio, waveform, material and environment chemistries, and s
loading frequencies have been determined to a reasonable degree of
accuracy. However the certainty of safety assurance calculations has
not improved na rapidly as our knowledge of fatigue crack growth rates
and what inf1 aces them. This is largely because of the following
factors:

(1) Crack Growth rates have been determined at rather high levels of
maximum stress intensity factor K which in fact addressesmax'
the final stages of flaw growth, but not the initial stages, and
it is in the initial stages that most of the available lifetime
is used up. Also, laboratory tests are conducted using rather
high cyclic frequencies (in the millihertz range) whereas most
pressure-induced load transients are in the microhertz range,
and crack growth rates in high temperature, deoxygenated
environments (i.e., PWR coolants) do not scale with frequency as
well as those for example, of structural steels in marine
environments.

(2) The critical variables interact in ways which have not been well
determined. As an example, it is well known that "linearized"
waveforms, such as triangular, or ramp / reset forms, generate .

Iower crack growth rates in PWR environments, than do sinusoidal
waveforms of the same cyclic period. However, it has not been
suf ficiently well determined that this conclusion holds for all
load ratios. In fact, the conclusion about wave shape is valid
curren:1y only f or load ratio (R) = 0.2.

(3) Laboratory tests are conducted in model, or idealized environ-
ments, which, for t he mos t part, are reasonably well maintained
and characterized. But actual operating conditions vary, albeit
over presumably narrow ranges, but ones for which growth rates
may also exhibit wide variations. As an example, growth rates
in pres:ure vessel steels vary by about a factor of eight with
temperature changes from 200*C (growth rates at a minimum) to
about 340*C (the maximum investigated). Included in this area
of concern are the possibly damaging effects of off-chemistry
transients, such as contaminent intrusions or oxygen excursions,
which might severely affect crack growth characteristics.

(4) Actual loading schemes are comprised of variabic amplitude,
variable frequency cycles, while laboratory tests are usually
constant load amplitude, or constant applied cyclic stress
intensity factor (constant AK) tests, with only occasional
changes in test frequency. The influence of load interactions
has not been determined to the degree necessary to support
reasonable calculational accuracy.

I
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(5) Laboratory testing is usually carried out using compact tension
fracture specimens, which are useful because they have a
sensitive compliance to crack length relationship. However,
they also exhibit a large crack mouth opening, a large bending
moment, and crack extension in only one dimension, as compared
with "real" cracks, which exist (usually) in a predominately
tensile stress field, propagate in two dimensions, and have a
very small aperture. The dif f erence in stress field, and stress

gradient, at the crack tip, may also influence the distribution
of carbon and hydrogen atoms, resulticg perhaps in mechanistic
changes in environmentally-assisted crack growth.

While great progress has been made in identifying the critical
variabiss wt.ich influence fatigue crack growth rates in high tempera-
ture water environments, these studies are a classic case of the more
you know, the more you know there is to know. It is reasonably clear
that it is impossible to test for all the combinations of variables
and conditions which may obtain under even a reasonable spectrum of
operating reactor conditions, let alone transients due to unexpected
events. For this reason, it has long been recognized that if the
micromechanisms and associated reaction rates responsible for the
environmental component of the f atigue cracking could be identified or
calculated, that analytical models of cracks in structures could be
constructed, and crack growth rates could be computed with some
certainty.

The objective of this report is to review briefly the variables which
influence fatigue crack growth rates in high temperature, deoxygenated
(PWR) environments, in order to identify what the mechanisms must
account for as a minimum. Secondly, the suggested mechanisms are
described, along with their advantages and disadvantages and the
calculational models which are available are reviewed. In the final
sections of the report, some research approaches are suggested which
may lead to additional confirmation of the mechanisms or their
limitations.

2. REVIEW OF CRITICAL TEST VARIABLES

In order to set the stage appropriately for the discussion of
mechanisms and associated models, a brief review of the known critical
variables will be presented. This provides the basis for considera-
tion of the mechanisms by identifying the trends in fatigue crack
growth rates which have been observed in the cumulative research of
the last 10 to 15 years. For contrast, the reader may be referred to
an earlier review (Ref. 1), which described the state-of-the-art
knowledge of both critical variables and micromechanisms in 1980,
together with one of the earliest suggestions that hydrogen assistance
may be responsible principally for environmentally-enhanced fatigue
crack growth in PWR environments.

2
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2.1 Load Ratio and Test Frequency Effects

For many metal alloy / environment combinations, these two well-known
variables could be considered separately. But it has been clearly
demonstrated that there is a strong interaction between the two for
PWR water. As shown in Fig. 1, as load ratio, R, increases, crack
growth rates increase also. However, Scott has determined (Ref. 2)
that increasing the test frequency from 17 mHz to 5, 10 or 20 Hz,
produced increased crack growth rates at the high load ratio of 0.7
to 0.9. Van Der Sluys (Ref. 3) has made a careful determination of

| these effects, using constant AK test and a wide range of cyclic f re-
quencies. As llustrated in Fig. 2, he found that a maximu:n in crack
growth rates ,uld be obtained at some frequency, which depended on R
(and possibly also the material chemistry). For load ratios of 0.2,
17 mHz sinusoidal waveforms give a maximum in fatigue crack growth
rates. Although these findings are reasonably well accepted now, they
have been slow in gaining credibility since there is no analogy for
this phenomenon for other better known and more investigated alloy
steeld in aqueous environments. Also, these results are rather
recent, and their full importance has not been carefully determined.

2.2 Waveforn Effects

As above, there is no historical basis for expecting that the waveform
should have any influence on environmentally-assisted crack growth
rates. The w ork of Barsom (Ref. 4) established such a strong prece-
dent in this area that experimental focus is usually on rise times of
the waveform rather than shape of the waveform. Additionally, many
reactor transients are supposed to have a saw-toothed shape, and some
laboratories adopted saw-toothed waveforms as the basis for their
research, in an attempt to provide more realistic simulation of
reactor conditions in their test parameter matrix. However, it has
been conclusively shown, in experiments replicated at several labora-
tories, that sinusoidal waveforms consistently provide higher crack
growth rates than triangular or ramp waveforms of equivalent cyclic
period or rise time (Refs. 5 and 6). An example of this is shown in
Fig. 3. Thus, while linearized waveforms may be more realistic,
sinusoidal waveforms maximize the effects of the environment , making
these effecta easier to study, and providing more conservative data.

2.3 Material Chemistry and Microstructural Effects

Shortly after the waveform dependence was sorted out in 1979, it
became clear that the sulfur content had an important effect on crack
growth rates, with the higher sulfur steels (> 0.012% S) often showing
high crack growth rates, compared to steels of lower sulfur content.
Bamford (Ref. 7) has published results from an extensive test matrix
involving sulfur contents of A 533-B steel, and crack plane and
propagation orientation with respect to the rolling direction of the
plate. Some of these results are shown in Fig. 4; other, indepen-
dently acquired results are shown in Figs. Sa and $b. Steels of low
sulfur content generally exhibit only slight increase in cracka
growth rates compared with those in air, but this may be due as much
to the fact that the manganese sulfide inclusions in these steels are

3
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are strongly dependent on sulfur content of steels (Ref. 8).
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more spheroidal in shape, rather than elongated or plate-like.

Equally important is the orientation of the crack plane with respect
to the inclusion axes. When the crack plane contains the long axis of
the inclusions, the degree of environmental ascistanca is increased,
often dramatically. There is some evidence that steels of low sulfur

.

content can produce high crack growth rates (Ref. 9), and conversely,
| that steels of medium sulf ur content exhibit little environmental

effect (Ref. 10). There is active research in this area at present,
and it is likely that these variables will becoue much better detined )
in the near future.

2.4 Temperature Effects

Research on the effect of temperature on environmentally-assisted
fatigue crack growth in PWR environment has shown that for low alloy
pressure vessel steels, there is a minimum in crack growth rates at
about 200*C, with growth rates increasing rapidly and linearly above
that temperature, but rising to a plateau below that temperature
(Ref. 11). This is shown in Fig. 6, in which growth rates are plotted
for specific values of AK. While this basic finding was confirmed at
two other laboratories (Refs. 12 and 13), there is some indication
that the effect might vary for different materials. Since this
research was conducted using 17 mHz sinusoidal waveforms, thus
maximizing the environment effects, it is likely that changes in test
frequency would alter the degree of this effect.

2.5 Irradiation

it was feared that irradiation would seriously aggravate the . mount of
environmental enhancement to fatigue crack growth rates, but the data
bcse currently available fails to support that fear (Ref. 14). Data
sets for two pressure vessel steels are shown in Figs. 7a to 7c. The
data in Fig. 7b may be compared with Fig. 7d , indicating that for this
set of conditions (i.e., product form, test frequency and
temperature), irradiation has little observable effect. Obviously,
there is a whole s pe c t rum of other conditions which abould he
investigated bef ore this becomes a generic conclusion.

2.6 Water Chemistry-Dissolved Oxygen Content

Although this review in concerned only with operating PWR (low
dissolved oxygen) environments, it is worthwhile to mention that the
dissolved oxygen content of the water and thun the electrochemical
potential is one of the most critical variables, and that the effects
described above are almost all different for water containing 200 pph
or more dissolved oxygen (JWR environments). For this reason, it in

| surmised that the principal mechanism (if there is only one) is likely
| to be quite dif ferent in each case. An examples of this difforence it

should be point ed out that crack growth rates increase monotonicalli
with increases in ramp time (Ref. 13), as shown in Fig. Ha. Over
approximately the same frequency range, growth rates for linearteed
waveforms in PWR environments show little er tronmental oficcts at all
(Ref. 6) and, if anything, exhibit a slight accrease in growth rate as
the cyclic period increases (Fig. hb). Temperature effects in higher

9
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dissolved oxyyen environments are quite different also. The be nchma r k
researth on this topic was conducted by Kondo in tho early 1970's
(Ref. 15) and is contrasted in Fig. 9 with the more recent PWR results
described in Section 2.4. Mo re recent results in BWR environments
(Ref. 16), showing a more c o ra,)l e x temperature dependence, suggest that
material chemistry may also play an important role in the magnitude
and trend of temperature ettect . Ret.earch on irradiation effects in
BWR environments will be underway shortly in Japan (Ref. 17). -

'7 Fractography, Metallography and Oxide Analysis.

Fractographic observations have played a very important role in the
delineation of the microprocesses which have taken place at the crack
tip. It was iirst observed in 197h-1979 (Ref. 6) that the fatigue
fracture surface of spe imens tested in PWR environments appeared to

'

have a brittle-like structure when the associated data exhibited a
large degree of environmental eihancement. These brittle-like .

featuren included fan-shaped areas and brit tic striations, but did not j
include intergranular cracking. The f an-shaped a reas shown in Fig. 10
usually emanat e irom a manganese sulfide inclusion site, and the MnS
inclusions are often dissolved, parttcular!y if they have been exposed
for some time. Since that time, a significant data bane of fracto-
graphic studien han erwrged (Ref. 18), and it has been determined
a,hli t iona l l y that tatigue tracture nurfaces match almost exictly, as s

shown in Fig. 11 indicating minor or no dinnolution of the metal
natrix, nni that what appears to be avidence of hyd roge n-i nd uced
bilater cracking is scatte'ed over the fatigue fracture m u r i c.cc (Fig.
12), a nil in tact may be nIno f oi,ivi in locationn ahead of the crack
frnnt (Ref. H). Similar featuren we found ou the fracture surfaces
of speciment trat ed in hydrogen nulf ide gas environments. It has been
pentulated that t i,e dinnolving MnS inclusions form hydrogen nulfide,
resulting in this nimilarity (Fef. 19).

Metallographic rtnearch h an also contributed neveral clues to the
mechanistic ntudien. Crow-nectioning ntudien of environmentally-
anninted fatigue cracks h.,ve shown that the cracking in fully
transgranular, ani is seldom accompanied by microbranching
(Ref. 18). Crackn ofteu change direction in order to internect
manganene nulfide inclunianu. It in unaloir whether this in due to
increano in the local attena fleid due to the poorly-bonded and weak
inclusion (Ret. 20), or whether the loclusion han acted as an
extremely ntrong hydrogen trap (Ref. 21). Recent reerystallization
studien indicated that the plantic zone annociated with
environmentally-annisted cracking in discontinuounty f ormed along the
flanka of the crack, and that there in extennive carbon depletion
within thin xona (Ref. 22). Companion studien on npecimenn t e n t e.1 in
high temperature ai r envi ronment s nhowed no noch carbon depletion and
a plastic zone which wan continuously formed and which monotonically
increaned in nite with lacreaning Vg ,.

