
8.6 Corrosion Fatigue*

Introduction

Corrosion fatigue can be defined as a materials failure mechanism which
depends on the combined action of repeated cyclic stresses and a chemically
reactive environment. The total damage due to corrosion fatigue is usually
greater than the sum of the mechanical and chemical components if each
were acting in isolation from the other. This simple definition describes a
subject of great complexity, combining as it does, many facets of metallurgy,
chemistry and mechanical engineering. Numerous laboratory investigations
have been carried out emphasising one or more of these aspects, stimulated
either by practical requirements for engineering design data, failure analysis,
or academic motivations to learn something of the mechanisms of inter-
actions between cyclically deformed materials and their environments. In
many respects, there are close parallels with stress-corrosion cracking. How-
ever, crack nucleation and self-sustaining growth under the combined action
of a constant, not cyclic, tensile stress and a chemically reactive environment
is confined to a relatively small number of material-environment combina-
tions. On the other hand, environmental enhancement of a fatigue process
can occur with a much wider range of materials and environments because
of the ability of the mechanical fatigue process to maintain sharp crack tips
in circumstances where non-cyclic stresses could not. Nevertheless, it will
also be shown that the dividing line between stress corrosion and corrosion
fatigue is not always clear from either a mechanisms or failure analysis view-
point, in part because it is difficult in practice to be sure that a component,
or indeed a test specimen, is subject to a literally constant stress.

Although corrosion fatigue has been recognised and studied for many
decades, certainly since World War I, it was not until 1971 that an inter-
national conference was held to review the subject1. Several reviews are
also available from the same period including those of Water house2 in pre-
vious editions of this book and Gilbert3. From the time corrosion fatigue
was first recognised and described until the 1960s, virtually all experimental
investigations used smooth cylindrical specimens which were cyclically
stressed until they failed or survived some pre-determined target number of

* The work described in this section was undertaken as part of the Underlying Research Pro-
gramme of the UKAEA.
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Fig. 8.58 S-N curves for air and corrosion fatigue tests (schematic). A, Corrosion fatigue
showing retarded initiation at high stress; #, Corrosion fatigue giving a general lowering of

fatigue strength (after Congleton and Craig)

With the development of linear elastic fracture mechanics (Section 8.9) in
the 1960s and the recognition that fatigue crack growth rates per cycle,
da/dN, could be expressed as a simple function of the cyclic crack-tip stress-
intensity value, Afif, (Fig. 8.59), increasing attention has been focused on
measuring the rates of corrosion fatigue crack growth processes. This
approach has an important conceptual advantage since it is clear that if a
time-dependent process, such as corrosion, is combined with a non-time-
sensitive, but stress cycle dependent, fatigue crack nucleation and growth
process to give corrosion fatigue, then the cyclic frequency becomes an
extremely important variable. It is normally difficult, if not impossible, to
investigate fully cyclic frequency effects in an integrated lifetime S-N test.
This is because high test frequencies, often considerably greater than 10 Hz,
are necessary if the complete S-Ncurve, including low stress ranges and high
cyclic lives greater than 106 cycles say, is to be defined in an acceptably
short period of time. On the other hand, a test which measures the rate of
failure development is not nearly so severely constrained in studying cyclic
frequency effects and therefore the time dependent aspects of corrosion
fatigue. It should also be noted that the relationship between corrosion
fatigue crack growth and S-N data is not necessarily straightforward and
will be discussed later on.

stress cycles. Data from this type of experiment are typically presented in
the form of an S-N curve (Fig. 8.58) which shows the number of cycles to
failure, N, as a function of the cyclic stress range, S. The same technique and
method of results presentation is still used today, particularly in the context
of engineering qualification tests on components and welded connections.
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RANGE OF STRESS INTENSITY FACTOR, AK (MBa/m)

Fig. 8.59 Features of a corrosion fatigue crack growth curve

The diversity of practical corrosion fatigue problems investigated during
this century illustrates the range of material-environment combinations
which must be considered. For example, during World War I carbon steel
towing ropes used in mine sweeping exhibited very short lifetimes which
were not improved by increases in steel wire strength. Galvanising did prove
to be effective, however. More recent examples associated with the marine
environment have concerned the integrity of submarine hulls and of offshore
structures for oil and gas production. Aircraft components must also be
proved against corrosion fatigue from environments as diverse as water
spray affecting undercarriage components to very hot gas environments typi-
cal of jet engines. Heat exchangers of all types which can be subjected to
water hammer or cyclic thermal stresses associated with their operation also
widen the range of materials from steels to nickel, aluminium, copper- or
titanium-base alloys and environments from sea or river water to the care-
fully controlled water chemistries typical of modern boilers and nuclear
power reactors.

One method of ordering or categorising this great diversity of materials
and environment combinations which will be followed here, is to divide the
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subject matter up into general groups as follows: (1) gaseous oxidation and
adsorption, (2) other non-aqueous environments such as liquid metals,
(3) aqueous systems subject to general corrosion and/or pitting, (4) aqueous
systems in which the materials are immune to general corrosion, usually by
virtue of a barrier coating or cathodic protection, and (5) aqueous systems
in which the materials form protective oxide or passive films. Examples will
be used below to illustrate corrosion fatigue behaviour of metal-environ-
ment combinations falling into each of these categories in order to deduce
underlying principles and common themes. It is important to note that, apart
from possibly the first and third categories above, an environment need not
necessarily be 'corrosive' in the normal sense of the word for it to exert a
substantial effect in corrosion fatigue. This arises because local strains
associated with the formation and propagation of fatigue cracks can fracture
or greatly thin protective films and/or expose highly, chemically reactive,
fresh metal surface which can behave chemically in a radically different way
to other unstrained surfaces.

In the succeeding sections of this chapter a brief description of the mech-
anisms of fatigue crack initiation and growth as presently understood is
given together with an indication of the various ways in which corrosion may
influence these mechanical processes. After that, illustrative examples of
corrosion fatigue crack growth and corrosion fatigue endurance in various
alloy-environment combinations using the categories given in the previous
paragraph are described. The chosen order of presentation of endurance
data following crack growth data is done deliberately so that the influence
of corrosion on the relative contributions of the crack nucleation and growth
phases of failure development in endurance tests can be assessed and thereby
linked to the final section on practical applications.

Mechanisms

An important development over the last few decades has been an improved
understanding of the mechanisms of how fatigue cracks initiate and grow
in metallic materials. An essential first step is the localisation of cyclic,
plastic deformation onto favourably orientated slip planes. Any oxidation
or adsorption process may prevent slip step reversal and continuing slip on
adjacent planes leads to closely spaced groups of slip planes known as per-
sistent slip bands (PSB) (Fig. 8.60). If the surfaces are initially smooth, these
slip processes can be shown to be accompanied by intrusions and extrusions
of material at the slip band with incipient cracks forming at the intrusion.
The irreversible movements of dislocations associated with slip band forma-
tion are very complex and vary significantly with metallurgical structure4'5.
In polyphase materials, the sites for strain localisation may be inclusions,
grain boundaries, metallic precipitates or precipitate-free zones (PFZ) or
simply a mechanical stress concentration such as a notch or corrosion pit.
Following the initial localisation of strain, visible cracks then form on shear
planes (stage I) and may propagate in this mode across one or several grains
until one dominant crack takes over and propagates perpendicular to the
imposed principal tensile stress (stage II). Failure occurs when the remaining
ligament breaks by plastic collapse or brittle fracture. Some materials such



Fig. 8.60 Schematic diagrams showing common surface profiles produced during fatigue:
(a) coarse slip and crack initiation adjacent to grain boundaries; (&) extrusions and intrusions;

(c) coarse slip within a persistent slip band (after Lynch7)

as steels exhibit definite fatigue or endurance limits in air or vacuum and at
cyclic stress ranges below the limit, fatigue failure does not occur. In such
cases the endurance limit stress range coincides with the cyclic stress/strain
yield point which is often about half the tensile strength. In other cases a
definite fatigue limit is not observed and endurance limits for a suitably large
number of cycles, say 107 or 108, is quoted where the slope of the falling
S-N curve is shallow (Fig. 8.58).

