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A. INTRODUCTION

Corrosion fatigue is caused by crack development under the simultaneous action of corrosion and
fluctuating, or cyclic, stress. Many instances of environment-assisted cracking are caused by corro-
sion fatigue because loads on most engineering structures do vary to some extent. Corrosion fatigue
is a subject of international conferences [1-3], major review papers [4-6], and books [7].

Metal subjected to a fluctuating stress will fail at a stress much lower than is required to cause
failure under constant load. The extent of stress fluctuation is defined by the stress ratio, R =
minimum stress/maximum stress. The number of cycles to failure, the fatigue life, increases as the
maximum stress during cycling decreases until the endurance limit, or fatigue limit is reached; at or
below this stress, the material undergoes an infinite number of cycles without failure. True fatigue
limits exist for only a limited number of materials; for the majority of engineering alloys, the fatigue
limit refers to the stress level below which failure does not occur within a specified number of cycles,
usually 107 or 108 cycles.

Fatigue crack growth rate, the increment of crack size per load cycle, is important for risk
assessment and for predicting remaining life, and is often described by a relationship with stress
intensity factor, K9 which includes stress and crack sizes.

Both the fatigue life and the fatigue limit can be markedly reduced in the presence of a corrosive
environment, and, in many cases, the endurance limit is no longer observed. In addition, corrosive
environments can accelerate crack growth. The damage due to corrosion fatigue is almost always
much greater than the sum of the damage by corrosion and fatigue acting separately. Figure 1 shows
an example of the reduction of fatigue life and the elimination of the fatigue limit of high-strength
steel in a sodium chloride solution [8]. This figure also shows that cathodic polarization restores the
fatigue properties of the steel.

In general, a corrosive environment can decrease the fatigue properties of any engineering alloy,
meaning that corrosion fatigue is not material-environment specific. Although fatigue cracks are
typically transgranular, corrosion fatigue cracks can be transgranular, intergranular, or a combination
of both, depending on the mechanical loading and environmental conditions. Localized corrosion,
such as pitting, often produces favorable sites for corrosion fatigue crack initiation, but pits are not
the only initiation sites, and pitting is not a necessary precursor to failure. Although multiple cracks
can initiate, fatigue failure often results from the propagation of a single crack; whereas crack
interaction and coalescence are important in the corrosion fatigue failure process.
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NUMBER OF CYCLES TO FAILURE

FIGURE 1. Fatigue life data, S-N curves, for a high-strength steel under different environmental conditions.
Stress ratio R= — 1. Loading frequency 1 Hz for tests in 0.6MNaCl solution. Horizontal arrows indicate failure
condition not attained. OCP = open circuit potential. Reproduced with permission from Y-Z. Wang, R. Akid,
and K. J. Miller, "The Effect of Cathodic Polarization on Corrosion Fatigue of a High Strength Steel in Salt
Water," Fatigue Fract. Engng. Mater. Struct. 18(3), 295 (1995). Publ. Blackwell Science Ltd., Oxford, U.K.

B. MECHANISTIC ASPECTS OF CORROSION FATIGUE

Like stress corrosion cracking, corrosion fatigue depends on interactions among the material,
environmental, chemical, and electrochemical parameters and mechanical loading conditions.

Cracking phenomena for ductile alloys involve plastic deformation, and it is the localization of
plastic deformation, due to cyclic loading, that causes fatigue failure at a stress level far below the
yield stress of the material. There are two main processes associated with corrosion damage, anodic
metal dissolution and cathodic reactions (often hydrogen reduction). The reduction of material
resistance to fatigue under the influence of a corrosive medium can be regarded as a result of the
synergistic enhancements of these processes.

There are two main categories for the mechanisms of corrosion fatigue: anodic slip dissolution
and hydrogen embrittlement, as schematically summarized in Figure 2 [9]. As shown in Figure 2(a),
cracks grow by slip dissolution that results from diffusion of the active species (e.g., water molecules
or halide anions) to the crack tip; rupture of the protective oxide film at a slip step or in the immediate
wake of a crack tip by strain concentration or fretting contact between the crack faces; dissolution of
the exposed surface; nucleation and growth of oxide on the bare surface.