Stollen of the oxide formel on the finnka of fatigue crackn can be
used to infer the nature of the chemical ptrue nes which might have*
taken place at the time of fatigne fracture v noon afterward. Theno
studien have re/valed t hat the banic oxide in magnetite regardiens of

12
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'
the test temperature (Ref. 11), as long as the level of dissolved
oxygen in the bulk environment remained very low. On the other hand,

the presence of hematite on the f atigue fracture surf ace is usually an
,

; indication that an oxygen intrusion occurred during the test. X-ray

photoelectron spectroscopy studies (Ref. 8).have shown_that two solid
phases, FeS and FeS , coexist in the magnetite layer. Reference to

2 Fe-H 0-S system shows that conditions ofthe Pourbaix diagram for the 2t

near-neutral pH (>4) and low corrosion potential (<-500mVSHE) ""8E

exist for both species to be stably formed at 300*C.
3

I ;

3.0 MECHANISMS FOR ENVIRONMENTALLY-ASSISTED CRACKING i

'i
i In this section, the mechanistic knowledge of environment enhancement
' in corr'osion fatigue (CF) crack growth of pressure vessel and piping i

steels in LWR environments is described. The mechanistic information
from other environment-sensitive cracking phenomena (stress corrosion
cracking, hydrogen-induced cracking and liquid metal embrittlement) is

I also used as background information. A mechanistic model that could
| be applied for prediction of suberitical crack growth rates in nuclear
j components would be extremely valuable, for example, in assessing the

necessity of. repairing ~ cracks and defects during in-s ervice;

inspections of the plants.
|

It is generally recognized. that for understanding environment-
sensitive crack growth an' interdisciplinary approach is needed. The

; study of corrosion- fatigue involves, in addition to mechanical ,

engineering and materials science, various aspects- of electro-
I chemistry, surface science, physics and _ analytical chemistry. As

described earlier, fractographic and metallographic - studies reveal
! changes in the fracture mode, the fracture path, and the extent of

plasticity and microcracking around the cracks. The information'

obtained by these techniques is considered very important in
3

elucidating mechanisms of crack growth. Therefore, this review
discusses, in particular, the recent advances in understanding
mechanisms of crack growth based on fractographic and metallographic

j studies. Since the environment enhancement of the corrosion fatigue >

; crack growth rate is affected by a number of variables, e.g. , _ load
i ratio, load waveform, loading frequency, AK, solution flow rate,

sulfur content in both the alloy (including distribution, size and
morphology of MnS inclusions) and the bulk environment, the effects of
electrochemistry and. local crack tip chemistry and their possible

| dependence on - loading variables -are also very -important in

| understanding the mechanism of cracking. The generally proposed

|
possible mechanisms of environment-sensitive cracking of materials . are .

,

j schematically shown in Fig. 13 (Ref. 23). !
!
i When corrosion fatigue crack growth in LWR environments is studied,
i generally, either the slip-dissolution - or hydrogen-induced cracking

mechanisms have been chosen as reasonable working hypotheses. Under
high strain rate conditions, when the crack tip' is continuously main-
t'ained in a bare surface condition, the crack growth can be identified
atomistically with the bare surface . reaction rates for either dissolu-
tion or hydrogen reduction. In the normal strain rate conditions,

,
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however, the crack tip surface is not maintained continuously, in a
bare condition. The crack growth rate is controlled by the , oxide
rupture, the repassivation rate, and the liquid diffusion rate at, or
near, the crack tip (Ref. 24). Since these ra t e-d e t e rmini ng
parameters may control both slip-dissolution and hydrogen-induced
cracking mechanisms, it has been difficult to differentiate
experimentally between these two mechanisms. This has resulted in a
situation where a fraction of the researchers has chosen the slip-
dissolution model and others have chosen the hydrogen-induced cracking
model as a working hypothesis. Adsorption models have been studled
very little and brittle hydride models are considered to be inadequate '

for these conditions. In the following, the mechanisms are first )
outlined generally concentrating on basic requirements end attributes,
but because the proposed mechanisms are controversial, also their
advantages and disadvantages are discussed on the basis of supporting
evidence for each techanism - f ractography, electrochemistry, etc.

3.1 Anodic Dissolution Mechanisms

The film rupture / anodic dissolution model, which is also referred to
as the slip-dissolution model, is a special variation of the general
category of strain-assisted, active crack path formation models. It

has been proposed that the dissolution at the film-f ree crack tip can
be enhanced by the strain concentration (Refs. 25 to 29). This has
been supported by TEM observations of stressed thin foils of
austenitic stainless steels showing that dissolution occurs
preferentially in regions of moving dislocations (Refs. 30 and 31).
It was then deconstrated that the rate of film formation on a rapidly
strained, bared surface correlated with the susceptibility to stress
corrosion cracking '(SCC). From the repassivation rate measurement
experiments, qualitative explanations for the influence of various
loading, environmental and metallurgical variables on environment
sensitive cracking have been developed (Refs. 24, 32 to 38). In
general, if the repassivation is too f as t , no significant amount of
dissolution can occur and if the repassivation is too slow, chemical
blunting of a crack is expected to occur.

Recently Ford and Emigh (Ref. 39) have formulated a quantitative
explanation of the slip-dissolution model for environment-sensitive
crack growth in the low alloy steel /high temperature water system.
They have calculated the maximum theoretical environment enhancement
in crack growth which may be expected under specific - combinations of
alloy, environment and loading conditions. In the slip-dissolution
model, the crack growth occurs by oxide rupture at the tip of the
crack due to an increase of the strain in the underlying matrix
(repeated rupture caused by fatigue, or creep-strain-induced rupture
cause by sustained loading). In order to have a ' sharp crack, the
sides of the crack must be passivated, even though the crack tip is in
an active condition. The crack growth rate is related faradaically to
the ' oxidation rate on the bared surface including both dissolution and

( oxide growth. The environment-sensitive part of the crack growth is
I reinitiated 'by a further increment of matrix strain which ruptures the

(= c /c ), where cfcrack-tip oxide again af ter a time period, t
f f
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is the fracture strain of the oxide and i is the strain rate in
the metal matrix at the crack tip (Ref 39). The environment-
sensitive component of the time-dependent crack growth, V can bet,
presented by the equation:

= e e E (3-1)V

1 E

where M and p are the atomic weight and density values for the crack
' tip metal, F is Faraday's constant, n is the number of electrons / mole

is the oxidationinvolved in the overall oxidation process and Qf
charge density passed between oxide rupture events. A strong support

for the slip-dissolution model is that the observed crack growth rates
of many dif ferent alloy / environment systems are in direct proportion
to the experimentally-determined dissolution rates' measured by
straining electrodes (continuous supply of bared metal surface by film
rupture) under the mechanical and chemical conditions expected at the
crack tip, Fi . 14 Since the data cover a wide range of systems andd
over three orders of magnitude in crack rate, it has been thought that
the slip-dissolution model has a rather wide applicability.

From stress corrosion studies, it has been observed that the strain
rate at .the crack tip is a critical parameter (Refs. 35 and 40).
Crack tip strain rate generally includes both a time-dependent
component (creep strain rate) and a time-independent component.
Models of Parkins (Ref. 40) and Scully (Ref. 34), for instance,

consider only the time-dependent strain rate, while models of

Vermilyea (Ref. 41) and Vermilyea and Diegle (Ref. 42) consider only
the time-independent strain rate. A more general approach would
consider the total strain rate together with the specimen geometry and
type of loading. Estimates of crack-tip strain rate based on The
crack-tip opening displacement (CTOD rate) given by linear-elastic
fracture mechanics for a static crack have been presented (Ref. 43),
but reliable analyses which consider crack growth and cyclic loading
(AK, R, and frequency, etc.) are not yet available. This limitation
should be kept in mind as an uncertainty for the E value in thect
following application of slip-dissolution model for corrosion fatigue
crack growth in pressure vessel and piping steels in LWR conditions,
cs will be described in Section 4 of this report.

The analysis of Ford and Emigh (Ref. 39) . is based on both theoreti-
cally and experimentally verified crevice conditions for A 533-B steel
in deaeratied water at 288*C, where the potential is ~ -620 mV andHE
the pH value at 25*C is about 7.0, i.e., no significant difference
between potential-pH conditions of the crack tip and outer surface is
expected to occur. This has also been confirmed by Mager (Ref. 44).
At the crack tip a dynamic equilibrium between the continued creation
of bared surface and passivation is occurring, as shown in Fig. 15.
Crack growth may be produced either by emission of dislocations from
crack tips or attraction of dislocations toward crack tips. However,
the probability of dislocations nucleated from near surface sources
(Fig. 15) exactly intersecting crack tips would be low and dislocation
activity on slip planes not intersecting the crack tip would produce
general strain and extensive mechanical crack-tip blunting (Ref. 23),

which would probably diminish crack propagation rates.
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statically loaded case. only if a' dislocation
source is activated by the stress increment. Aa, i

caused by the crack advance, L,gn, associated with,

the passage of charge-density, 4 at the crackmin,
tip. This latter amount will be a function of the
charge density increments caused by the individual

'

oxide rupture events- at the crack tip, the
periodicity between their occurrence, t andg,
time, t2, during which the plasticity is occurring
(Ref. 24).
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;

Figure 16 shows schematically the environmentally-enhanced crack
growth in the low alloy steel /high temperature water system when it is
purely governed by a film rupture / slip-dissolution model. Based on
the recent concept of Sieradzki and Newman (Ref. 45), in addition to
the crack growth due to oxidation reactions, an extra component of
crack growth may be associated with the rapid fracture of crack-tip
oxide and penetration of this " cleavage" . crack into the underlying
ductile matrix. Figure 17 shows schematically the effect of this
additional cleavage component on the crack growth. The extent of this J'
cleavage component, a*, is beliiaved to be in the range of 0.1 to 10 pm

'

for ductile alloys; in the atudy of Ford and Emigh (Ref. 39),
a* = 0.1 um is used. When the .neasured oxidation rate transients are
used to produce the oxidation charge density / time relationships shown
schematically in Fig. 16, theoretical crack growth rate / crack-tip
strain rate relationships for the film rupture / slip-dissolution model+

1 are obtained. Figure 18 shows the results for two different crack-tip
! conditions (low and high sulfur conditions). A i" power-law

relationship for crack growth rate is predicted with limitations at
,

both the high and low strain rates. At crack-tip strain rates '

> 10- s, the crack growth rate is limited )y the oxidation rate on
the continuously bared surface, whereas at low strain rates a limit is
set by the crite rion that the crack tip must propagate faster (V )T

; than the dissolution rate on the adjacent crack sides (V ), if a sharp3
crack is to be maintained. In Fig. 18, three V IY ratios of 1, 5T S
and 10 are shown. Even though, according to the model, the

j environmental enhancement of the (da/dN)AK value should, in general,
8 increase with decreasing loading frequency, at very low frequencies,

| the crack growth is limited by crack blunting and subsequent crack
'

arrest. Ford and Emigh (Ref. 39) assumed that the crack blunting will

become dominant if the V IYS ratio is less than 5. Also an example ofT
theoretical crack growth rate / crack-tip strain rate relationship for
the situation where crack growth is occurring purely by the above-

.

mentioned cleavage model of Sieradzki and Newman (Ref. 45) is shown in
i Fig. 17 in which the crack grows discontinuous 1y a distance, a*
; (= 0.1 um), every (c /i seconds. h chosen a* walue isg ct

arbitrary, and if, e.g., the fractographically-observed brittle
striation spacing 1 to 5 pm (Ref. 18), is equated to a cleavage event,

j then the environmentally-assisted cleavage crack growth rates would be

j Ford and Emigh (Ref. 39) come to the following main conclusion from
! the results shown in Fig. 18: the film-rupture / slip-dissolution model

predicts a V/" relationship (n = 0.3 to 0. 5, obtained f rom bared
T

! surface dissolution current decay experiments) with the constants in
that relationship depending on the localized conditions at the crack

; tip (e.g., sulfur content). On the other hand, the environmentally-
I enhanced cleavage model would predict a V/ relationship with an

T
'

j undefined effect of crack-tip conditions on the relationship
'

constants. Ford and Emigh (Ref. 39) found that the fracture strain of
the oxide was independent of anion content (~ 10-3), which was then
interpreted as above. This value was measured for stainless steel and
not for low alloy steel in high temperature water. Lenz (Ref. 46),

however, determined the strain requirgd to crack the magnetite layers
on low alloy steels to be 0.46 10- The use of this value would.
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j Fig. 18 (a) Theoretical crack growth rate / crack-tip strain rate

relationships for Itv alloy steel ig stagnant deaerated water!

at 288'C, in which either 1.16 x 10 ppm or < 0.5 ppm sulfur
is created and maintained in crack-tip enclave. In addition
to the predictions of the film rupture / slip-dissolution model,
those of an environmentally-assisted cleavage model are also
shown, in which it is assumed that cleavage distance is 0.1 um

(Ref. 39). (b) Comparison of the predicted corrosion fatiguef

crack growth values with 'some experimental values (Ref. 44).
Data found in Ref. 43.
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result in underestimation of the crack growth by the model. Since the
localized slip process at the crack tip ruptures the oxide, the actual
meaning of the critical strain amd strain rate may not be so clear.

A similar analysis of theoretical crack growth by slip-dissolution
model of Mager (Ref. 44) is shown in Fig. 18b. Some experimental
" plateau" values of corrosion fatigue crack growth of A 503 C1. 3
steel and A 533-B steel are plotted vs. the average crack-tip strain
rate (Ref. 43). The experimental crack growth rates are within the
predicted scatter and reside near the lower bound of the calculated
crack growth values.