It is plain from the description above that the boundary between crack
initiation and crack growth is not clear cut. Indeed many would regard the
distinction as semantic, or state that most of the fatigue life is spent in crack
propagation, however small those cracks might be. Nevertheless, the pro-
portion of cyclic life occupied by the various stages can vary greatly with
metallurgical structure, magnitude of the applied cyclic and mean stress,
geometry and environment. Only stage II of the growth process (Fig. 8.61)
can be properly characterised in terms of the linear elastic parameter, the
cyclic range of the crack-tip stress-intensity factor, AA^. Even this is subject
to the conditions that the crack-tip plasticity be contained within an elastic
continuum and that the crack is large compared to microstructural dimen-
sions. When these conditions are satisfied and the environment is benign, the
familiar Paris equation can characterise the crack growth rate per cycle,
da/dN, over a wide range of &K (Fig. 8.59).

Stage I crack growth, or stage II growth under high strain conditions,
requires more specialised methods of analysis to represent the driving crack-
tip stress field. This problem is now known as the 'short crack' problem,
defined roughly by cracks 0.01 to 1.0mm deep dependent on alloy strength
and raises unique issues with regard to the influence of chemically reactive
environments. Nevertheless, successful quantitative representations of high
strain, cyclic endurance by the Coffin-Manson equation6 predate attempts
to characterise fatigue crack growth explicitly and are widely used in low
cyclic fatigue design. It is important to note, however, that the shear decohe-
sion processes (Fig. 8.60) associated with fatigue failure in ductile metallic
materials are essentially the same throughout all the stages of crack initiation
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Fig. 8.61 Fatigue crack propagation across specimen section (after Tomkins and Wareing16)

and growth whether the net section stresses or strains are above or below the
elastic limit. Difficulties in characterising fatigue crack growth quantitatively
arise only from difficulties in providing adequate descriptions of the crack-
tip driving force over the full range of stresses and strains and crack sizes.
However, the characteristic crack growth/arrest markings known as stria-
tions which are commonly visible on ductile metal fatigue fracture surfaces
in benign or mildly oxidising environments are normally associated with
stage II growth. Their formation is illustrated in Fig. 8.62.

Before discussing the influence of corrosion on the mechanical defor-
mation processes of fatigue crack initiation and growth in some specific
systems, it is useful to have a general mechanistic framework to which
specific examples can be related. In the early stages of fatigue crack nuclea-
tion, the main effect of corrosion is to accelerate the plastic deformation and
slip processes which precede the formation of stage I cracks. These may be
broadly classified into four groups: (1) where oxide films interfere with slip
reversibility, (2) where adsorbed species influence slip by facilitating the
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STAGE IN STRESS CYCLE

Fig. 8.62 Crack-blunting model of stage II crack progagation (after Laird)16

nucleation of dislocations, (3) where corrosion processes result in the injec-
tion of an embrittling species such as hydrogen, and (4) where corrosion
removes plastically deformed material. The same processes can also influ-
ence the later stages of crack growth although two additional considera-
tions come into play. One is the role of oxides or other corrosion products
in impeding crack closure and consequent effects on the effective range of the
crack-tip stress-intensity. The second is the effect of a long, narrow diffusion
path for reactants and products along a macroscopic crack and the possi-
bility of chemical modifications to crack-tip environments relative to the
external bulk environment.

Owing to the nature of the fatigue process in ductile metals, it is clear that
a constant supply of atomically clean, new surface is presented to interact
with any environment. Oxygen and water will normally adsorb strongly and
very quickly on these new clean metal surfaces. Any oxidising agent, whether
gaseous or aqueous, will react rapidly with fresh metal surface exposed by
the fatigue process and the extent of reaction per cycle will then clearly
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depend on the duration of the cycle period. With gaseous oxidants there
is usually little ambiguity about the nature of the processes leading to
environmental acceleration or in some cases retardation. Oxygen and air
for example at normal ambient temperatures usually generate sufficient
oxide to impede any rehealing during the compressive part of the cycle of
the new metal surfaces created during crack opening. These processes nor-
mally also do not seriously impede crack closure of longer stage II cracks.
At higher temperatures, however, the formation of thicker oxide layers can
impede crack closure thereby raising apparent crack growth thresholds and
reducing crack growth rates. Alternatively, hydrogen and hydrogen sulphide
gases are generally thought to accelerate fatigue by supplying hydrogen to
cause embrittlement of the plastically deformed metal created by the fatigue
process. Thus any processes impeding hydrogen entry can reduce the embrit-
tling effect. Some liquid metal environments can transport carbon to or from
the crack-tip zone and thereby alter the rate of crack growth. One author7

has proposed that liquid metals facilitate the nucleation of dislocations
and, on the basis of fractographic evidence, has drawn parallels with many
other environments to suggest that the same mechanism operates in other
cases.

Water vapour and aqueous solutions are much more difficult to interpret
unambiguously. In aqueous systems at the free corrosion potential, anodic
processes such as dissolution of persistent slip bands or the crack tip cannot
proceed without a corresponding cathodic process. Since dissolved oxygen
cannot penetrate far down cracks or crevice geometries, hydrogen evolution
is the most likely supporting cathodic reaction in long cracks. Thus, the
dominance of dissolution or hydrogen-embrittlement processes in accelerat-
ing fatigue crack growth is difficult if not impossible to prove. Even potentio-
statically controlled tests can be difficult to interpret when the problems of
establishing the crack-tip potential and the chemistry of crack-tip environ-
ments are considered. In passing, one may note that the common assertion
that acid environments form in stress-corrosion and corrosion fatigue cracks
often does not stand up to examination. This is because precisely known pre-
conditions must be satisfied for this to occur; i.e. a potential difference must
exist between the crack tip and exterior surfaces which is normally provided
by an oxygen concentration cell; the dissolved cation must be hydrolysable;
and an acid forming anion must also be present. Persistent slip band or
crack-tip dissolution can also act to slow down corrosion fatigue cracking by
blunting the crack tip. Clearly, whether dissolution processes lead to crack-
tip blunting depends on the kinetics of the dissolution process and the
counter effect of stress cycle dependent mechanical sharpening by fatigue.
Precipitation processes within cracks can also lead to significant perturba-
tions to crack closure with consequent effects on rates and thresholds as well
as effects on diffusion of chemical species into and out of cracks.