For the alternative mechanism of hydrogen embrittlement in aqueous media, the critical steps
[Fig. 2(b)] involve: diffusion of water molecules or hydrogen ions to the crack tip; reduction to
hydrogen atoms adsorbed at the crack tip; surface diffusion of adsorbed atoms to preferential surface
locations; absorption and diffusion to critical locations (e.g., grain boundaries, the region of high
triaxiality ahead of a crack tip, or a void).

Under cyclic loading, fretting contact between the mating crack faces, pumping of the aqueous
environments to the crack tip by the crack walls, and continual blunting and resharpening of the
crack tip by the reversing load influence the rate of dissolution. Consequently, both cyclic frequency
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FIGURE 2. A schematic illustration of (a) slip dissolution and (b) hydrogen embrittlement in aqueous media.
(1) Liquid diffusion. (2) Discharge and reduction. (3) Hydrogen adatom recombination. (4) Adatom surface
diffusion. (5) Hydrogen absorption in metal. (6) Diffusion of absorbed hydrogen. Reproduced with permission
from Subra Suresh, Fatigue of Materials, Cambridge University Press, Cambridge, U.K. 1991, p. 363.

and stress wave-form strongly influence crack development by corrosion fatigue, whereas for fatigue
alone these factors are usually less significant.

Fatigue damage can be divided into the following four stages:

1. Precrack cyclic deformation: Repetitive mechanical damage is accumulated in some local
regions; dislocation and other substructures may develop; and persistent slip bands (PSBs,
slip bands that develop on the sample surface during cyclic deformation and that re-appear at
the same locations during further cyclic deformation after polishing the surface) extrusions,
and intrusions form.

2. Crack initiation and Stage I growth: Cracks initiate as a result of deepening of the intrusions;
crack growth in this stage is within the planes of high shear stress.

3. Stage II crack propagation: Well-defined cracks propagate on the planes of high tensile stress
in the direction normal to the maximum tensile stress.



4. Ductile fracture: When the crack reaches sufficient length so that the remaining cross-section
cannot support the applied load, ductile fracture occurs.

The relative proportion of the total cycles to failure that are involved in each stage depends on
mechanical loading conditions and on the material. There is considerable ambiguity in deciding
when a crack-like surface feature should be called a crack. In general, a larger proportion of the total
cycles to failure are involved in propagation of Stage II cracks in low-cycle fatigue than in high-
cycle fatigue, whereas initiation and Stage I crack growth comprise the largest segment for low-
stress, high-cycle fatigue. The surface conditions of the material also influence the proportion of
each stage in the total fatigue lifetime. Surface discontinuities, such as sharp notches and nonmetallic
inclusions, can significantly reduce the number of cycles required for crack initiation and early
stages of propagation.

A corrosive environment can influence all the stages of crack development except the last one, in
which ductile fracture occurs, and can also influence the relative proportion of the total cycles to
failure that take place in each stage.

C. CORROSION FATIGUE CRACK INITIATION

1. The Role of Nonmetallic Inclusions

For low-stress, high-cycle fatigue, crack initiation consumes a large portion of the total lifetime.
Fatigue crack initiation in commercial alloys occurs on the surface or the subsurface and is usually
associated with surface defects, especially nonmetallic inclusions. For an inclusion to be a potential
source of fatigue failure, two main criteria must be fulfilled: the inclusion should have a critical
size and the inclusion should have a low deformability, related to the expansion coefficient at the
temperature during fatigue [1O]. For steels, the "dangerous" inclusions include single-phase
alumina (Al2O3), spinels, and calcium-aluminates > 10 um in size. The most common elongated
sulfide inclusions (MnS) appear to be the least harmful. Surface discontinuities can act as stress
raisers causing local stress concentration, but it is the enhanced localization of plastic deformation
around an inclusion that reduces the fatigue resistance of a material.