!

A comparison between some observed da/dN vs. AK values compared to |
predicted values from film rupture / slip-dissolution model are shown in:

Fig. 19. Ford and Emigh (Ref. 39) state here that the so-called
; " plateau" crack growth values of (da/dN)AK,R are observed only in the

conditions predicted by their theory for sustaining a sharp crack.

(da/dN)b' the
values forThey have also compared the. calculated maximum

low alloy steel /deaerated water system at 288"C wi present
ASME XI (1980) code values as shown in Figs. 20a and 20b for various
combinations of load ratio and sulfur content of the steel. It can be
seen that the present code values for low sulfur steels are in

! approximate agreement with the maximum theoretical values for both the
high and low R conditions. In the case of high sulfur steel, this
prediction based on the film rupture / slip-dissolution model exceeds
. the present ASME XI (1980) code reference lines.

3.2 Hydrogen-Induced Cracking Mechanisms
|

At the crack-tip conditions of potential, pH and anion content, both
slip-dissolution and hydrogen-induced cracking mechanisms are thermo-
dynamically and kinetically viable. Both mechanisms are dependent on
oxide rupture rates, passivation rates and liquid diffusion rates,

'

since these factors affect the charge transfer per time in the slip-
dissolution model and the hydrogen ad-atom coverage and hydrogen
evolution rate in the hydrogen-induced cracking models. As the rate-
determining step in the slip-dissolution mechanism, the oxide rupture

'

event was used. This same event is naturally very important in
hydrogen-induced cracking models, since it affects directly the
hydrogen entry into the metal. In the case of hydrogen embrittlement
(HE) numerous other rate-determining parameters are possible depending
on the exact mechanism considered. Therefore, calculation of maximum,

| crack growth rate predictions (as presented above for slip-dissolution
model) for hydrogen-induced cracking models are hampered by lack of
quantitative knowledge of such events as hydrogen coverage at the
crack tip, hydrogan diffusion ahead of the crack and possible

'

dislocation trarsport phenomena including trapping and subsequent
diffusion away from the supersaturated site, as well as specific
details of the interatomic rupture event.

A hydrogen-induced cracking model is outlined in Fig. 21 (Ref. 10).
'

This cracking model is based on the direct fractographic observations
from an extensive fractographic study of ICCGR group round robin
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1

specimens (Ref. 18). The brittle-striated or striationless, cleavage-
like fracture surface areas are considered to be produced by this

; model. Ductile,. striated f racture morphology, which is similar to
fracture surface morphology produced in air, often exists together

.' with the brittle fracture morphology. In these ductile areas no
environmental enhancement -is considered to have occurred. Also the

3

detailed sterefractography of mating fracture surfaces (Ref. 47)
couples with similar fracture surfaces obtained in hydrogen charging

l; experiments (Ref. 10) strongly supports this model. In this model for
low alloy steel /high temperature deaerated water system, the oxidation
reaction produces hydrogen at or near the crack tip. This hydrogen is
first adsorbed and then partly evolved and partly absorbed into the
metal. The absorbed hydrogen diffuses to the region of elastic-

i plastic stress distribution just ahead of the crack tip and interacts
with any MnS inclusions which may reside there, causing mechanical
failure at the inclusion / matrix interface and brittle crack growth of I

, the immediately surrounding metal matrix. Evidence of cracks in front
'

of the main crack tip, the appearance of brittle striations on the
corrosion fatigue fracture surface and a relationship between the

| amount .of brittle cracking mode and the environmental-enhancement
factor are three important pieces of experimental evidence which
support the hydrogen-induced cracking mechanism in the corrosion
fatigue crack growth of low alloy steels in high temperature deaerated
water. Also, the observed incubation times and transient crack grow'th
phenomena, the effects of pre-immersion and precracking of test

i specimens in high-temperature water, specimen size effects and steel
sulfur content correlations can be best explained by hydrogen-induced,

cracking mechanisms.
1

Manganese sulfide inclusions (including size, form and distribution i

parameters) play an extremely important role in this mechanism
(Ref.10 and 48). The dissolution of MnS inclusions produces H S and.

2HS~ in the crack-tip enclave (Ref. 49). It is proposed that these
species are good hydrogen donors and enhance hydrogen absorption
through their adsorption on the bare metal surface. Commonly the,

brittle, cleavage-like cracking starts from MnS inclusions and spreads
like a fan during crack growth, which indicates the importance of '

local chemistry in environmentally-enhcnced crack growth. Kobayashi
and Shockey (Ref. 47) observed that the corrosion fatigue crack front

; is not a simple line separating fractured and unf ractured material,
but rather a band about 200 um wide containing fracture and
unfractured areas. Crack growth occurs by the formation of narrow

i channels of separated material extending through the process zone
ahead of the main crack t10. Especially in fast crack growth regions

: large unconnected microcracks appear well in advance of the crack tip
process zone. Narrow channels form f rom these microcracks and extend
backwards to the main crack tip. According to the above model, 'these
microcracks ahead of the main crack are most likely formed by,

hydrogen-induced cracking. Thus, the hydrogen-induced crack growth is
aaticipated to occur both at the crack tip in the process zone and
well in advance of the crack tip from strong hydrogen traps, the MnS

| inclusions. High resolution topographs need to be examined to
ascertain the relative proportion of the slip-dissolution and,

I hydrogen-induced crack growth mechanisms in the process zones and [at|

.32
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the crack tip both in either the slow or fast crack growth regions.
Reference specimens fatigued in an inert environment should also be
studied.

In the following section, the hydrogen interactions in metal, i.e.,

hydrogen-induced fracture processes and hydrogen transport, are
briefly reviewed with reference to the possible mechanism for
corrosion fatigue of low alloy-steels in LWR environments.

3.2.1 Decohesion Mechanism

The most popular of hydrogen embrittlement mechanisms is the
decohesion mechanism which proposes that hydrogen can affect the
interatomic cohesive forces at or near a crack tip (Refs. 50 to 52).
In this mechanism, hydrogen accumulates at regions of high triaxial
stress ahead of the crack tip. Sufficiently large local hydrogen
concentrations are formed over some critical length which may af fect

j

the bond strength between metal atoms, e.g., by the model suggested by
,

Troiano (Ref. 50); where hydrogen donates its electron to the unfilled
i

d-bands of the metallic cores. The increase in electron density leads

i to an increase in the repulsive forces between adjacent metal cores
j and a decrease in the cohesive interatomic strength of the lattice.

j Tiller (Ref. 53) has shown that high tensile stresses at the crack-tip

: region result in a higher elect:an affinity and electro-negativity
j there. Due to chemical interaction, 5.ydrogen will diffuse to regions
; of high tensile stress in a metal lattice.
!

The decohesion mechanism can be thought of as continuous crack growth
.'

by bond rupture at the crack tip. Hydrogen-induced bond rupture
! occurs also ahead of the crack tip, at points of stress concentration, -|
j producing cracks which link up with the main crack possibly with some
'.

degree of plastic tearing of ligaments, giving rise to discontinuous .

!crack growth. Gerberich (Refs. 54 and 55) has presented a discussion
!of the decohesion mechanism applied to bond rupture ahead of the main<

crack tip, where localized f racture occurs when the hydrogen content
i reaches a critical value throughout a critical volume.

{
i

This mechanism can be incorporated into the above mentioned corrosion'

fatigue model as follows: it has been recognized that the MnS inclu-
sions provide accumulation sites for hydrogen within the region of the4

crack-tip stress field. If the interatomic force model (Ref. 51) is
I generalized (Ref. 56) to include the bonds at grain boundaries, !

interphase boundaries and inclusions, the. sometimes abserved local'

intergranular cracking, as well as crack initiation from inclusions
y

ahead of the crack tip and subsequent brittle proFagation across

; several grains, can be qualitatively explained. |
i+

3.2.2 Hydrogen Adsorption Mechanism
i

The hydrogen adsorption mechanism proposes that adsorbed hydrogen
lowers the surface energy of the metal, and according to the Grif fith,

i

criterion for crack growth facilitates crack growth at a lower
f racture stress level (Refs. 57 and 58). Plasticity ef fects were not

4

: addressed by developers of the mechanism, which reduces to a special
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case of the decohesion mechanism when the crack growth occurs only at
the crack tip (Ref. 51).

In corrosion fatigue this hydrogen adsorption-induced surface energy
reduction may be important on internal interfaces (particle / matrix
interfaces and grain boundaries), 'where it affects interface separa-
tion, hydrogen recombination, and interaction with other locally
accumulated species like sulfur on MnS inclusions. It is unclear if
this mechanism can operate at the main crack tip in the crack tip
solution or if it can produce brittle cracking starting from inclurion
matrix interfaces ahead of the main crack tip. Since Kobayashi and
Shockey (Ref. 47) reported that cracking occurs mainly in the solid
matrix in front of the main crack at regions corresponding to maximum
stress,triaxiality, the surface adsorption of hydrogen may not account
for all the observed phenomena.

3.2.3 hydrogen Pressure Mechanism

The hydrogen pressure mechanism proposes formation of high pressure
molecular hydrogen within the metal (Ref. 59). The resulting gas
pressure in the internal voids and cracks exerts an internal stress
which lowers the apparent fracture stress. This mechanism is not
thought to be a general one, since brittle crack growth can occur
under hydrogen partial pressures well below one atmosphere
(Ref. 60). However, if hydrogen transport by mobile dislocations is a
major component of the fracture process, then significant quantities
of hydrogen can be transported to some sites in the metal, especially
if the sites are strong hydrogen attractors, leading to development of
a localized, non-equilibrium, very high fugacity of hydrogen. Even
though the rapid transport of hydrogen by dislocations can occur, it
would probably not concentrate hydrogen along planes or at particles
directly ahead of the crack tip plane, but along the slip planes
positioned at an angle from the fracture plane. The significant
internal hydrogen pressure can affect, e.g. , ductile f racture behavior
through the effect on void growth rates.

In corrosion f atigue, the formation of high pressure molecular hydro-
gen can affect the inclusion matrix separation ahead of the main crack
tip and void growth around inclusions (Ref. 10). Also in some cases,
ductile-dimple cracking has been found ' on the fracture surfaces of

weld metal, thus supporting the . hydrogen-induced , ductile-crackingmechanism (Ref. 61). Since internal pressures of the order of 10
atmospheres can be attained (Ref. 62), the observed brittle cracking
around MnS inclusions ahead of the crack tip appears to serve as a
mechanism which reduces the internal pressure. However, the brittle,
cleavage-like fracture mode cannot be explained by this model.

3.2.4 Deformation Mechanism

Deformation mechanisms of hydrogen embrittlement propose that hydrogen
can reduce the local stress required for dislocation generation and
motion (Ref. 63). This mechanism has been supported by f ractography
(Ref. 64) and direct HVEM observations (Refs. 65 and 66), which show
extremely localized crack tip plasticity. The operation of this
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,

mechanism can result in a lower stress intensity for crack growth, i

For more brittle cracking the role oi a reduced flow stress is not as
apparent, unless the effect is related to the hydrogen transport in :

the vicinity of the crack tip. It has also been recognized that any
'

reduction in interatomic cohesion will also reduce the shear stress
necessary to move dislocations (Ref. 67). Thus, the decohesion and
deformation mechanisms are difficult- to test unequivocally, since
cracking can be formulated in terms of reduced normal stress across
lattice planes or in terms of reduced shear stress for flow. Since
there have been no observations of . hydrogen ef fects in plastic defor-
mation of pressure vessel steels, it is currently not known if
hydrogen-induced localized plasticity at the crack tip would be a
viable possible mechanism.

3.2.5 Brittle Hydride Mechanism

Brittle hydride mechanism in hydrogen embrittlement has not been taken
"

seriously outside the Group IVa .and Va metals, since stable hydrides;

: have not been identified in connection with cracking. Fujita
(Ref. 68) has proposed that hydrogen in iron accumulates into plate- i

j shaped clusters in a way which is enhanced by stress. Clustering
'

j occurs most readily under high triaxial stress. The formation of an

| interface is energetically favored and hydride-like cracking occurs.
; However, the hydrogen platelets are uns table . under normal conditions
j and are therefore dif ficult to observe experimentally. In corrosion

f fatigue, the crystallography of brittle cracking is unknown and
,

j therefore cannot be correlated with hydrogen-induced - cracking. This '

| type of hydrogen clustering may be a possible mechanism but is still

j waiting experimental evidence.
|

! J

j As shown above, there is some dispute as to the location of the |
j' _ critical region of hydrogen damage and none of the hydrogen-induced i

cracking mechanisms are yet suf ficiently general to be used quantita- .

j tively for a special case of environment-sensitive cracking in the
same way as the slip-dissolution mechanism was used quantitatively for !
corrosion fatigue of low alloy steels in LWR condition. Moreover, the |

'

j; general examination of the mechanisms suggests that hydrogen can
exhibit many influences on fracture behavior so that the different j

j- proposed mechanisms may be operative simultaneously and in various !