The complexity of these chemical and mechanical interactions is such that
each metal-environment system must be examined on an individual basis
to determine the important processes influencing corrosion fatigue crack
nucleation and growth rates. Thus, in the ensuing sections, examples are
quoted to illustrate commonly occurring phenomena or establish more
general principles with reasonably wide applicability for particular classes of
metal/environment combinations. It should be noted, however, that when
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it becomes necessary to evaluate new metal-environment combinations,
there is no unified theory of corrosion fatigue which can avoid the need for
experimental data.

Studies of corrosion fatigue in metallic materials have, for the most part,
aimed at measuring S-Af curves on plain cylindrical specimens or the growth
rates of macroscopically large cracks as a function of the cyclic stress-
intensity factor, AK (Fig. 8.58 and 8.59). One point that requires attention
in S-N testing is the diameter of the test section relative to the expected
loss of section size by general corrosion. Excessive corrosion could lead to
premature failure by simply increasing the effective net section stress which
would not then genuinely reflect the behaviour of larger components. Most
of the common types of pre-cracked fracture mechanics specimen have been
used in investigations of corrosion fatigue crack growth although the com-
pact tension (CT) specimen has been the most popular. The CT specimen
has a number of important experimental advantages for this type of work,
among them a high mechanical advantage allowing the lowest applied loads
of any type of specimen to achieve a given AK value and relatively simple
indirect monitoring (i.e. non-visual) of crack size by compliance or electrical
resistance methods. General experimental techniques for corrosion fatigue
tests including guidelines on environment containment and monitoring of
environmental chemistry, including most importantly, the specimen corro-
sion potential in aqueous solutions, have been extensively described8. Two
aspects of experimental design requiring constant vigilance are unwanted
electrochemical effects from containment materials and other fixtures and
prevention of interactions between electrical equipment such as potentio-
stats and electrical resistance crack monitoring devices. However, concerns
over possible electrochemical effects arising from the use of d.c. electrical
resistance crack measurement techniques appear on present evidence to be
unfounded.

An important underlying assumption in much fracture mechanics-based
corrosion fatigue testing is the similitude between different geometries given
the same environmental conditions in which cracks are assumed to be
characterised by one simple parameter, AAT. This is an assumption which
has to be carefully examined, particularly if the results are required for
some practical application. For example, will the environmental conditions
prevailing in a crack in a CT specimen imitate correctly those in a more
realistic semi-elliptical crack shape? In one case for structural steel in
seawater, this has been shown to be a reasonable assumption9. There
is more doubt in the case of pressure vessel steels in simulated light water
reactor environments where exchange of dissolved impurities between the
crack environment and the bulk has a critical influence on the environmental
contribution to cracking10. In the case of short cracks, however, there are
both mechanical reasons invalidating the representation of crack-tip strains
and deformations by AK as discussed earlier11 and theoretical and experi-
mental evidence of the importance of crack size at the millimetre to sub-
millimetre level on crack chemistry12.



Crack Propagation-Non-aqueous Environments

Many fatigue crack propagation experiments are carried out in laboratory
air at normal ambient temperatures without any concern that air oxidation
or reactions with water vapour might be contributing to the crack exten-
sion process. In many cases, but not all, the use of air data as a baseline
against which to compare other environmental influences is a reasonable
working assumption. Nevertheless, it is well known that in steels, for exam-
ple, crack growth rates obtained in vacuum are two to three times less than
those obtained in-air13. It may also be noted in passing that fatigue crack
growth in many different materials in air can be plotted in a relatively narrow
scatter band if expressed as a function of &K/E, where E is the elastic
modulus, rather than AA^ alone. Crack growth thresholds are also often
adversely influenced by air oxidation at ambient temperatures relative to
vacuum13.

At higher temperatures, for example those relevant to gas turbines, air
oxidation and other corrosion processes become progressively more impor-
tant contributors to fatigue crack growth in iron- and nickel-base alloys of
commercial interest. An order of magnitude increase in crack growth rates
in iron- or nickel-based superalloys for aero engines is not uncommon8'13.
However, oxide wedging at low AK values which reduces crack-tip opening
displacements can actually raise the apparent crack growth threshold under
constant amplitude fatigue loading. Such a mechanism could be less effective
under complex spectrum loading sequences where compressive forces can
grind up an accumulating oxide scale.

At even higher temperatures above about one third of the melting temper-
ature of an alloy, creep effects also begin to contribute to the crack extension
process as well as air oxidation and the resulting crack growth behaviour can
vary in a very complex way with loading and environmental variables14'15.
Once material failure processes such as creep make a significant contribution
to crack growth, non-linear deformation processes occurring in front of the
advancing crack invalidate the stress-intensity factor K9 or its cyclic range
AA\ as a sensible parameter characterising the near crack-tip stress field. The
difficulties inherent in finding an acceptable characterising stress field para-
meter for crack growth under creep-fatigue conditions have been discussed
extensively by Tomkins and co-workers14'16.

For temperatures below the creep range it has been suggested that oxida-
tion can only accelerate fatigue crack growth to an upper limit defined by
half the maximum crack-tip opening per cycle as shown by the examples in
Fig. 8.63. This is an important principle to understand because of its poten-
tial use in design problems, as are the circumstances under which the princi-
ple breaks down. From considerations of the feasible geometry of crack tips,
fatigue cracks growing in ductile materials by a shear decohesion process
cannot be greater than half the crack-tip opening displacement per cycle.
The reason that fatigue cracks usually grow at less than this rate is because
in real hardening materials, crack-tip strains are not accommodated on one
shear plane emanating from the crack tip but on many planes which spread
plastic flow to the crack flanks immediately behind the crack tip. Thus any
corrosion process which is indiscriminate in removing material from the
crack tip or sides will cause blunting if the resulting combination of environ-
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Fig. 8.63 Effect of environment on fatigue crack growth rate in 1% Cr-Mo-V steel at 55O0C
(after Tomkins and Wareing16)

mental and mechanical fatigue damage exceeds the theoretical maximum
crack-tip opening. Equally, any alternative, potentially self-sustaining
failure process such as creep or, as will be seen later, stress-corrosion crack-
ing, that contributes to crack growth will not be contained within this
theoretical maximum fatigue crack growth rate defined by the maximum
crack-tip opening displacement. At high temperatures, an obvious alter-
native corrosion process which would cause this generalisation to break
down would be hot salt corrosion, particularly sulphidation which occurs in
marine gas turbines, and leads to rapid intergranular cracking13. It has also
been observed that rapid diffusion of oxygen down grain boundaries in some
superalloys at high temperatures causes large increases in fatigue crack
growth which are unrelated to creep effects6. Where creep cavitation
occurs, extremely large accelerations in crack growth rate are possible when
the cyclic crack-tip opening is of the same order as the cavitation spacing.
Such rapid failure processes can be likened to opening a zip fastener through
the material.