Preferential attack by an environment at specific surface locations may provide the most
favorable sites for crack initiation when a cyclically loaded engineering component or structure is
exposed to a corrosive medium during service. For a high-strength steel exposed to a sodium chloride
solution, it was found that sulfide inclusions contribute sites for corrosion pits and subsequent fatigue
crack initiation, whereas the angular-shaped calcium-aluminates, which are responsible for fatigue
crack initiation in air, did not affect corrosion fatigue [8, U]. The relative chemical and electro-
chemical activity of an inclusion determines whether it is preferentially dissolved. Both the stress
concentration associated with a pit and the local environment within the pit, which can be markedly
different from the bulk solution, can significantly affect the cracking process. Sulfide inclusions and
the immediate area surrounding them are anodic to the steel matrix [12,13]. Hydrogen sulfide (H2S)
and HS~ ions formed by dissolution of sulfides have the most deleterious effects on development of
corrosion pits. The H2S and HS~ ions produced in solution can catalyze the anodic dissolution of
iron from the matrix and poison the cathodic discharge of hydrogen. Local acidification due to
hydrolysis of ferrous and ferric ions, in turn, enhances the dissolution of sulfide inclusions, and
accumulation of HS ~ ions favors continued localized attack, producing micropits. It has also been
reported that, under the application of a cyclic stress, corrosion at the inclusion-matrix interfaces
develops more rapidly than under stress-free conditions [13].

For high-strength steel, the reduction in fatigue life by sodium chloride solution was found to
result primarily from the shorter time for crack initiation to occur, although the crack growth rate was
also accelerated. Figure 3 shows that, for fatigue in air, >80% of the life was spent in crack initiation
and propagation below the length of 100 um; the corrosive environment reduced the fatigue life and
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FIGURE 3. Surface crack length versus fraction of lifetime for a high-strength steel at different conditions. The
fatigue life data are shown in Figure 1. Number of cycles to failure Nf. (After Wang and co-workers [8, U].)

also the proportion of time spent in the crack initiation stage, so that the fatigue life was predo-
minantly crack propagation [8, U].

2. Critical Corrosion Rate

In research on steels, Uhlig and co-workers [14, 15] found that the fatigue life of initially smooth
specimens in aqueous solution was reduced only when a critical dissolution rate was exceeded.
However, fatigue crack propagation in precracked specimens was accelerated by applying cathodic
polarization, which suppresses anodic dissolution. Later, it was found that the fatigue life of a high-
strength steel was dominated by crack initiation, and the influence of the environment on fatigue life
was through the reduction of the initiation time by corrosion pits, which developed by selective
dissolution of MnS inclusions [8, U]. Cathodic polarization suppresses the dissolution rate and
prevents pit formation, extending the time required for crack initiation and restoring the fatigue life.
The increased crack growth rate of well-defined cracks by cathodic polarization was attributed to
hydrogen effects.

The influence of corrosion rate on corrosion fatigue behavior is also related to the mechanical
loading conditions. For a Grade 448 (X-65) pipeline steel exposed to a dilute solution simulating the
ground-water environment, the number and sizes of cracks were larger at pH 5.6 than at 6.9 when the
applied stress ratio was at or below 0.6; at higher stress ratio, 0.8, cracking occurred at pH 6.9, but not
at 5.6 [16]. This difference in behavior was attributed to the balance required between corrosion
rate and severity of mechanical loading. For this steel-environment system, passivation that would
prevent crack lateral dissolution does not occur, and only cyclic loading maintains crack sharpness.
High corrosion rate accelerates corrosion fatigue when sufficient cyclic damage is simultaneously
induced.