: proportions. In some cases an internal flaw ahead of ,the main
corrosion fatigue crack might be pressurized by hydrogen gas. The>

;- interface between the inclusion and the matrix would be weakened by j

j adsorbed hydrogen like also the tip of the main crack, ' while the [
atomic bonds in the surrounding lattice might be weakened by dissolved !3

hydrogen. The enhanced dislocation mobility is a consequence of j
i lowering of the local stress by localized plasticity. Thus, the z

) hydrogen-induced crack growth could, in some cases, be a conjoint I
t action of various mechanisms. |

i

,

d

i
;
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.

3.2.6 Adsorption Mechanisms
i

Adsorption of surface active species other than hydrogen has been
proposed to reduce the fracture stcess in various embrittlement pheno-

: mena. In adsorption related mechanisms the influence of adsorption is
limited to one or two atomic distances from the surface of the'

metal. Adsorption can, thus, only influence the tensile strength and
,

_ shear strength of the interatomic bonds at the crack tip, Fig. 22. A

crack can grow rapidly by cleavage or slowly by slip depending on
whether the tensile fracture stress, o, for the interatomic bond or
the shear stress, T, to cause slip on n favorable slip system is
achieved first. Hence, as the ratio of o/t decreases, cleavage
becomes more probable and, conversely, shear failure becomes more
likely as the - ratio increases (Ref. 69). Hence, this criterion is
inapplicable in cases where both ductile and " brittle" fracture occur |
by slip and distribution of slip around crack tip determines f racture
behavior.

,

i

Adsorption can promote crack growth by facilitating tensile-decohesion
as stated before in the case of hydrogen, when chemisorption of an

! environmental species on the crack tip reduces the surface energy term

y,, in the equilibrium Grif fith relationship and thereby reduces the
local f racture stress of the metal lattice. Such an argument has been
used for hydrogen embrittlement, liquid metal embrittlement, and for

;
'

the effects of specific anions in aqueous solutions where the adsorbed
; atom cove rage is dependent on electrode potential (Ref. 70). However

!. in plastica 11y-deforming materials, the plastic work expended in crack
growth would be at least an order of magnitude greater than the

| surface energy. Therefore adsorption is best discussed in terms of
; its. ef fects on interatomic bond strengths rath'er than in terms of its

effects on surface energy. Lynch (Ref. 23) explains that adsorption
reduces the shear strength of interatomic bonds and thereby
facilitates nucleation of dislocations at crack tips, although thei

i mechanism by which this occurs is unclear. Theoretical shear
strengths for ductile materials are much lower than theoretical

; tensile st rengths and, hence, adsorption-induced crack growth probably
; involves dislocation emission rather than tensile decohesion.
; inhibition of dislocation nucleation by adsorption would lead to crack

growth by tensile-decohesion rather than slip, but would prcbably not
,

produce suberitical crack growth.'

Lynch (Ref. 71) has proposed a corrosion f atigue f racture mechanism in
which chemisorption of environmental species intensifies localized
slip at the crack tip only, thus inhibiting the formation of a more
generalized slip field, and results in the extensive blunting observed

,

in the absence of the environment, Fig. 23. Fatigue crack growth'

occurs by a slip process at the crack tip only on planes intersecting
the crack tip, and during unloading slip occurs behind the crack

3

; tip. In this way, part of the fracture surface produced during the
3
!previous loading is deformed by reverse slip and crack tips are

I resharpened. Slip during unloading generally concentrates just behind
,

| the crack tip with less deformation farther from the crack tip. ,

I |

|
' Ductile striations are produced in a manner similar to brittle

striations. The difference in spacing and profile of the two types of

36
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Fig. 23 Schematic illustrations of fatigue crack growth mechanism and formation of
striations for (a) embrittling environments and (b) inert environments.
Nucleation and growth of microvoids and cracks ahead of the main crack tip
in the highly strained (shaded) areas occur during loading in many cases
(Ref. 71).
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striations arises becauso the extent of blunting during loading
differs: the more blunt crack tip profile produced in inert
environments concentrates slip just behind the crack tip to a greater
extent during unloading. The detailed appearance of striations
depends on a variety of factors (e.g., load ratio, AK, orientation of

slip planes with respect to crack plane, case of dislocation egress at
fracture surfaces, etc.). Environment affects the dislocation egress

mechanism and this explains why well-defined striations are sometimes
not observed, because oxide films can impede the dislocation egress.
In the case of fatigue, sharp cracks can propagate along
crystallographic planes. Ilowever, in a stress-corrosion cracking type
of tension test (such as a constant extension -ate test), this
mechanism necessarily leads to crack blunting. Lynch (Ref. 71)
proposes also that crack growth in inert environments probably occurs
to a large extent by egress of dislocations at crack tips, while in

j embrittling environments cracks grow predominantly by nucleation and
i movement of dislocations from crack tips. In aqueous environments

where oxide films form at crack tips, chemisorption on the metal
i surface cannot occur, and fracture of the oxide is necessary before ;

| crack growth promoted by chemisorption occurs. Thus, cracking can be
repassivation) |discontinuous because competing reactions (such as

temporarily prevent adsorption and cause crack arrest. Chemisorption 1

is here the rate-limiting step and the degree of embrittlement is a |

; function of surface coverage of adsorbed species. Also an additional |

! kind of fracture process ahead of the crack tip is necessary to |

explain the mechanistic observations, which also may operate in I
i

; conjunction with alternate slip.
I

3.3 Summary and Discussion of Mechanism'.

| Since the mechanism of environment-sensitive cracking must be |
| consistent with the experimental observations, some advantages and j

1 disadvantages, and the intercompatibility of the various mechanisms ,

will be considered here. Also some important supporting, critical
i experiments are discussed.

In Figs. 15 and 16, a simplified illustration of the slip at the crack j

4 tip is presented. In this schematic presentation, the effects of
'

plastic deformation on crack growth have not been taken into'

account. In Fig. 24, a schematic model of SCC crack growth by slip- |
dissolution model is presented (Ref. 72). It can be seen that i

,

I alternating slip-step dissolution results in a fissure rather than a t

crack. Figure 23(b) shows an example of directed dissolution at the !

crack tip which can also take place along the slip plane. Ilowever,'

slip planes in many metal / environment systems are not the favored
cracking planes. From this schematic picture it can be deduced that
the anisotropy f actor in dissolution must be rather high in order to !

have a sharp stress corrosion crack. Crtischel (Ref. 73) studied
3

stress corrosion cracking of austenitic steinless steel single i'

crystals in boiling NgC12 solutions and came to the conclusion that ,

the anisotropy factor should be higher than 15. In more practical
'

,
stress corrosion cracking cases, the anisotropy factor is probably
much higher. Thus, the precise criteria for chemical blunting in the'

model presented by Ford and Emigh (Ref. 39) are ill-defined at
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present. Blunting occurs when V is too low to offset the blunting-
action caused by lateral dissolution on the adjacent crack sides
(V ). The arbitrarily chosen limiting V lY values of 5 to 10 are

3 T S
very low especially for sustenance a stress corrosion crack.

Experimental evidence for anisotropic anodic dissolution exists only
for stainless steels and noble metal alloys (Refs. 74 to 76) and has
been obtained by electron microscopy, but single crystal
electrochemical measurements have not revealed any indications of such
kind of anisotropy (Refs. 77 and 78). Therefore anisotropic anodic
dissolution should also be experimentally proven for various

material / environment systems susceptible to environment-sensitive

cracking. Also the cleavage component hypothesis of Sieradzki and
Newman (Ref. 45) used in the model of Ford and Emigh (Ref. 39) was

| originally developed for Cu-base alloys in tarnishing conditions, a
.

i condition not associated with absorbed hydrogen, and as yet has no
experimental support for proven hydrogen assisted crack growth
phenomena. There is no reason why the Sieradski and Newman model
should not work for hydrogen assisted crack growth modeling.

In fatigue crack growth, crack tips are resharpened by reversed slip
behind the crack - tip during unloading and in this case the anisotropy
factor may not be as critical as in the case of stress corrosion
cracking. It has been proposed that in corrosion fatigue an upper
limit in crack growth per cycle (da/dN) is the maximum CTOD/2
(Ref. 79). This is a chemical blunting limitation derived from the
condition at which the crack tip would lose its ability to resharpen

) during unloading in case of higher anodic dissolution.

When the dissolution transients have been measured during cyclic*

loading of A 508 C1. 3 steel in deaerated PWR conditions at slow
strain rates, compressive straining has been found to be more

strainin dissolution (Ref. 44).
(> 5 10-g 1-3) enhancing

efficient than tensile
At high strain rates s however, the maximum current is
obtained during tensile straining. A possible cause for enhancement
of anodic dissolution during compression at slow strain rates is that
in this material reversed slip is not easy and different slip planes

j are active during tension and compression. Since the reversed slip is
occurring behind the crack tip in corrosion fatigue, this additional
dissolution would further chemically blunt the crack. It should also
change the crack-tip morphology markedly. 'One may question whether
the oriented dissolution at the crack tip produces the brittle,4

j cleavage-like crack during tensile straining; why then do the perhaps
i higher anodic currents during unloading not destroy the fracture
j surface by dissolution of the areas of reversed slip, resulting in

chemical blunting?

j A quantitative model for the prediction of corrosion fatigue crack

j growth can not be interpreted by acceleration of crack growth by
localized hydrogen-induced cracking and retardation of crack growth by

I crack-tip blunting which is caused mainly by anodic dissolution. This
type of model predicts corrosion fatigue behavior in a number of
systems and successfully describes the effects of frequency, waveform
and electrochemical polarization (Ref. 80). Hydrogen-induced cracking
only takes place when the load is rising in the fatigue cycle and the

.
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maximum environmental enhancement saturates when f requency is lowered
to a certain level. Anodic dissolution during loading or unloading is
an efficient source for hydrogen. A maximum enhancement is reached at
a certain cyclic, frequency and further reductions or increases in
frequency usually produce less enhancement, e.g., due to extensive
chemical blunting or other passivation process. Basically, the extent
of hydrogen-induced cracking depends on hydrogen entry and
diffusion. If the cyclic rise time is too short to allow hydrogen
diffusion across the width of one fatigue striation, the embrittlement
is not observed. Localized hydrogen embrittlement can be suppressed
also by using square waveform cycling in which the rise time is very
short. Thus it can be postulated that the mechanism of corrosion
fatigue which produces environmentally-enhanced brittle, cleavage-like

,

cracking involves a synergistic interaction between mechanical
fatigue, localized hydrogen-induced cracking and crack-tip blunting as
a result of anodic dissolution. In a quantitative sodel of corrosion
fatigue crack growth, the hydrogen-induced cracking, which is

discussed next in more detail, must be treated separately from the
blunting effect.

Modeling of hydrogen-assisted crack growth generally recognizes
(1) the processes that control the rate of supply of hydrogen to the
fracture process zone, (2) the role of hydrogen / microstructure inter-
actions which determine the partitioning of hydrogen in the structure
and rate' of crack growth, and (3) the critical concentration of
hydrogen required for brittle fracture, which depends on the local
stress (Ref. 52). The kinetics of hydrogen dif fusion are complicated
by the fact that the hydrogen flux is affected by stress gradients,
and trapping at solutes and particles. Whether the source of hydrogen

'

is gaseous hydrogen or an electrochemical reaction, the specific state
of the surface can affect the kinetics, especially if some hydrogen
recombination poisons are present. Absorbed hydrogen must reach the
point at which failure occurs by diffusion or by dislocation tranpsort
(Refs. 81 to 83). In the case of high-temperature corrosion fatigue
hydrogen diffusivity has a high value even when the random walk
diffusion distance is used. Hydrogen diffusion rates are expected to
be in the range from 20 to 200 pm per second. Thus, hydrogen will be
extremely mobile compared to typical crack-tip dimensions (Ref. 84).
Even though strong hydrogen traps a're still operative at 300*C,j
-hydrogen can dif fuse out of the crack tip stress field, e.'g. when the
stress cycle' frequency is low.

Mager (Ref. 44) has _not observed any marked differences between
crevice conditions and conditions on free surfaces with respect to
potential and pH. In . crack-tip damage studies , such as that by Ford
and Emigh (Ref. 39) presented in Section 3.1, the' crevice effects were
simulated by. SO ~ additions. In the appropriate conditionsHhand4 2
HS~ the dissolution products from HnS inclusions but SO isare

4
reduced to these species in the high-temperature water environment.