Some of the most interesting work.on the mechanisms of corrosion fatigue
crack growth has been done on steels and high strength aluminium alloys in
carefully controlled water vapour or hydrogen gas environments. Great care
is needed in this type of work to ensure the removal of adsorbed species
under vacuum prior to admitting the gaseous environment of interest which
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must also be very pure8. The fracture surfaces of AISI 4340 steel result-
ing from stress corrosion or corrosion fatigue and the reaction kinetics
between water vapour and iron crystals of known orientation have been
studied by Auger electron spectroscopy and low energy electron diffrac-
tion17'18. These results showed that the rate limiting step in the environ-
mental contribution to corrosion fatigue is the reaction between water
vapour and iron or possibly iron carbide. Observations of transients in crack
growth rates following changes of cyclic frequency strongly suggested that
hydrogen produced from the reaction between iron and water vapour is
primarily responsible for the environmental enhancement of fatigue crack
growth in high strength AISI 4340 steel. The zone of hydrogen damage was
also deduced to be somewhat greater (approximately 0.1 to 1.0mm) than
the calculated reversed plastic zone size at the tip of the crack or relevant
microstructural dimensions. Similar measurements and deductions have
been made for high-strength aluminium alloys19.

Interest in the role of hydrogen embrittlement in corrosion fatigue, par-
ticularly in steels, but also high-strength aluminium alloys and the hydride
forming metals such as titanium and zirconium, has prompted much
research using hydrogen or hydrogen sulphide gases. In addition there have
also been industrial uses and failures of these combinations of materials and
environments which have given added impetus to the work.

In steels, the influence of hydrogen on fatigue crack propagation shows
close parallels with behaviour in low temperature aqueous environments20.
For example, research work following a catastrophic failure in 1974 of a
3} Ni-Cr-Mo-V steel end ring component of a 500 MW generator operat-
ing in 5 bar pressure hydrogen established that the high yield stress of the
material of 1 250 MPa rendered it susceptible to hydrogen-induced crack
growth at constant crack-tip stress intensity. Parallel corrosion fatigue
experiments showed the classical above and below Klscc behaviour seen in
high-strength steels in low temperature aqueous chloride solutions (see
Fig. 8.59 and next section). Thus any fraction of the cycle period spent with
the stress intensity above the static threshold for hydrogen cracking resulted
in large increases in corrosion fatigue crack growth rates and the coincident
presence of intergranular or brittle facets on the resulting fracture surfaces.
At yield strengths below 1 100 MPa these end ring steels were not suscepti-
ble to hydrogen cracking under constant loads but there was nevertheless
a significant residual frequency-dependent hydrogen-environment effect on
fatigue crack growth rates, (Fig. 8.64). Such effects are enhanced by increas-
ing hydrogen pressure (Fig. 8.64) and by the presence of hydrogen sulphide
gas, and substantially decreased by air contamination of the hydrogen
atmosphere8'20'21. This and other work has pointed to the importance of
adsorption on fresh metal surfaces created by the fatigue process at the
crack tip. The mechanisms by which hydrogen enhances fatigue crack
growth once absorbed into the metal remains as much a mystery in this as
in other hydrogen-embrittlement research. The reduction in the adverse
effect of low-pressure hydrogen gas atmospheres at low cyclic frequencies
(Fig. 8.64) is particularly difficult to explain. It may be due to the mismatch
between hydrogen and dislocation mobility within the plastic zone, since
hydrogen is rather weakly bound to dislocations, or due to minor impurities
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Fig. 8.64 Influence of hydrogen pressure, frequency and waveform on the enhancement of
fatigue crack growth in 708M40 steel AA: = 30 MNm"372 (after Mclntyre21)

in the gas atmosphere slowly poisoning active metal surface sites for hydro-
gen adsorption at the crack tip21.

Corrosion fatigue crack growth in high-strength aluminium alloys is
strongly influenced by the presence of water vapour typically between 100
and lOOOOppm in air or other inert or oxidising gases at normal ambient
temperatures19*22. The adverse effect of water vapour tends to saturate at
the higher partial pressure. The influence of water vapour has been attri-
buted to hydrogen embrittlement. However, although no systematic studies
of hydrogen gas atmospheres on fatigue crack growth are available, gaseous
hydrogen has not been found to influence appreciably total fatigue life in
these alloys. The apparent discrepancy may be due to the extreme reactivity
of new aluminium surfaces created at fatigue crack-tips with any oxidising
impurity in the gaseous environment and the impervious nature of alumi-
nium oxide films to hydrogen diffusion.

Fatigue crack propagation has been studied extensively in stainless steels
over a wide range of temperatures and oxidising environments because of
important actual or potential applications in nuclear reactors and steam
raising plant15'23. Environments such as nitrogen, argon and liquid sodium
at temperatures up to 50O0C have little influence on fatigue crack growth
in ductile stainless steels such as types 304 and 316 compared with vacuum
over the same temperature range or room temperature air. Air at 50O0C
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produces more than an order of magnitude increase in propagation rates
over a wide frequency range whereas steam at the same temperature causes
nearly a further two orders of magnitude increase in crack growth rates.
Clearly these are very large and significant effects of environment apparent
under conditions where creep interactions are insignificant. Pressurised
water at 30O0C is not nearly so aggressive, however, at least on solution-
annealed stainless steel in the absence of dissolved oxygen (see next section),
indicating that strongly thermally activated oxidation processes must
operate at higher temperatures.

A considerable technical literature exists on liquid metal embrittlement,
but relatively little work has been done on corrosion fatigue crack growth
in liquid metals. Most work relates to the influence of sodium at relatively
high temperatures around 60O0C on stainless steels in the context of core
components for fast reactors15. In low oxygen (5-10 ppm) sodium, fatigue
crack growth rates in type 316 stainless steel are equivalent to those mea-
sured in vacuum or inert gases. Carburising or decarburising sodium can
enhance these rates by up to a factor of five, however. Other possible con-
taminants such as lead, tin or zinc may also have very adverse effects. An
additional environmental aspect of nuclear reactor components, particularly
those in close proximity to or part of the core, is neutron irradiation damage.
In general, there does not seem to be a serious adverse effect of irradiation
on fatigue crack growth in ferritic or stainless steels until very high doses,
say greater than one displacement per atom, are encountered. In these cir-
cumstances, helium bubble formation, in particular from n, a reactions
with boron within the metal, accompanied by physical swelling occurs and
considerable frequency-dependent degradation of fatigue and creep fatigue
properties is possible. As in the case of creep cavitation, the most severe
effects are observed in stainless steels when the crack-tip opening is of the
same order as the helium bubble spacing.

Crack Propagation-Aqueous Environments

Steels

A great deal of experimental work has been carried out using carbon and
low-alloy steels in either 3.5% sodium chloride solution or seawater. At the
medium-to-low-strength levels, say less than 1 000 MPa yield strength, such
materials are not normally susceptible to environmentally-induced crack-
ing (by hydrogen embrittlement) under constant applied loads in aqueous
environments unless there are additional sources of hydrogen such as from
hydrogen sulphide contamination or excessive cathodic polarisation. By
contrast, fatigue crack propagation rates are markedly increased both at
the free corrosion potential and at more cathodic potentials consistent
with reasonable levels of cathodic protection. The increase in fatigue crack
growth rates due to corrosion can be represented by a simple multiplying
factor on the corresponding in-air rates like that given earlier in Fig. 8.64 for
hydrogen gas environments. Similar observations have been made for quite
a wide variety of low-alloy steels freely corroding in 3.5% sodium chloride



solution or seawater8'24'25. It is seen that aqueous environmental influences
on fatigue crack growth are negligible at frequencies of 10 Hz and above
and tend to reach a limiting factor at 10"2Hz or lower frequencies. At
even lower frequencies, there is evidence that the environmental effect
declines due to crack-tip blunting and in combination with low values of
A^f, cracks can actually be arrested because the crack-tip pitting rate is faster
than the crack growth rate (on a time base). This has been demonstrated
particularly well for intermittent wetting and drying conditions for struc-
tural steel in seawater representing splash zone environments on offshore
structures9. These crack-tip corrosion processes are also thermally acti-
vated and an activation energy of about 40 kJ/mole can be deduced from
temperature effects on corrosion fatigue crack growth rates around normal
ambient temperatures24.

In addition to the cyclic frequency, the shape of the cyclic waveform also
has a marked effect on the environmental contribution to crack growth as
originally shown by Barsom26. It has been demonstrated in several steel/
aqueous environment combinations that the primary environmental con-
tribution to crack extension occurs during the increasing load part of the
cycle. Thus, for cycle waveforms of the same period, sine, triangle and
positive sawtooth shapes show similar environmental effects, whereas square
and negative sawtooth waveforms (i.e. those with a very fast leading edge
or rising load) show negligible contributions from the aqueous environment
to crack growth when compared with normal laboratory air test results.
Clearly, the mechanistic significance is that the environmental influence
depends on the length of time in the cycle that new metal surface is being
exposed to the chemically reactive solution in the crack enclave.

There is now a considerable body of evidence that points to hydrogen-
embrittlement as being primarily responsible for the accelerations in fatigue
crack growth seen in steels freely corroding in ambient temperature aqueous
environments28. For example, as pointed out above, the frequency response
of corrosion fatigue in low-alloy steels in hydrogen gas closely resembles that
in aqueous environments27. In addition, numerous transient effects during
changes of experimental conditions seem inexplicable except on the basis of
hydrogen embrittlement of a zone of metal just in front of the crack tip. One
might anticipate on this basis that cathodic polarisation might increase cor-
rosion fatigue rates with decreasing potential. In fact, a slightly more com-
plex situation arises in which a minimum in the environmental effect is seen
at about 100 to 20OmV below the free corrosion potential which then rises
as the potential is moved increasingly in the negative direction8'24. A possi-
ble explanation for the effect of cathodic polarisation has been provided by
work on hydrogen permeation rates through low-alloy steel crevices sub-
jected to cathodic polarisation at the crevice mouth28. Hydrogen permea-
tion rates at the base of a crevice as a function of externally applied potential
exactly match the trend of the environmental contribution to corrosion
fatigue rates. This can be readily understood in terms of crack-tip acidifica-
tion enhancing hydrogen production at the crevice tip at the free corrosion
potential, but being reduced at slightly more negative potentials by the
accumulation of alkaline cathodic reaction products until finally the rate
of hydrogen production increases again as the overpotential for hydrogen
evolution becomes greater.



The influence of crack-tip chemistry and electrochemistry on corrosion
fatigue crack growth in steels in salt water environments has been extensively
reviewed by Turnbull12. Corrosion fatigue crack-tip chemistry in large
cracks (> 10mm deep) is surprisingly little disturbed compared with static
crevices by mechanical pumping effects, at least at low frequencies such as
0.1 Hz or below. Thus much of the understanding which has developed in
recent years concerning crack-tip chemistry in relation to stress-corrosion
cracking is also relevant to corrosion fatigue. In ionically conductive solu-
tions such as 3.5% sodium chloride solution or seawater, ohmic drops down
cracks or crevices are not large, at least at externally imposed potentials
within, say, 50OmV of the free corrosion potential. Thus in seawater,
cathodic protection to say — 850 mV (versus Ag/AgCl) will give a crack-tip
potential of the order of -80OmV (versus Ag/AgCl). This gives rise to a
complication for seawater whereby calcareous scale can precipitate both
within and outside a crack as a consequence of alkali-forming cathodic
reactions. This hard calcareous scale which forms on the crack flanks can
have a large effect in reducing the degree of crack opening for a given applied
load range with the result that cracks which would otherwise grow at low
rates, slow down and even arrest when cathodically polarised in seawater9.
This phenomenon is most in evidence at crack growth rates approaching
the in-air threshold AA^ i.e. at AJK values of less than 15 MPa Vm.

The final major parameter influencing corrosion fatigue crack growth
rates in low-alloy ferritic steels in ambient temperature aqueous environ-
ments in addition to cyclic frequency, waveform and electrochemical poten-
tial is the mean stress level about which the cyclic stress oscillates. It is normal
in work on fatigue crack growth to define the mean stress conditions in
terms of the stress ratio, R, equal to the ratio of the minimum to the
maximum stress or stress intensity in the cycle (Fig. 8.59). The stress ratio
has also been found to increase crack propagation rates above the thres-
hold AA^ for crack growth in low-alloy steels in aqueous environments
whereas there is little influence of stress ratio in air except on crack growth
thresholds themselves. Figure 8.65 shows the combined effects of potential
and stress ratio on fatigue crack growth in a structural steel exposed to
seawater either at the free corrosion potential or at — 1.1 V (versus
Ag/AgCl)9. Increasing stress ratio increases crack growth rates but the
effect apparently saturates between R = 0.5 and 0.7. No good mechanistic
model has been proposed to explain this effect of R ratio except that in
general terms it is clear that a greater proportion of the cyclic crack-tip open-
ing is converted into crack extension at the higher stress ratios in the presence
of the aqueous environment.

It will be appreciated from the discussion so far concerning the effect of
chemical precipitates in cracks and dissolution rates at crack tips, that when
these processes are combined with the influence of R ratio on crack growth
thresholds, a rather complex set of interactions is feasible24'25. On the
whole, higher stress ratios which result in the crack faces being held wider
apart than with lower R ratios tend to reduce the influence of crack-tip
precipitates and their effect on crack closure. Even in the absence of the
complication of precipitates in cracks, a good deal of variability is found in
crack growth thresholds in salt water environments relative to those found
in air25'29-30. It is perhaps not surprising that at low crack growth rates the
effect of crack-tip dissolution and any consequential hydrogen-embrittlement
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Fig. 8.65 Corrosion fatigue crack growth data for structural steel in seawater at 0.1 Hz,
R = -1 to 0.85 and -1.10 V (Ag/AgCl) (after Scott24)
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can reduce or increase thresholds dependent on the precise competing
kinetics of the electrochemical, mechanical and metallurgical damage
processes.

An interesting feature of Fig. 8.65(b), which shows corrosion fatigue
crack growth results for a medium strength steel somewhat over-cathodically
protected in seawater, is the appearance of a stress-corrosion or plateau-
like feature, particularly at high R ratios (cf. Fig. 8.59). In fact there is no
evidence that this steel in its as-received condition is at all susceptible to
stress-corrosion cracking under these environmental conditions. Neverthe-
less, a period of crack growth independent of AAT as in Fig. 8.65(b) is a clear
indication of the intervention of a rate-limiting process unrelated to AAf;
in this case most probably the rate of evolution of hydrogen near the crack
tip or the rate of diffusion of hydrogen to the crack-tip process zone. Such
features are commonly observed in corrosion fatigue tests in alloys which
may or may not be susceptible to stress-corrosion cracking31 and provide a
clear indication of how the dividing line between corrosion fatigue and stress
corrosion is far from being well denned. It will be seen later when corrosion
fatigue systems are discussed in which the breaking and re-healing of passive,
protective oxide films are critical to the crack advance mechanism, that the
concept of environmental cracking processes dependent on the application
of a continuing dynamic strain is not novel. Indeed the so-called slow strain-
rate test or constant extension rate test for stress-corrosion susceptibility has
been specifically designed to cope with such circumstances and 'windows' of
strain rates are commonly found in which environmentally-induced cracking
is possible and outside which it is not. Thus we may have environmentally
controlled cracking processes in corrosion fatigue dependent on dynamic
straining of the crack tip by fatigue forces over a specific range of frequencies
but whose rate is not a function of AX or any other cyclic crack-tip plasticity
parameter because chemical reaction rates or diffusion processes are rate
controlling.