'

However, in studies of Mager (Refs.'44, 85 and 86) very high SO

(1.5 ppm) contents were needed in order to obtain any .effect.
Presently, there is no explanation for'why such a relatively large

42;
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bulk concentration of SO2 was required to obtain a measureable ef fcct.
the local environment at the growing corrosion fatigue crack depends
also on the local crack tip strain rate or more exactly on the rate of
creation of fresh surface which leads to hydrolysis reactions and
cathodic hydrogen evolution reactions. Transport of species between
the bulk and local crack-tip environment through the pumping action of
moving crack flanks during cyclic loading may not be so important,-
since the dissolution of exposed MnS inclusions (H S and/or HS2
formation) seems to play a very important local role in creating the
environment conducive to brittle, cleavage-like crack growth. Crack
growth acceleration due to trace amounts of 'H S has been observed in2
corrosion fatigue studies of low alloy steels in LWR conditions
(Ref. 61). The experiments of Bamford and Moon at 93*C indicated that
a gaseous hydrogen-sulfide containing environment can produce a lower
AK threshold than the high temperature PWR water environment (Ref.
61). In the hydrogen sulfide environment, no " plateau" crack growth
rate was seen, probably because sufficient hydrogen can be supplied to
produce the critical hydrogen concentration needed for enhanced crack
growth. These corrosion fatigue cracks were completely free of micro-
branching during crack growth. In general, these effects may be
directly correlated with the ability of adsorbed H S or HS- molecules,2
possibly a-;ing as hydrogen donors (Ref. 49), to increase the rate of
hydrogen absorption, but the detailed mechanicw are not understood
and have been very little examined with the objective of establishing
the rate-controlling mechanisms. Dissolution products of MnS (H 8/NS~)2
also markedly increase the anodic dissolution reaction rate in oxygen-
free water (Ref. 49), but there is no direct evidence available for
directed anodic dissolution.

Gabetta (Refs. 87 and 88) has carried out. in-situ electrochemical
corrosion potential measurements within growing corrosion fatigue
crack tips. These experiments monitored the transients during cyclic
loading and showed that the potential becomes more negative during the
rising load cycle than during unloading, which can best be interpreted
by hydrogen-induced cracking mechanisms together with a reversed slip-
assisted anodic dissolution component during the unloading part of the
cycle.

Hydrogen entry into the lattice takes place at f resh metal surfaces
produced by plastic deformation or by an electrochemical corrosion
reaction. The behavior at the surface during corrosion reaction or
during cathodic charging is poorly understood. Since the chemical
potential of H+ at the surface during an electrochemical reaction can
be extremely high, the potential for hydrogen entry is thus not a
limiting factor assuming that a thermodynamically stable oxide does
not inhibit such ingress. Also, high fugacity hydrogen can be
produced in the metal as discussed earlier in Section 3.2.3. It is

hypothesised that hydrogen embrittlement requires the development of a
critical hydrogen concentration at the stress concentration site and
that a uniform distribution of hydrogen below the critical

concentration will not cause embrittlement. The flux of hydrogen in
response to stress gradients at stress concentrations of cracks has
been discussed by Gerberich (Ref s. 54 and 55). The experimental basis

for this work involved high-strength steels under plane-strain
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condtions demonstrating the effect of stress gradient when considering
the distribution of hydrogen in nonuniform stress _ fields.

Hydrogen entry from the gas phase consists of physisorption of H,
molecular chemisorption, dissociation 'of - H2 and entry of H+ into the
lattice. These processes are imperfectly understood. The experiments
of Mager (Ref. 44) to induce enhanced crack growth by high temperature
hydrogen gas (103 bar) at 288*C even at a slow frequency of I cpm have
not been successful. This may be due to the prohibitively low
external hydrogen fugacity, which is not able to produce high fugacity
hydrogen in the metal as do electrochemical reactions at the crack
tip, especially near MnS inclusions where H S/HS- is also produced.
Atkinson and Lindley (Ref. 89), however, 2 were able to produce
hydrogen-induced enhanced crack growth in A 533-B steel in fatigue
tests at 25 to 100*C, at which temperature range the environmental-
enhancement factor decreased with increasing temperature in 1 bar
hydrogen. Priest (Ref. 90) has additionally shown that at room
temperature the influence of hydrogen pressure on acceleration of
cyclic crack growth increases markedly near 100 bar. Loading
frequencies less than 1 Hz did not affect the environmental-
enhance, ment factor. It was also observed that the loading rate rather
than the total cycle time is important in controlling hydrogen-induced
fatigue crack growth, which produced transgranular fan-shaped f racture
surface morphology. In low pressure hydrogen at room temperature the
upper bound of cyclic crack growth rate equals 3 . ACTOD and in high
pressure hydrogen it may increase to 4 . ACTOD per cycle. This is
approximately 1/10th of the cyclic plastic zone size. Atkinson and
Lindley (Ref. 89) suggest that there might be a mechanistic limit for
hydrogen-induced cyclic crack growth rate of about 3 . ACTOD for low
pressure hydrogen. The maximum triaxiality in the crack tip stress
field occurs at a distance of 2 . CTOD (equals 4 . ACTOD for R = 0)
ahead of the crack tip.- Thus, it is still difficult to explain
me.chanistically the size of this critical process zone of 3 . ACTOD,
which is much smaller than the calculated cyclic plastic zone size.
The effects of hydrogen fugacity and tempe ratu re on the upper bound
are also unknown. Since it is not known which of the above mentioned
steps control the rate of hydrogen entry into steel, quantitative
conclusions cannot be based on fatigue tests performed in hydrogen
gas. The processes of hydrogen entry are most likely temperature
dependent, material specific and structure sensitive. Also the
hydrogen entry may be extremely sensitive to the presence of specific
environmental contaminents. Inhibition of crack growth in steels in
gaseous hydrogen is observed due to the presence of trace amounts of
H 0, 0, or S0 , but crack acceleration due to trace amounts of H 82 2 2 2has often been observed (Ref. 62). HS is also very important in2
enhancing hydrogen uptake during corrosion fatigue of low alloy steels
in high temperature water (Fig. 21). Since the hydrogen diffusion
rate in the lattice at about 300*C is high, it is not thought to be
the rate-limiting factor. Hydrogen entry may control the crack growth
rate. On the other hand, differences in hydrogen fugacities of
hydrogen sources in different corrosion fatigue tests, especially in
local crack-tip chemistry, determine the kinetics and even the
occurrence of environmental enhancement in corrosion' fatigue.

1
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The 1 Hz low pressure hydrogen data for A 533-B steel of Atkinson and
Lindley (Ref. 89) are plotted with other relevant data in Fig. 25a.
For high R values, the upper bound for crack growth rates in hydrogen
and H S atm sphere at room temperature is 3 to 4 . ACTOD (Fig. 25b),

2
which is less than the maximum CTOD/2, which was proposed by Tomkins
(Ref. 79) for crack-tip dissolution case. In corrosion fatigue,
however, crack growth rates higher than CTOD/2 per cycle have been
observed (Ref. 91). It should be noted that Tomkins excluded passive
material-environment combinations f rom - the scope of the CTOD model.
Tomkins (Ref. 79) suggested further that the mechanical limit in
hydrogen-bearing environments was the cyclic plastic zone size per
cycle, but Fig. 25 suggests that the upper bounds of the crack growth
in low pressure hydrogen as a result of transgranular hydrogen-induced
cracking are the ASME XI (1980) code lines developed for PWR environ-
.ments. However, much additional data are needed to ascertain this,
both experimentally and mechanistically. Since there a re corrosion
fatigue crack growth data higher than the current ASME XI (1980) code
lines, the hydrogen fugacity and temperature combinations must be
varied further in simulating the conditions in these cases, before the
maximum theoretical environmentally-controlled crack growth rates are
determined.

In hydrogen-charged iron, cleavage-1ike fracture on {l10} and (l12}
planes has been observed (Ref. 92). These planes are slip planes for

! iron and therefore many of the above mechanisms for hydrogen
embrittlement may operate. The possible role of hydrogen in corrosion
fatigue needs to be examined crystallographically by comparing
brittle, cleavage-like corrosion fatigue f racture surfaces to

hydrogen-induced brittle fracture surfaces.

The generalized corrosion fatigue cracking mechanism involves the
mutual occurrence of both hydrogen-induced cracking and anodic
dissolution at the crack tip. Since there appear currently to be at
least four possible mechanisms of anodic dissolution [ slip-

dissolution, brittle film-rupture, corrosion-tunneling, and selective-
dissolution (dealloying) mechanisms] and five of hydrogen
embrittlement (decohesion, pressure, adsorption, deformation and
brittle hydride mechanisms) plus other adsorption models, the balance
between various phenomena is very difficult to sort out. Many
researchers think that dissolution and hydrogen-induced cracking
processes a re competitive, so that only one of them makes the major
contribution ta cracking, and the lesser process can be ignored.'

However, both processes (dissolution and hydrogen evolution) occur
simultaneously at the crack tips over ranges of potential which have
been measured or which are suspected to occur. If the processes were
independent and were really competitive, it would only be necessary to
determine which process is faster. The anodic and cathodic processes4

( are, however, interdependent and they must operate simultaneously or
sequentially and the slower process will . control the overall

kinetics. The crack-tip blunting and resharpening can be considered
similarly. If plastic flow is blunting the crack, localized-directed
dissolution or hyd rogen-i nduced cracking are needed to resharpen the
crack. If chemical blunting is occurring only hydrogen-induced
cracking, with the help of unloading, can keep the crack sharp.
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Since completely adequate cr'.teria for critical electrochemical

experiments for interpretation of cracking mechanisms have not been
established, the loading mode variation from Mode I (tension) to
Mode III (torsion) ha.s been thou, - to be a critical experiment
(Ref. 93). This approach has a:4o a weakness; it addresses a
condition where hydrogen accumulates at regions of high triaxial
stress, which is not unequivocally known to be either necessary nor
sufficient for hydrogen embrittlement. Moreover, it is difficult to
evaluate mechanistic behavior in detail because of the many
uncertainties in both the currently proposed both dissolution- and
hydrogen-controlled mechanisms. It therefore appears premature to try
to select the best mechanism based on existing evidence. More
indirect, but mechanisms-oriented work is needed, in which the
environmental conditions at the crack tip are verified, the crack-tip

| strain conditions analysed and ef fects of hydrogen on deformation and
. fracture properties of these materials are determined in the

appropriate temperature range. Detailed direct observations by
fractography and high voltage electron microscopy of the phenomena
occurring in the crack-tip process zone are most helpful in increasing
the understanding of corrosion fatigue mechanisms.

4.0 COMPUTATIONAL MODELS FOR ENVIRONMENTALLY-ASSISTED CRACK GROWTH RATE

Whatever mechanism is responsible for environmentally-enhanced crack
growth, either anodic dissolution or cathodic reactions (such as
hydrogen evolution), the fundamental rate-determining factors are
oxide rupture rate, repassivation rate and solution-renewal rate in
the crack enclave (Ref. 94). Plastic deformation in the metal
substrate will give rise to metal-oxide debonding and oxide film
rupture perhaps, as shown in Fig. 26 for a flat surface (Ref. 95).
Therefore, it is clear that the strain rate (L) of the metal is an
important parameter in environmentally-enhanced subcritical crack
growth, because it directly influences oxide rupture rate and bare
surf ace creation. Strain rate is in fact widely used as a determining

; parameter to study stress corrosion susceptibility of a given material
in a given environment (Ref. 96). For this purpose constant extension
rate. tests on smooth specimens are often performed. Specimens are
loaded at a constant displacement rate, so that strain rate is
determined as displacement rate divided by a gage length, as shown in
Fig. 27. In general, maximum ~ severity of the corrosion effect is
observed within a critical l range and the susceptibility decreases at
faster and slower strain rates; a too rapid strain rate results in
ductile fracture of the specimen before deep stress-corrosion cracks
can be created to a degree which af fects the tensile properties, while
a very low strain rate often allows repassivation and suppresses
SCC. For many material-solution systems, the maximum in the

of tensile ductility is found at a strain rate of about-deggadagion
vessel steel tested in pure-

10~ s (Ref. 97); for A 5086 pgssure
water at a strain rate of 10 s the susceptibility has been found,

to be related to the oxygen content in water (i.e. ~ $orr);on E n SCC

has been found at oxygen concentrations lower than ppb oxygen,
SCC was present at 400 ppbcorresponding to an Ecorr < -200mVSHE,

oxygen (Ref. 98).
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at the leading edge and crevice activation.
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(IV) notching penetration at the active foot of
the slip step (Ref. 95).
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In the study of cyclic crack growth in these environments, it is
customary to assume that strain rate at the crack tip plays a similar
role on oxide rupture and bare surface creation as on smooth spect-
mens. It is then important to evaluate crack-tip strain rates in the
different strain conditions, not only to quantify and to predict the
presence of SCC during environmental fatigue, but also with the
purp'se of correlating results obtained on smooth and notchedo
specimens in (a) constant extension rate, (b) monotonic load, and
(c) fatigue load tests at different values of load ratio and test
frequency.

4.1 Crack-Tip Strain Rate

Two different steps are necessary to evaluate crack-tip strain rate:
strain must be calculated, and its dependence on time has to be
derived. The calculation of local crack-tip strain is difficult due
to the presence of a mathematical singularity in elastic analyses of
the material, i.e., th'e crack tip, where the theoretical stress and
strain go to infinite values. What happens in reality is the creation
of a plastic zone which increases in size as the applied K increases.

Going back to a smooth specimen (Fig. 27), it is important to. remember
that in this case the strain value (AG/G) is an average value; the
strain is considered as equally distributed along the completed gage

'
length (G); no effect is generally assumed on a distribution due to
the presence of one or more cracks. So, to correlate smooth specimens
with notched specimens in terms of strain, it is possible to:

(a) Treat a smooth specimen in the same way as a notched one,,

taking into account the presence of a small crack in it.
!