In the case of high-strength steels (yield strengths around or greater than
about 1000 MPa), simple models can be employed which superimpose
stress-corrosion cracking (by hydrogen embrittlement) on the fatigue pro-
cess17'32. In this case, hydrogen-embrittlement cracking of high-strength
steels under constant stress can be well represented as a time-dependent
rate, da/dt, as a function of K9 the stress-intensity factor, with a well-defined
threshold, Klscc. If a fatigue force is applied, then any fraction of the cyclic
A^ which exceeds ATISCC causes a marked increase in observed corrosion
fatigue crack growth rates as illustrated in Fig. 8.59. The fact that this
relatively simple model works so well indicates that there is comparatively
little strain-rate sensitivity in the constant stress hydrogen cracking process
itself, either on ATISCC or on the plateau growth rate.

As indicated earlier, many other metal-environment systems in which
mixed fatigue and stress-corrosion-like crack growth processes are possi-
ble are not so amenable to such a simple superposition model because the
rate of environmental attack is itself strain-rate sensitive. An example in
which this has been extensively examined is the case of pressure vessel steels
exposed to simulated light water reactor coolants at c. 30O0C10. It is known
that the rate of crack growth in corrosion fatigue tests on medium-strength
reactor pressure vessel steels (A533-B and A508) is very sensitive to the
dissolved oxygen concentration between 25 and 100 ppb (which has a strong



influence on corrosion potential), the sulphur impurity content of the steel,
the sulphur anion concentration in the water and the linear water flow rate.
The influence of all these factors has been rationalised on the basis that
a sulphur anion rich environment in the crack enclave greatly enhances
electrochemical dissolution reaction rates on emerging slip planes at the
crack-tip (and consequently, also, enhances nearby cathodic hydrogen
evolution reactions). However, these reactions can only take place as the
protective oxide film of magnetite (or magnetite plus haematite depending
on oxygen concentration) formed rapidly at these high temperatures is
broken at the crack tip. This in turn depends on the crack-tip loading rate
or strain rate. By representing the environmentally controlled rate of crack
growth as a function of crack-tip strain-rate, it has been possible to con-
struct a predictive model which is still basically a superposition model, but
one in which the environmental contribution depends not only on the crack-
tip stress-intensity exceeding a critical minimum value but also on the effec-
tive crack-tip loading rate. Predictions of the influence of frequency and
R ratio from the model fit known experimental data very well indeed. The
most obvious consequences of this modification of the superposition princi-
ple are a dependence of the plateau corrosion fatigue rates on/" rather
than/"1 of non-strain-rate-sensitive models and the existence of a specific
'window' of cyclic frequencies only within which it is possible to observe
any environmental influence on crack growth rates at all.

The study of the growth by fatigue of physically short cracks usually less
than 0.1 to 1.0mm deep is a topic of much current research interest. The
study of environmental effects appears to have been confined so far to the
influence of high temperature air oxidation of superalloys for aero-engines
(see next section for more details) and to steels in salt-water environments.
Even in the absence of reactive environments, short cracks grow consider-
ably faster than long ones when expressed as a function of the linear elastic
fracture mechanics parameter, AK. This can be due to uncontained plasticity
at the tip of the crack or microstructurally important features of similar
dimensions to the crack size, both of which invalidate the representation
of the crack-tip driving force by AAT. One commonly applied technique to
take account of reduced mechanical constraint at a short crack-tip is to plot
the crack growth results from both short and long cracks (i.e. conventional
fracture mechanics specimens in the second case) as a function of AA^eff
where a correction is made to the nominal AK to allow for the minimum
stress intensity at which the crack closes. This point is often detected experi-
mentally by electrical potential drop methods. When such corrections are
made, short and long crack data are normally self-consistent as a function
of AKeff. Similar successes of the AKeff approach have been achieved in the
context of oxide blocking of cracks and pressure effects in viscous liquids.
Another older method, though no less successful for low cycle fatigue, has
been to express crack growth rates as a power law function of the applied
plastic strain range6.

Crack size effects in corrosion fatigue crack growth have, however, been
observed to persist to larger crack sizes than those associated with plasticity
and microstructural effects. Notably, increases by up to a factor of 500 in
small surface crack growth at depths up to 3 mm compared to longer cracks
have been observed in high-strength A4130 low-alloy steel immersed in 3%
NaCl solution11. At the high steel strength levels used in these tests, short



crack effects due to mechanical or metallurgical reasons were only detectable
below 0.1 mm. Later experiments on a lower strength HYl30 low-alloy steel
under the same test conditions showed that short cracks grew two to five
times faster than long cracks while a low-strength carbon-manganese steel
showed little influence of crack size on growth rates34. The effect of envi-
ronment on crack growth in all these examples was attributed to hydrogen
embrittlement (in common with many other similar metal/environment
combinations described earlier). It was further argued, supported by some
difficult calculations based on necessarily simplified models of corrosion
fatigue cracks, that the enhanced environmental effect seen in short cracks
was due to the increased availability of hydrogen ions for reduction to
embrittling hydrogen atoms. It was suggested that as short crack lengths
increased, the rate of hydrogen ion reduction increased to a characteristic
maximum whereas oxygen reduction would dominate at or very close to the
surface. The decrease after the maximum at even longer crack lengths was
thought to be due to transport limitations of the kinetics of the hydrogen
ion reduction reaction while the different responses of the three steels was
attributed to their inherently differing sensitivities to hydrogen embrittle-
ment. Turnbull has also pointed out that high-strength, low-alloy steels con-
tain significant amounts of chromium which on dissolution and hydrolysis
can lower the crack pH much more than is possible from the hydrolysis of
ferrous ions3. Nevertheless, irrespective of the detailed mechanistic inter-
pretation, the observations reported are an important reminder that the
principle of similitude of corrosion fatigue crack growth rates as a function
of &K cannot always be taken for granted and should always be checked
when data are required for practical applications. Another example where
this similitude principle may break down was described earlier for pressure
vessel steels in high temperature aqueous environments.

Iron-Chromium-Nickel Alloys

Compared with ferritic carbon and low-alloy steels, relatively little infor-
mation is available in the literature concerning stainless steels or nickel-
base alloys. From the preceding section concerning low-alloy steels in high
temperature aqueous environments, where environmental effects depend
critically on water chemistry and dissolution and repassivation kinetics when
protective oxide films are ruptured, it can be anticipated that this factor
would be of even more importance for more highly alloyed corrosion-
resistant materials.

One steel which has received more attention than most is Type 403 (12%
Cr) stainless steel in a medium yield strength condition of 65OMPa31

because of its importance for turbine blades. For this type of application,
cyclic frequencies are relatively high and most of the data relate to frequen-
cies around 30 Hz. At this frequency, distilled water up to the boiling point,
steam, seawater and even sulphurous acid environments increase fatigue
crack growth rates by up to a factor of five compared to air, with sulphurous
acid the most aggressive. As might be anticipated, crack propagation rates
observed at lower frequencies and high stress ratios lead to more severe
environmental effects. Crack propagation data for distilled water and salt
water solutions (0.01 and 1.0M NaCl) at 10O0C show roughly order of



magnitude increases in crack growth rates, particularly for AAT values above
2OMPa Vm and frequencies between 40Hz and 0.1 Hz. Chloride concen-
tration and pH values between 2 and 10 appear to have little influence.
However, lower frequencies of 10~2 and 10~3 Hz can yield many orders of
magnitude increase in growth rates even in distilled water. In a hardened
condition, Type 403 stainless steel with yield strengths between 1 200 and
1 600 MPa will also suffer from stress corrosion in distilled water at ambient
temperature34.

A comparison between austenitic, austeno-ferritic and ferritic stainless
steels in 3% sodium chloride solution35 has shown distinct differences in the
environmental component of crack growth by up to an order of magnitude,
even in corrosion fatigue tests at 200Hz. These environmental effects were
shown to be more severe at 0.5 Hz, with the ferritic stainless steel the best
of the group and the austenitic stainless steel the worst. Since stainless steels
usually depend on oxygen in solution to form protective, passive oxide films,
the availability of oxygen down the crack becomes crucial to the interpre-
tation of results such as these. At low cyclic frequencies, oxygen access to
the crack tip is unlikely on theoretical grounds12 and there is some experi-
mental evidence to support this contention36. At high frequencies such as 20
or 30Hz, the importance of pumping becomes more important. Neverthe-
less, the ranking of these different stainless steels on corrosion fatigue crack
growth seems to be more related to their crevice corrosion resistance rather
than general corrosion resistance. It appears clear, therefore, that an
improved understanding of corrosion fatigue crack growth in these alloys
will come about if attention is focused on those factors which affect repas-
sivation rates at crack tips; for example oxygen access and the electrical
resistivity of crack enclave solutions and their impact on crack-tip polarisa-
tion and dissolution kinetics.

High-frequency experiments do not normally allow enough time for pro-
cesses more akin to stress-corrosion cracking to appear in corrosion fatigue
tests, as made clear in the previous sections on carbon and low-alloy steels.
Some evidence that stress corrosion can occur during corrosion fatigue crack
growth in stainless steels has been observed in tests at 3 Hz on austenitic
stainless steel (type 304) in various halide solutions at ambient temperature
where 'plateaux' or periods of constant crack growth rate over specific ranges
of AAT were observed34. The influence of pure water environments at
temperatures up to 30O0C is not large, however, in solution-annealed stain-
less steels23. One particular technological problem worthy of special men-
tion concerns environmentally-induced intergranular cracking in type 304
sensitised stainless steels in Boiling Water Reactor environments, typically at
260 to 29O0C. Sensitisation of type 304 steel causes chromium depletion at
the grain boundaries in the heat-affected zones of type 304 stainless steel pipe
welds. A great deal of work has been done to characterise the mechanism
of environmental attack. There is little doubt that intergranular cracking in
this material is due to selective dissolution of the chromium-depleted zones
at the relatively high corrosion potentials achieved in normal oxygenated
(200 ppb) BWR coolants36. Further, extensive slow strain-rate stress-
corrosion tests have shown that the rate of cracking depends on the imposed
strain rate. Similarly, in corrosion fatigue tests, intergranular cracking can
also be detected provided both the frequency and the applied AAT values are
low enough. By contrast, no evidence of intergranular cracking is found when



either the value of AAT is too high (> 20 MPa Vm) or the frequency is too
high (> 0.01 Hz).

Relatively little work on corrosion fatigue crack growth in nickel-base
alloys has been published34. Such alloys are normally selected for their inher-
ently high resistance to corrosion, crevice corrosion and stress-corrosion
cracking so that it is not surprising that aqueous environmental effects
where measured have not been large. One notable application of a nickel-
base alloy, Alloy 600, is for steam generator tubes in pressurised water reac-
tors. Stress-corrosion cracking in Alloy 600 exposed to water environments
between 290 and 35O0C is exceedingly slow and sensitive to many metallur-
gical and environmental variables. It can be seen that with stress-corrosion
rates typically of the order of 3 X 10~8mm/s at 3250C and an activation
energy of 180 J/mole37, exceedingly low frequency cycles would be needed
to pick up an effect in normal water environments associated with the PWR.
However, in concentrated caustic environments (which can accumulate by
hide-out mechanisms on the boiler water side of steam generators), stress-
corrosion cracking rates are more rapid. As an extreme example, the rate of
stress-corrosion crack growth in Alloy 600 in molten caustic soda at 3350C
is about 10~6mm/s and significant increases in corrosion fatigue crack
growth rates due to this cause are apparent at frequencies of less than 1 Hz
as illustrated in Fig. 8.6634. This diagram illustrates clearly how careful an
investigator must be to conclude that environmental effects on fatigue crack
growth are absent or minimal in a particular metal-environment combina-
tion. If stress-corrosion rates are very low, as is the case with Alloy 600 in
pure water environments even at high temperature, then cyclic frequencies
must also be very low to observe an environmental effect in corrosion
fatigue. From Fig. 8.66, we can predict that cyclic frequencies less than
10"3Hz would be necessary to observe superposition of stress-corrosion
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cracking in Alloy 600 at a rate of 3 X 10~8mm/s in water at 3250C. Thus,
relatively small accelerations of the order of a factor of 2 for crack growth
rates reported for sensitised or solution-annealed Alloy 600 in pure de-
oxygenated water at 2880C are not surprising38. Air-saturated water with
7ppm dissolved oxygen at 2880C was found to be only slightly more
aggressive. On the other hand, the high-strength, precipitation hardened ver-
sion of Alloy 600, Inconel X750, under the same conditions gave very large
accelerations in fatigue crack growth which were found to be highly sensitive
to heat treatment.

Aluminium Alloys

Three broad classes of aluminium alloys will be considered here; the heat-
treatable high-strength aluminium-copper 2000 series and aluminium-zinc-
magnesium 7000 series alloys and the non-heat-treatable lower strength
aluminium-magnesium 5000 series alloys which are used extensively in
marine applications.

In a previous section it has already been observed that high-strength 2000
and 7000 series alloys are sensitive to the presence of water vapour in corro-
sion fatigue tests. Stress-corrosion susceptibilities of these alloys in low
temperature aqueous solutions and the effect of composition and heat treat-
ment have been widely investigated39. It is not surprising therefore that when
subjected to corrosion fatigue in similar environments, substantial environ-
mental effects can be observed particularly at low frequencies of less than
1 Hz and AK values above ATISCC

31'39. These environmental effects tend to be
accompanied by increasing proportions of brittle striations or intergranular
cracking when the stress-intensity exceeds the threshold for stress-corrosion
cracking, ATIscc. Cyclic waveform at low frequencies does not appear to have
a major influence on corrosion fatigue crack growth rate in these cases, prob-
ably because the predominant mode cracking is related to stress-corrosion
susceptibility which itself is not in this case strongly strain-rate sensitive.
Differences between 3.5% sodium chloride solution, natural seawater and
simulated seawater and the effect of flow rate for a 7000 series alloy have all
been observed to be small or negligible.