(b) Treat a notched specimen as a smooth one, considering the
strain as equally distributed in a large process zone.

The two different approaches are shown in Figs. 28 and 29. In the
first case, the strain is calculated in a very small region ahead of
the crack tip by using a fracture mechanics approach; in the second
one, the strain is considered as evenly distributed on a large process
zone by using an approach that has already shown to be useful in
traditional stress corrosion tests.

Assuming now that it is possible to compute the strain distribution at
a given point of the notched specimen, its dependence on time during a
fatigue test must be evaluated. In Fig. 30 a plot of strain as a
function of time during fatigue load cycle is shown. Two possible &
evaluations are indicated: that for a single cycle (designated e ),
or following the variation of the maximum strain values Nhe
" envelope") of strain (designated e,). Several models for computing
crack tip - strain rates have been proposed up to now; they will
bedescribed in the following. Table I shows the proposed models
listed according to the different approaches used.
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Tabic 1 Different Crack Tip Strain Pate
Calculation Methods Proposed

Time Regime Calculation Zone

Small Zone Ahead Whole Process Zone
of the Crack Tip

Single Cycle Scott (Ref. 99) Gabette (Ref.101)
Single Cycle Lidbury (Ref. 100) Atkinson (Ref. 12)
Envelope Shoji (Ref. 94) Gabetta (Ref. 101)

|

4.1.1 Single-Cycle Strain Rate, e sc

When e is calculated as strain variation during the loading part of a

single cycle, the crack length is assumed to be constant, so that no
dependence on da/dt is taken into account. In summary, e in a single

cycle is:
- A few orders of magnitude greater than a calculated using

the envelope technique
- Dependent on frequency (or rise time)
- Directly dependent on mechanical and geometrical

parameters through Kapp*

It is moreover possible to compute t using one of the followingsc,
models, from the mechanical parameters of the test. The model
proposed by Scott and Truswell (Ref. 99) in 1981, and further
developed by Lidbury to compute the shear strain at the crack tip
(Ref. 100), assumes that the strain rate at the crack tip can be
estimated from the rate of change of crack-tip opening displacement ,
6. Crack-tip opening displacement has been used also as a gage
length, so that crack-tip strain rate, ese(')' 18

E *d~

sc

In the case of small scale yiciding, crack-tip opening displacement is

K
6 g- (4-2)

y
where E = elastic modulus and o = yield strength.y

Since the stress intensity factor is a function of time, it is
possible to calculate t during a sing'e cycle. In Fig. 31, plots of

ge
crack-tip strain rate vs. time during the loading parts of the sinu-
soldal and triangular wave forms at different load ratios are shown.

is zero at minimum and maximum load, while
e"rSse

In a sinusoidal wave,
time it reaches a maximum whose valuein the middle of the

increases as R ratio decreases. During a ramp, the strain rate is
quite constant at R > 0. 5, but at low R (~ 0.2 or less) and minimum
load, l tends to very high values, due to the small 6.ac
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Fig. 31 Crack tip strain rates during sinusoidal and triangular
fatigue cycles for a range of load ratios (Ref. 99).
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The average strain rate during the loading part of a cycle with rise
time, T, is the following:

6

] d6=finf (4-3)E '

av8 6min

Figure 32 shows average, maximum and minimum strain rates as a
function of time, during sinusoidal and ramp loading, at different R
values. Here again it turns out that t,y is the correct value to use

at R ratio > 0.5. It is important to noke now that the strain rate
calculated this way is independent of crack length, a, so that c,yg is
assumed to be constant during the complete test.

During fatigue tests, the occurrence of a plateau in crack growth rate
has been often reported. It is possible to say that a stress corro-
sion cracking process superposed on pure fatigue is responsible for
the onset of the plateau, the position of which in the da/dN vs. AK
plot is dependent on and rate-controlled by an interaction between
cyclic rupture of the protective oxide film and its repair by
passivation. The strain rate is supposed to play an important role in
this corrosion process. In Fig. 33, " plateau" crack growth rates vs.

'

are r p rted for several tests (every point isstrain rate (tavg)
representative of a test). It has been found (Ref. 2) that the crack4

growth rate depends on cavg, according to the equation:

- 1.6 x 10~ xE (4-4)

in the case of low water flow rate (laminar flow on the specimen). For
high flow rate tests (turbulent flow):

" ~ xE (4-5)- = 10

Moreover, crack growth rate upper limits depending on experimental
electrochemical conditions have been found (see horizontal lines in*

the plot). These results have been verified for relatively high
,

frequencies (> 0.25 Hz) and R ratios (0.7 to 0.9).
,

Atkinson, et al. (Ref. 12) proposed that the frequency of crack-tip
oxide rupture events is correlated to crack-tip opening diplacement
rate, rather than to the strain rate defined by Eq'. 4-1. This
statement amounts to adopting a definition of crack-tip strain rate in
which the crack-tip opening displacement rate 8(t ), is normalized with
respect to a constant characteristic length B, instead of the variable

quantity 6. Thus, for the loading part of a fatigue cycle

E,cN= M

A possible physical significance of the length, B, has been proposed

by Cabetta (Ref. 101), considering the complete zone ahead of the,

crack tip which experiences a tensile stress, i.e., the zone between'

the crack tip and the specimen center of rotation, x (see Fig. 34).o
The position of the center of rotation depends on crack length and can
be computed by means of a polynomial, as suggested by Saxena and liudak
(Ref. 102).
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Fig. 34 A schematic of a compact fracture specimen showing the
position of the center of rotation and its use as a gage
Icogth for strain rate calculations (Refs. 103 and 104).
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Considering that CTOD has a component in x-direction (0 = 0)

CTOD =a 6 (4-7)x

the strain in this direction is

(4-7a)c =a
1 5c -ax

o

which is correlated to c by plasticity equations.y

It follows that

c = a -- k-- = - g 2 ---y (4-7b)

and

{ (4-7c)c=a e - - - - -

| .o .

In Eqs. 4-7, a and ag, are multiplying factors, and c and t are
generic quantities representing x- or j-components of strain.

In Fig. 35, the trends of K, 6 and 6 are shown for a sinusoidal wave
(loading part) and a ramp with the same rise time (T) and the same
AK. t can be obtained as 6 divided by the gage length ,(x - a ),3e
which is constant for a = constant. The maximam in K, 6 or 6 d0 ring a
sine wave is only slightly hi her than the corresponding maxima f or aF
ramp. In any case, as a first approach, an average value independent
of the wave form can be calculated

-
6 -6 "

=bo 90--- 91" (4-8)cavg T x -a
9, ,

Using this model, t may be calculated in a large zone ahead of the
crack tip; the valu,eygobtained increases during a constant load test,
as the crack grows. In Fig. 36, a plat of c as a functi n f crackavnlength during a test is shown.

The t mputed in this way has been correlated to the purelyavg
environmental part of crack growth rate (Ref. 99), obtained by
subtracting the corresponding value of ASME XI air curve from the
mearured da/dN:

-

f( ") ( g") - ( ) (r-9)=
e

eny air

In Fig. 37, the environmental crack growth rate is plotted against t
ecfor several specimens tested in the same water chemistry conditions;

it is interesting to note that the environmental effect tends to a
maximum within the midrange of t and decreases to very low valuesc,

for t,c erceeding about 10~3 -I. ,Moreover, the maximum da/dt is abouts
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10-4 mm/s and is frequency independent, at least in the range 0.1 to
0.017 liz. It has been postulated that the corrosion process in
superposed on a mechanical fatigue which follows the ASME XI air
line. The corrosion process does not have a linear (on a log / log
plog) dependence on AK; its maximum rate on a time basis is

10~ mm/s. By adding this maximum rate to the ASME XI air line, a
family of limit curves for da/dN (at different frequencies) can be
proposed (Ref. 104). They are shown in Fig. 38. Equations 4-1, 4-6,
and 4-8 are representative of models proposed up to now for t. No

matter what is the numerical value obtained (which is different for
each model), the physical meaning is straightforward and can be
attributed to mechanical oxide ruptura. Moreover, the maximum shown
by & in the middle of sine wave rise time can account for the more
detrimental effect of the sinusoidal wave with respect to ramp
loading. Ilowever, it is important to take into account the cffccts of

| crack propagation in a model f or t. Models in which the strain rate,

t,c, is a function of crack growth rate, da/dt (= A) depend on
computation of the strain envelope which characterizes a growing
crack, as shown in Fig. 30.

4.1.2 Envelope Strain Rate, ten

Such a model was proposed by Shoji (Ref. 94) in 1981, by usigig a
classical f racture mechanics appgoach, where crack opening ratg (6) is
regarded as proportional to K . K in the clastic case, and to J in the
elastic plastic case. In bgth cases, it is possible to demonstrate
that t 18 Proportional to a. In this way it is possible to take the, en

da/dt|1ier Produced mechanically, as a parameterI crack growth rate
representativeofthecrack-tfp. strain rate.

The same approach can be used to evaluate crack-tip strain rates for a
growing crack under cyclic, monotonic (Refs. 105 and 106) or static
load. In the case of corrosion fatigue (Ref. 107), & at the crack tip
is:

c=Ae f+BeA (4-10)

where f is the f requency, A and B are constants only slightly depen-
dent on the applied K, A is the da/dt| inert.

A schematic representation of how plastic strain at one point in the
specimen c changes during crack growth is shown in Fig. 39. A sharp
increase oS c occurs for locations near the crack tip (pos. 3). At

p
the same time or at the same point, the environmental effect starts to
have an influence. Moreover, in the situation where e is a maximum,

it is poasible to calculate t,c during a single cycle,pand an average
or global l using the envelope of mean t values as shown in
Fig. 40. It hygas been demonstrated that p

n (AK, f, R)
(4-11)c (AK, f, R) = ------------ -

"a
where A = crack growth rate in an inert environment =da/dt| Inert' and
o is a constant.g
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It is possible to plot environmental fatigue data as crack growth in

da/dt|10ert),(da/dtenvironment
Eq.4-[$).

vs. a (or in the torm tg
in 8 own in Fig. 41. It Tn(= S/a ) from The plotting sg

interesting to notice that the environmental effect in higher at low
t and decreases gradually at high strain rates. Moreover, it isen

da/dt|hov
important to notice that tacreases as the sulphur content of

da/dt|envthe material increases, while t e shape of V8' E C"fV" 18en
still the same.

With the hypothesis that crack growth in an environment in the sura of

a purely mechanical da/dt fine t,and assuming moreover a dependence of da/dt|envplus a purely envir nmental da/dt|en5nda/dt| inert throug i

t it is possible to obtain limit curves for crack growth raten
whic,h are shown in Fig. 41. Note that the curves are very similar to
those presented in Fig. 37, which were obtained using a different
model.

The general concept of the strain rate envelor e can be applied to any
calculation. As an example, Gabetta (Ref. 104) proposed the use of
the derivative of Eq. 4-6 to calculate t,. In this case, t I"en
proportional to the actual da/dt, as obtained in environment, rather

;'

thantoda/dt| inert as prop sed by Shoji.
. .

( }*" ~ ~

en (x a )
, ,

Some results are worth mentioning because of theig ~o[ der of gggtude
since with this last model t rangen between 10~ s to 10~ s for
typical crack growth rates. By using the same approach in treating

! data that have been presented by the same author using L,c, it has
been shown (Ref. 104) that the purely environmental effect

10~(enje
to

becyme I, ery small
~v (Fig. 42) at t values ranging between s and

10~ s with oxygen < 180 ppb. Nese values are of the same order of
magnitude as those of a typical constant extension rate test (CERT).
In an ICCGR CERT round robin (Ref. 94), using smgot[i A 508 specimens,an environmental offcct was noticed at & = 10~ s~ , with an oxygen
content of about 400 ppb, while no environmental etfect was observed
at lower oxygen content and the same applied strain rate. The
interesting aspect of the strain rate envelope approach can be found
in its dependence on crack growth rate; in fact, a corrosion process
in likely to be dependent on the bare surface crention at the crack
tip. It follows that the environmental enhancement of crack growth
rate during fatigue depends on crack growth rate, at least up to a
point; this conclusion seems tobe demonstrated also by experimental
results.

4.1.3 Summary of Strain Rate Models

Four different models for the evaluation of strain rate at the crack
tip have been described. They are quite different from each oth

the numyrical results, giving strain rate values ranging f rom 10~g 1|s
to 1 e , depending on the model.
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Two dif ferent approaches have been outlined, single cycle strain rate
models (Eqs. 4-1, 4-6, 4-8) and envelope strain rate models (Eqs. 4-11
and 4-12). Physically, it is possible to say that single cycle strain
should be seen as responsible for oxide film rupture, so that it can
be seen to be a much more " mechanical" parameter, while & envelope,
being dependant on da/dt, i.e., on bar'e surface creation rate due to
-the growing crack, can be considered as a " corrosion" parameter. As
the same method has been used by Gabetta to calculate both E and tsc en
(Eqs. 4-8 and 4-12), it is interesting now to compare the two
models. It is cicar from Figs. 37 and 43, where the same data are
reported using the two different approaches, that differences between

the effects of the choice of t,c and t are small. It is important,en
however, to note that all tests were at a f requency of I or 2 cpm.
When changing frequency over a wider range (for example, by conducting
a test at 6 cpm), the corresponding change in strain rate is
different, depending on the approach employed. In Figs. 44 and 45, a
test at 6 cpm, with the same water chemistry as in the others, has

been added to the plots already presented in Fig. 37 (t,[ Fig. 45),) and Fig.,4y(t n). When results are plotted as a
function of t,Se the

adked
(da/dt)[ect

curve of matches quite well with t other tests,n
while using t,c, the ef of the frequency change is clearly seen as
a shift of the curve with respect to the others. In fact, t has bysedefinition a direct dependence on frequency:

I

a ~f (4-13)c,

wh'ere, T = rise time and f = frequency so that, with the same loading
conditions, a direct

proportionality between t,k to the time,
and f requency can be

found. In case of t this parameter is relate throughen
da/dt, .but not directly to the frequency, so that t can have theensame value over a wide f requency range if the loading conditions are
suitable and the crack growth rate is the same. It is obvious that to
apply single cycle models over a large frequency range, some
additional hypothesis on frequency must be added to the model, since
crack growth rates seldom scale exactly with the frequency, as the
proportionality (Eq. 4-13) suggests.

It can be said as a. conclusion that, in spite of the large difference
in computed values (depending on the model) the crack tip strain rate
is a suitable parameter to describe at least the stress corrosion side
of the environmental fatigue precaes. A larger ef fort needs to be
carried out in order to achieve better understanding of the real
physical meaning of this parameter, not only in environmental f atigue
on notched specimens ,. but alec 16 CERT on smooth specimens. This
understanding will ' give the possibility of comparing results obtained
with different techniques, and of ~ choosing which one of the proposed
modela is more' suitable for use fer data reduction.

t
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4.2 Finite Element Model (FEM) Calculations
4

Models descrihd up to now have been formulated by using simple
physical approaches to the strain calculation in a notched specimen.
Through use of stress analysis, the presence of a singularity in the*

stress and strain field at the crack tip in elastic plastic materials,
particularly for the plane strain case, has been pointed out by
several authors (Refs. 108 to 111). Other authors have suggested a4

design of finite elements which allows accurate replication, in terms
of numerical solutions, of the principal features of the near crack-
tip stress and strain fields (Ref. 112). By using a finite element

I, code, in fact, it is possible to attain reasonable -numerical accuracy
near singularities. Rice and Johnson (Ref, 113) have recently<

! emphasized the importance of accurate leterminations of the stress and
'

deformation state very near the craci tip in connecting continuum
i analyses with microstructural- separation mechanisms. Many numerical

elastic plastic solutions for cracked or - sharply notched bodies have,

been published, employing finite element and finite difference methods
-(Refs. 114 to 117), while the strain rate near the crack tip has been
evaluated with numerical methods- by Wilson, et al. (Refs. 118 and 119)
and will be described in the following section.

'

To obtain a correct solution of the problem, the following input para-
meters must be evaluated:

,

j (a) Crack tip size and shape
: i

(b) Constitutive equations of ' the material, under the appro-
~

;
priate environmental conditions.

The analysis has been performed by us .ng a computer code with large
deformation and large geometry change capability. The geometry of the
crack-tip model used for small scale yielding condition (which should
be4

representative of the majority -of environmental . crack growth condi-
tions in nuclear components) is that of a cylindrical body with
outside radius, R , as shown in Fig. 46.o

The cylinder contains a radial crack whose tip is located at the
center of the cylinder and which extends to the outer surface. The
crack-tip radius is p, in the undeformed state. The boundary condi-

4

j tions (strain in x direction (u) and y direction (v)) are the'

following:,

; K 1/2 (3-
, ,

-

I~2 I0
|

7 r
u cosi j e - 1 + 2 sin j - (4-14a)zu 2n qj, (2j _, ,

'

K 1/2" (3- 2 I i'
'

I r
sinl j e + 1 - 2 sin j j (4-14b)v = 2u

,
,

gj, gj_2w

) where, c = 3 - 4 v, u = E/ [2(1 + v) } , and r = R. The crack-tip
; opening is presumed to change due to loading without changing its

shape, as shown in Fig. 47.
!

,.
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Fig. 46 Coordinate scheme for a crack tip
blunting model (Ref. 108).
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4

The fine mesh model of the crack-tip region used in this study is
shown in Fig. 48. The dimension of this mesh at the crack tip is
small with respect to the crack-tip root radius, p. A wider mesh has

; been used for the region far from the crack tip.

To obtain the constitutive equations of the material, results of tests
. performed at room temperature and at 300*C on A 508 in air have been
used. In Fig. 49, as an example, the cyclic stress-strain curve for.

j A 508 at room temperature is shown.

Based on the hypothesis of a blunt crack, the shape of the crack tip
for ' A 508 steel at 300*C can be drawn * as shown in Fig. 50. The
deformation in the blunted region (b) is a function of crack opening
displacement. Calling b the initial crack-tip opening width,(= 2p*

using the nomenclature oO Fig. 46), the relationship between crack-t2p,
root strain and crack-tip opening width for A 508 steel at. 300*C is
obtained as shown in Fig. 51. As a further step, cyclic loading could

I be considered. During a loading sequence (such as: load, unload,
reload), the shape of a blunted crack in A 508 at 300*C is calculated
to be modified as shown in Fig. 52. In Fig. 53, the value of crack-
tip strain is shown as a function of opening width, b/b . The sameo
plot shows a comparison with results obtained by Scott, using his
previously described model (Ref. 2). The two results are in good
agreement. The strain situation at the crack tip was calculated for a
stationary crack; however, both experiments and theoretical considera-
tions show that crack growth must be allowed in -hese computer

'

simulations (Ref. 119). In order to simulate crack growth in an FEM
analysis, a relaxation of the nodal force at the crack tip has to be
provided. In the Wilson model, to obtain the strain rate value, the
relaxation is assumed to follow a creep law which has been arbitrarily
chosen by the author; this creep law .is shown in Fig. 54. It is
interesting to note at this point that the strain rate (being similar,

F in a way, to t envelope) is not related to the externally applied load
variation during fatigue, but to the crack growth rate through the
creep properties of the material.,

.The a value obtained e tends to a
constlnt value of ~ 10~gn t}is way is shown in Fig. 54.10 minutes of el[psed time.-

s , after about
,

+

The' model described here involves only a calculation of strain rate at
the crack tip; no hypothesis has b:en made by the authors on the
influence of strain rate on the environmental crack growth rate. It
is possible, however, to make a few comments about the results,

obtained. As in every problem solved by finite element method, the;

most important factor in determining the order of ' magnitude of the
i final result is the physical approach employed, which in this case can
, be seen to be similar to the one previously described in Fig. 29a:
1 strain and strain rate have been determined in a very small zone ahead
4 of the crack tip (the mesh used at the crack tip was small with

respect to the crack-tip radius, p). Moreover, as pointed out by-the
author himself (Ref. 109), the physical meaning and the real value of,

the crack opening in the unloaded situation (b ) is not clearly'

o
j understood.

!
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Fig. 52 Shapes of blunted crack in A'508 steel at 300*C. The loading
sequence is load, unload and reload (Ref. 108).
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The comparison of this model with the one proposed by Scott, et al.
(Refs. 2, 99, 100), described above is meaningful because the same
physical approach has been used in both cases. In fact, the numerical
value obtained for the strain at the crack tip is reasonably similar
in both methods, as shown in Fig. 52. Therefore, it is possible to
say that the physical approach is the most important factor affecting
the results in crack-tip strain evaluation, regardless of the
numerical analysis method used. Iloweve r, when strain rate (csc) 18
calculated, a large dif f e rence (about 3 orders of magnitude) can be
found between the results obtained with the Scott model (Refs. 2 and
99) and the finite element approach (Ref. 119). This is due to the
hypothesis of relaxation at the crack tip, which corresponds to the
physical assumption that the crack does grow during a single fatigue
cycle.

A comparison of strain rate models should be of interest at this
point. Shoji's model (Ref. 107) is expected to be the most similar to
the finite element method, due to the physical approach used by this
author which takes the da/dt influence into the proper
consideration. It is possible to see in Fig. 41 that

10-$salues
th v of

-I l. Thisstrain rate obtained by Shoji range between 10- s to
corresponds to finite element results rather well.

It is clear that the understanding of the physical meaning of the
different models is an important step in the understanding of environ-
mental crack growth phenomenon. An accurate study and comparison of
differently obtained results can be useful for this purpose.

4.3 Slip-controlled (Deformation) Models

A simple model to . describe the rate of fatigue crack growth must
incorporate a cycle-dependent criterion for crack advance based on
crack-tip micromechanics. The effect of plasticity at the crack tip
can be taken into account by either crack-tip blunting models
(Refs. 120 to 122) or damage accumulation models (Refs. 123 to 125).
Both of these consider crack-tip opening displacement (CTOD) to be due
to dislocations moving on slip planes, and that a number of cycles are
required to reach a maximum CTOD, which causes a crack growth rate
proportional to CTOD itself.-

| Crack-tip blunting models are aimed at finding the relationship
between da/dN and AK chrough a measure of crack-tip opening displace-
ment (CTOD) and striation spacing (Ref. 126). The simplest way to
visualize such a model is through the hypothesis that the amount of
crack growth in a single cycle is equal to half the measured CTOD
increment. Unfortunately, this statement is correct only in
.particular da/dN ranges, and for a limited number of materials. . In
the same way, the spacing of striations observed on the fracture
surface is equal to macroscopic crack growth rate only in a limited AK
range. Moreover, in some materials (particularly pressure vessel
steels), the measurement of fatigue striations is a quite difficult
task, due to the complicated microstructure and to the fatigue process
characteristics. As a consequence, crack-tip blunting models have
been used successfully up to now to explain fatigue crack growth rates
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I

in air on materials with a simple microstructure, such as aluminum and
stainless steel. This crack-tip blunting model can be further
developed by using damage accumulation models , which are based on the
assumption that crack growth does not occur on each cycle. Crack
blunting is assumed to occur, and to increase in magnitude on each
successive cycle, resulting finally in crack advance. Thus, N cycles
are required for the sudden advance of a crack by an increment, Aa.
This physical model led to the cor.clusion that fatigue crack growth
can be treated in the same way as failure of a low cycle fatigue
specimen. The modela correlate the increment of crack advance, Aa, to
the microstructural parameters of the material, such as slip length
and dislocation pile-up characteristics (Refs. 127 to 129). Other
models (Ref. 130) do not explicitly define a slip length, but instead
use the concept of a process zone, defined as the region in which
metallurgical factors are important. The size of the process zone for
crack growth at near-threshold stress intensity factor levels has been
correlated with either subcell size or grain size (Ref. 130).

Figures 55 and 56 show the crack advance nechanism for low AK (where
i

only a slip plane is supposed to act) and high AK (with several active J

slip planes), respectively. The accumulated damage. is due to the
incomplete reversibility of the dislocation . formation process. On
succeeding cycles, it is likely that an increasing difierence will
occer between the number of dislocations generated at the crack tip
during the loading and the number which- return during the unloeding.
This process lowers the effective driving stress by shielding the
crack tip, and at the same time causes a strain-induced sof tening of
the material. The slip distance, r, can also change with the

. s
increasing number of cycles, due to the slip characteristics of the

l

material. It is possible to correlate in a simple way (Ref. 131) the '

length of slip lines, r, the number of dislocations on the slipg
plane, D , and the stress on the slip plane. For the simple case of a
singlesfipline, the relationship is

."( ~"
.

Db= At r (4 -15) |N p a
. .

where, b = Burger's vector, p = shear modulus, v = Poisson ratio, and
t = shear scress on the slip plane.

Based on 6.;e model described in Fig. 56,

CTOD = D b sine (4-16)N

and the increment of crack advance along the slip line is:

Aa = D c s0 MDN

It follows that calculation of the shear stress at the crack tip is
necessary to apply this model. Therefore, the importance of a correct
evaluation of the crack-tip stress and strain situation is emphasized
once again.
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Davidson and Lankford (Ref. 131) have determined the shear stress at
the crack tip for low carbon steel through the size of the subgrains I

which form during fatigue crack growth. Moreover, the analysis ,f

fatigue cracks by using stereoimaging techniques has allowed the si ne

authors (Ref. 132) to obtain direct measurement of CTOD and throigh
computation from the measured displacements, the crack-tip near fiald
strain.