Relatively little information on corrosion fatigue crack propagation is
available for 5000 series alloys which is surprising in view of their marine
applications31. At high frequency, 30Hz, only a slight influence of a sea-
water environment has been found. For frequencies around 0.1 Hz, a dis-
tinct but small effect of seawater on fatigue crack growth has been measured
at AA^ values greater than 10 MPa Vm. This is of a similar order to that found
on low- and medium-strength structural steels. Cathodic polarisation and
deoxygenation of the environment are also beneficial.

The mechanism of environmental degradation by stress-corrosion crack-
ing or corrosion fatigue has generally been attributed to hydrogen embrittle-
ment19'22. However, the reactivity of freshly created aluminium surfaces
with any oxidising agent rapidly leads to repassivation. Since the oxide on
aluminium is relatively impervious to hydrogen diffusion, and hydrogen
diffusion rates are in any case very slow in aluminium, dislocation trans-
port and pumping of the fracture process zone ahead of the crack tip is



generally invoked as the mechanistic explanation. Precipitate-matrix inter-
faces are particularly important sites where separation and crack forma-
tion can occur. An alternative explanation has been provided which is based
on anodic dissolution of the crack tip and which leads to good quantita-
tive predictions of the influence of aqueous environments on aluminium
alloys, even the high-strength ones.36 Critics point to the adverse effects of
water vapour which are similar to those of aqueous environments and where
electrochemical explanations are inappropriate. In addition, the adverse
effects of aqueous corrosion prior to fatigue tests which can be partially
reversed by heat treatment to remove hydrogen are also noted.

Titanium and Zirconium Alloys

These two groups of alloys are discussed together because of their ability
to absorb hydrogen and internally precipitate hydrides. Titanium alloys are
quite complex from a metallurgical viewpoint and corrosion fatigue crack
growth in them is strongly dependent on microstructure31'40. Most work
appears to have been carried out using a Ti-6Al-4V alloy in various heat
treatment conditions leading to varying proportions of a (hexagonal) and /3
(cubic) phases, although many of the other available titanium alloys have
also been investigated from time to time. Nearly all the work on corrosion
fatigue crack growth has concentrated on the influence of salt water environ-
ments (3.5% sodium chloride or seawater or simulated saline solutions) at
normal ambient temperatures.

In common with many of the alloy-environment systems described so far,
if the alloy is not susceptible to stress-corrosion cracking under constant
stress or stress intensity, then little or no effect of environment on fatigue
crack growth is observed. In these cases, frequency, R ratio and potential
within the passive or cathodically protected ranges for titanium have no
effect on growth rates.

Many high-strength titanium alloys are susceptible to stress corrosion,
however, in environments as diverse as aqueous chloride solutions, chloride
contaminated methanol and molten salts. The mechanism is generally
accepted to be hydrogen embrittlement with the formation of internal
hydrides on slip planes, which impede slip and promote cleavage41. When
tested under corrosion fatigue conditions, those alloys which exhibit stress-
corrosion cracking show large environmental effects on fatigue crack pro-
pagation when the static stress modes participate. A feature of especial
interest in such titanium alloys is the manner in which the apparent thres-
hold for the onset of high crack growth rates (at constant R ratio) varies with
cyclic frequency as shown in Fig. 8.67. This behaviour should be contrasted
with high-strength steels and aluminium alloys where a single frequency-
insensitive threshold parameter, ATISCC, and a constant plateau rate of stress-
corrosion crack growth are sufficient to account for the observed cracking
rates in corrosion fatigue when superimposed on the inert environment
fatigue crack growth rate. Strain rate sensitivity of the stress-corrosion
threshold and plateau rate parameters have already been highlighted in con-
nection with lower strength stainless and non-stainless steels under passive
conditions. There is evidence too of a frequency dependent threshold to the
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Fig. 8.67 Effect of frequency on corrosion fatigue crack growth behaviour of Ti-6Al-4V in
aqueous 0.6 M NaCl (after Pelloux29)

onset of high plateau corrosion fatigue crack growth rates in medium-
strength steels in high temperature aqueous environments. Thus, although
the frequency sensitivity of corrosion fatigue crack growth in titanium
alloys shown in Fig. 8.67 was regarded as unique when first observed, there
is a growing body of evidence for similar effects in other alloy-environment
systems.

Zirconium alloys have been much less thoroughly studied than titanium
alloys! The main application of interest has been for nuclear reactor compo-
nents where good corrosion resistance combined with a low neutron capture
cross-section has been required. Corrosion fatigue crack growth in these
alloys in high temperature (260-29O0C) aqueous environments typical of
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BWR and PWR coolants have been reviewed42. Provided hydride precipita-
tion and thereby stress-corrosion susceptibility is avoided, especially at the
normal operating temperatures of water reactors, environmental effects on
fatigue crack growth are small. A possible exception arises when zirconium
alloys are subjected simultaneously to irradiation, high temperature aqueous
corrosion by oxygen-containing BWR coolants and cyclic stresses. Under
these circumstances, rather high environmental contributions (X 10) to cor-
rosion fatigue crack growth have been observed. There is clearly a need for
further work in this area to sort out the relative importance of dissolved
oxygen and irradiation effects both in terms of neutron damage to the
material and their effects on oxidising potential.

Copper Alloys

Remarkably little has been published on corrosion fatigue crack propagation
in copper and its alloys. In general little or no influence of marine environ-
ments has been observed in crack propagation experiments on manganese
and nickel-aluminium bronzes although the frequencies employed were
quite high (> 2.5Hz)31'43.

Corrosion Fatigue Endurance

It has to be stated from the outset in this section that there is rarely a one-to-
one correspondence between the effects of environment observed in endur-
ance tests on plain specimens and crack propagation tests on pre-cracked
specimens (assuming the same materials, environments and fatigue test
variables). In certain circumstances such as welded connections or other
components with built-in pre-existing defects, such a correlation is possible.
On the other hand, more than 90% of the cyclic life of smooth cylindrical
specimens can be spent in propagating a stage I crack across one or two
grains in inert environments and little or no relationship exists with standard
crack growth test results. The lack of a general correlation shows us that the
effects of corrosion on the early stages of crack nucleation and growth are
usually different to those observed on macroscopic crack growth. This is
despite a general recognition that most of the fatigue life of any artefact,
including plain specimens, is taken up in developing a crack, however small,
nucleated early in life. Thus in many circumstances, it must be the case that
the effects of corrosion on stage I crack nucleation and growth are quite
different to those on stage II growth. In addition, it has been noted already
that environments themselves can be modified by chemical and diffusion
processes set up in long cracks. In view of the above, it is therefore neces-
sary to summarise separately the contents of several detailed reviews of the
observations of corrosion fatigue endurance properties of many metal-
alloy-environment combinations2'3' 13>15 '19 '22 '25 '31-39> 44~46.
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