This experimentally-deter"sined crack tip strain has been applied to
results previously obtained on 7075-T651 aluminum (Ref. 132). The
model can be used to derive the length of slip lines and their angle i

to the direction of crack growth, when the crack growth increment is
measured, or to prediet the increment of crack growth, when the length
of slip lines is known. This has been verified f or the aluminum alloy |

examined, where slip line length appears to be related to the mean
free path between dispersoids. The author recognizes this model as

having limitations (Ref. 133), the most serious of them being that not
all the factors associated with fatigue crack growth under constant
cyclic load are accounted for in the model. For example, neither the
threshold ef fect or crack closure, nor their relationship with metal-
lurgical parameters , are included. Both crack closure and threshold

~

|
effect have been accounted for in ongoing research on the effect of
environment on fatigue. This study has been_ performed by Davidson, et

| al. (Ref. 134), Hudak and Davidson (Ref. 135), Hudak, Davidsr and
Page (Ref. 136), on low carbon steel and A 304 steel, exposed respec-

I tively, to pure aqueous and dilute sulphate environments.
i Independent of the proposed model, two points are of importance:

(1) The capability of stereoimaging technique- to be used for a
{ correct estimate of crack-tip strain rate.
:

| (2) The effect of environment on crack-tip strain rate measured with
| stereoimaging.

!

In Fig. 57, a schematic of the stereoimaging technique is shown. In
;

j Fig. 58, measured values of ef fective strain range (i.e., taking into

account the presence of crack closure) ahead of the crack tip in+

environmental fatigue are reported as a function of the distance from'

; the crack tip. The decreasing slope of this line shows once again, as~

.

: seen for previously discussed models, that the distribution of strain
| depends on the position where the strain is calculated, so that the
j gage length chosen is still an important parameter for the evaluation
i of the stress and strain distribution. Strain rate values computed by

!
using the stereoimaging strain measurement ~ technique .are shown in
Fig. 59. As the gage length is small and & is computed during a '

single cycle, these va. lues are comparable with those obtained by
,

i Scott's (csc) m del (Refs. 2 and 99). Once again, this is a
demonstration of the importance of a physical approach, much more than
the computational method, on the order of magnitude of the results

'

obtained.
'

!

The effect of environment .on strain' rate is not important - for 304'

stainless steel in aqueous sulphate (Ref. 135). On the other hand,

for low carbon steel exposed to water (Ref. 134), the environment
!
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produces a significant lowering of the strain that is measured at the
crack tip. These results seem to indicate that different mechanisms
can be active in corrosion fatigue, due to the characteristics of the
environment / material' couple which is considered. This effect needs to
be studied further.

The . use of this model for corrosion fatigue requires the calculation
of crack-tip strain and strain rate; therefore, a method for direct
measurement of strain rate during tests has been proposed. Values
obtained are in good agreement with those obtained by . other models,
provided that the same physical approach is used. With this
technique, moreover, the values of strain rate obtained can be used as
a measure of the environmental ef fect.

5. SUMMARY OF MECHANISMS AND MODELS

Both the anodic dissolution and hydrogen-assisted crack growth models
have been described in some detail. Both ~ m certain advantages and
'isavantages which more or less reflect the state of development of
each.

The anodic dissolution mechanism has the strong advantage that it is
conceptually easier to comprehend than the hydrogen' assistance
mechanism, has been under active ' development for a longer period of
ti me , and may have a larger contingent of followers. There is little
doubt or argument that anodic dissolution is the probable dominant
mechanism for a large number of metals / environment combinations. It

can be quantified in a straightforward and understandable way, thus
increasing its appeal enormously. The mathematics lend themselves to

,

a superposition treatment )f fatigue crack growth, in which the
environmental component is simply added to the mechanical component to
obtain the total environmentally-assisted crack growth rate. The
first quantified analysis of ' fatigue crack growth, while not
mentioning anodic dissolution per se, was a superposition method,
which received some acclaim, and is still in widespread use (Ref.
137). As the anodic . dissolution concepts became more heavily
utilized, they~ were often incorporated in the superposition model,
thus heightening the visibility of both. The fact that the anodic
dissolution mechanism lends itself to superposition treatments so well
makes it intrinsically well-tailored for incorporation in the more-
recently developed atrain rate models discussed in Section 4.

On the other hand, anodic dissolution fails to account for several
phenomenological observations, especially in the fractographic
arena. The brittle-like appearance of fatigue fracture surfaces,
including fan-shaped features emanating from manganese sulfide-
-inclusions and brittle striations on the fans, are difficult to
reconcile with the lateral dissolution velocity, V c neept that is an

|sintegral part of the anodic dissolution mechanism description. In an j
attempt to account for the fractographically obvious, but to retain l
the calculational advantages noted above, Ford and Emigh have
attempted to marry the cleavage concept and the basic dissolution
parameters (Ref. 39). Of equal concern is that the' dissolution
mechanism cannot account for the observed threshold behavior and
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frequency dependence of f atigue crack growth rates without invoking a
strong competitive process. For low load ratios, (R ~ 0.1 to 0.2) It
has been demonstrated that very long cyclic periods produce little or
no environmental assistance (Ref. 3), while for very high load ratios
(R 4).8 to 0.9), the maximum in growth rate enhancement comes at high
frequencies, up to about 10 or 20 liz(Ref. 2). On its own, anodic
dissolution would predict a continuing increase in growth rates for
increasing cyclic periods. Advocates of the dissolution mechanism
usually invoke creep and crack blunting arguments to help handle the
low frequency problem.

The hydrogen assistance mechanism has the advantage that it can
account for the fractographic features, but in most other respects is
not nearly as well-developed or well-conceptualized, and is certainly
not as amenable to quantification as is the anodic dissolution
mechanism. At this point in time, there are several pieces of
isolated evidence which tend to point in the direction of the
existence of hydrogen assistance, but none are conclusive, and in
order to account for all the phenomena which are experimentally
observed, the hydrogen assistance model must be combined with crack
tip passivation and filming mechanisms. Perhaps the most convincing
evidence is that crack growth rates and fractographic features are
very similar for tests of low alloy steels conducted at low
temperatures in hydrogen-bearing environments other than water, such
as dry, highly purified hydrogen gas, and hydrogen sulfide gas. The
fact that hydrogen can have so many difierent effects on the metal
matrix serves to diffuse the amount of attention which which any one
hydrogen effect receives, to the detriment of hydrogen mechanism
development as a whole. It will be .very dif ficult to measure hydrogen
effects airectly, since these are probably bulk effects, rather than
surface effects. It is likely that the ef fects of hydrogen are only
manifested under the conditions of triaxiality and electrochemistry
which are found at the tip of a crack, suggesting that all critical or
supporting experiments may have to be performed with cracked
specimens, which are f ar more dif ficult to analyze than untaxial test
specimens.

The development of calculational models is reaL y still in its
infancy. Although the strain rate model is a vast 4mprovement over
its predecessors, it must be remembered that it too is no more than
another curve-fitting procedure, albeit one with a n. ore physical
basis. It is difficult co envision how the strain rate model is going
to be generalized to the case of variable load /f requency situations;
it is much better suited to the constant amplitude / constant frequency
test analysis. At present, it is used most convincingly for the
calculation of maximum environmental effects, which are, generally
speaking, not appropriate to combinations of more modern, less-
sensitive steels or well-regulated water quality.

It seems intuitive that some cycle-by-cycle integration would offer
the most promising hope for calculational success. As input, the
user would have to know exactly what happens to hydrogen accumulations
in the metal matrix following an overload, and what that does to the
plastic zone shape and size, and how the crack tip deformation rates
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result in breakup of the oxide film, thus establishing the conditions
for hydrogen adsorption and assumption into the matrix. While cycle-
by-cycle summations are exceptionally time-consuming computationally,
and will be even more so when combined with environmental ef.ects,
this may be the only feasible approach. With the astounding growth in
supercomputer capabilities, computational speed, coupled with

apossible large number of model parameters may not be the overwhelming
problem in the future that they are today.

Lastly, a very pragmatic look at the future requirements for

mechanistic develcpment for the PWR situation should be established.
It is apparent that only the older steels, those with higher sulfur
and processing which is less effective in controlling inclusion shape,
are overly susceptible to environmental enhancement. More modern
steels generally appear to have growth rater which are a simple f actor
of two or three faster in growth than air e avironment rates, and this
can be dealt with quite simply. Since it 5ill require many more years
of development before a mechanism /model et n be developed and brought
to convincing calculational accuracy, the industry must look at a
time-line analysis to determine if any of these older, more
susceptible steels will still remain in service at the time an
ef fective model will be approved. If it might be twenty or more years
before a model acceptable to the regulatory agencies can be d_eveloped,
and if the cost of model development, integrated over all the
sponsoring agencies and vendors, is going to outweigh the potential
gain, then those research funds would be much better spent in areas
which of fer more immediate return for the investment.

Along this line, it may' be more realistic to pursue model development
with the motivation that understanding of a model might show the
research community where the problem areas may reside, and then to
pursue those areas with increased experimental research budgets.

6. RECOMMENDED RESEARCH

One of the most significant concerns in this field is that the AK
range which has been experimentally investigated, and over which the
available models are claimed to work, is re 11y the tail-end of the

'total fatigue cracking process. As such, it may account for a few
i

percent of component life, and because of that, may be within a range |
which is unacceptable for operation in the eyes of regulatory
agencies. A far greater percentage of the component lifetime is
consumed by the crack nucleation and near-threshold growth phases,
which have not been well-investigated experimentally, and which have
virtually zero development on the environmentally-assisted mechanisms
front. This is an excepticaally difficult area to investigate |
experimentally, and development of experimental techniques is slow and
expensive. However, neglect of this area should not be continued.
Based on what little research is available on environmental ef fects in
the near-threshold regime (Refs. 138 to 141), indications are that the
phenomena are very different from those which act over the better-
investigated, higher AK range. We may find that all the current
energy and resources, human and financial, are addressing the ten

percent of the problera beyond the safe operation cut-off point.
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Historically, the driving energy for the development of concepts
concerning mechanisms has been the development of some expcrimental
result. The first hint that hydrogen assistance 'could be responsible
for increased crack growth rates came from fractographic
observations. The change in slope of crack growth rates as a function
of temperature (Fig. 6) suggests that there may be competing
contributions to the mechanistic processes. The role of ionic species
in the formation of crack tip oxides can be evaluated by various
spectroscopic techniques. The conditions for oxidation or reduction
reactions can be measured by pit and electrochemical potential
probes. The list could go on, but the point is that experimental
evidence has been of crucial importance in achieving proper
mechanistic concepts, .and is likely to continue to be the major
influence on continued development and improvement of the existing
models.

One of the more promising of the experiments being prepared is the
measurement of crack enclave pH and potential, which will be performed
at CISE during 1985-86. This initial phase of the work will be
conducted at temperatures less than 100*C, but if successful, it might
be expected that attempts to perform these measurements near 300*C
would be attempted. If it can be shown that crack tip potentials are
low (<-500 mVSHE), and if the pit is nearly neutral, then it becomes
very difficult to postulate that anodic dissolution can provide the
full amount of environmental enhancement which is observed.

Experiments to measure the effect of hydrogen on mechanical properties
would be especially helpful to a wide variety of scientists. The flow
curves are required input for finite element and plasticity modeling,
and changes in elastic modulus and ductility are helpful parameters
for understanding the crack tip mechanics. Currently there appears to
be conflicting evidence on the effects of hydrogen on certain
mechanical properties, and the incorporation of uniaxial mechanical
property data to what in a triaxial situation is always a questionable
procedure.

From a crack growth standpoint, it was pointed out that the near
threshold regime is far more influential in determining component
lifetime than the higher AK regime which is the current subject of
most experimental and conceptual modeling attention. - But as suggested
above, first we need to have the experimental results before we can
make any realistic attempt to conceptualize a model. Therefore, we
would encourage that a considerably higher level of effort should be
directed toward the measurement of environmental effects for crack
nucleation processes and near-threshold growth rates.

Allied with this concern is the . question of crack closure effects.
There are two types of closure with which we might be concerned. The
first is mechanically induced closure caused by plastic deformation
along the flanks of the crack, preventing full closure of the crack
tip when loads are reduced to zero. The second is oxide-induced
closure caused by oxide forming on the flanks of the crack, thus
keeping the crack wedged open. Both phenomena effectively lower the
applied AK for all loadings involving compressive loads or near-zero
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tensile loads. Since reactor pressure vessels often have a high
tensile mean load, this may ameliorate the crack closure problems.

We also need to be concerned with the questioa of the usefulness of
compact specimen data. There are two questions here: the first is the
question of stress field similartty, and the second is the question of
environmental access. Since most cracks in real structures are
assumed to be two-dimensional with a roughly semi-elliptical shape,
there will be relatively little bending moment at the crack tip, which
will have some effect on the triaxial stress state. If the changes in
stress state range and amplitude are sufficiently different, and if
internal hydrogen effects are responsible for environmental
enhancement, then we could expect changes in the results produced by
either compact tension or center-cracked tension specimens for
otherwise identical experimental variables. If crack enclave
flushing, or bulk environment flow rates are important in controlling
crack growth rates, than the much reduced environmental access,
throagh the much smaller aperature of a two-dimensional semi-
elliptical crack will be of some importance.

Lastly, it is important to not develop a mindset about a particular
experimental direction along which to proceed. It has been more than
obvious over the last few years that for every seeming advance in the
development of mechanistic concepts, there will be new experimental
results which strongly influence or even negate those conclusions.
There is no substitute for good, carefully executed studies of the
effects of critical variables on crack growth rates.

I
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