Corrosion fatigue cracks tend to initiate at surface discontinuities, such as notches and pits.
Nevertheless, crack initiation is a competitive process, occurring first at the most favorable sites.
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FIGURE 4. Schematic representations of the combinations of mechanical fatigue and environmentally assisted
crack growth, (a) Fatigue crack growth behavior in inert environments, (b) Stress corrosion crack growth under
sustained loads, (c) Type A corrosion fatigue crack growth, true corrosion fatigue, arising from synergistic
effects of cyclic loads and aggressive environment, (d) Stress corrosion-fatigue behavior obtained from a
superposition of mechanical fatigue (a) and stress corrosion cracking (b). (e) Mixed corrosion fatigue behavior
obtained from a combination of (c) and (d). (After McEvily and Wei, [17]). Reproduced with permission.
Copyright © NACE International, Houston, TX.
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Eliminating one type of initiation site can extend the fatigue life, but may not prevent failure by
corrosion fatigue. The beneficial effect of shot peening is attributed to the compressive stress
generated at the surface layer that delays corrosion fatigue crack initiation.

3. Three Corrosion Situations

Duquette [6] divided material and corrosive environments into three groups on the basis of surface
conditions:

1. Active dissolution conditions.

2. Electrochemically passive conditions.

3. Bulk surface films, such as three-dimensional oxides.



In the first group, emerging persistent slip bands (PSBs) are preferentially attacked by dissolution.
This preferential attack leads to mechanical instability of the free surface and the generation of new
and larger PSBs, which localize corrosion attack and lead to crack initiation. Under passive
conditions, the relative rates of periodic rupture and reformation of the passive film control the extent
to which corrosion reduces fatigue resistance. When bulk oxide films are present on a surface,
rupture of the films by PSBs leads to preferential dissolution of the fresh metal that is produced.

D. CORROSION FATIGUE CRACK PROPAGATION

1. Fracture Mechanics Characterization

As in stress corrosion cracking (SCC), the propagation behavior of well-defined corrosion fatigue
cracks is often described using fracture mechanics, where the average crack growth rate per cycle

AA: (MPa Vm)

(a)

FIGURE 5. Corrosion fatigue crack growth behavior, (a) The effect of stress waveform on fatigue crack growth
in 12Ni-%Cr-3Mo steel in 3% NaCl solution at 0.1 Hz at room temperature. (After Barsom [18]). Reproduced
with permission. Copyright © NACE International, Houston, TX. (b) Time-dependent corrosion fatigue above
KISCC for high-strength type 4340 steel in water vapor, modeled by linear superposition. (After Wei and Simmons
[19].) (1 in./cycle =25.4 mm/cycle; 1 ksi-in.1/2= 1.098MPa- ^/m). Reproduced with permission. Copyright
© NACE International, Houston, TX.
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FIGURE 5. (Continued)

(da/dN) is described as a function of the applied stress intensity factor range (AK = Kmsai - K^n).
Under cyclic loading, corrosion fatigue cracks can propagate when the maximum stress intensity
factor is considerably below the threshold stress intensity factor for stress corrosion cracking; and in
the presence of a corrosive environment the crack growth rate can be markedly increased.

It is convenient to characterize the effects of environment on the rates of fatigue crack growth by
considering different combinations of crack growth rates measured under purely mechanical fatigue
and under SCC conditions. Figure 4(a) schematically illustrates the sigmoidal variation of fatigue
crack growth as a function of stress intensity factor range (on a log-log scale) under purely mech-
anical cyclic loading conditions. The typical variation in crack velocity, da/dt, as a function of the
applied stress intensity factor, K, is plotted (on a log-log scale) in Figure 4 (b) for growth of cracks in
metallic materials under sustained loading in the presence of an environment. As shown in this
figure, the environment has no effect on fracture behavior below a static stress intensity factor, KISCC,
the threshold stress intensity factor for the growth of stress corrosion cracks in mode I (tensile
opening mode). Above £iscc the crack velocity increases precipitously with increasing stress
intensity factor, AT (Region I). This region is followed by a region of growth (Region II) in which the
crack increment per unit time is essentially independent of the applied K. As the maximum stress
intensity factor approaches the fracture toughness of the material, KIC (Region III), there is a steep
increase in crack velocity.

Corrosion fatigue crack growth can be schematically represented in three ways [17]. Figure 4(c)
illustrates iype A true corrosion fatigue growth behavior, in which the synergistic interaction
between cyclic plastic deformation and environment produces cycle- and time-dependent crack
growth rates. True corrosion fatigue influences cyclic fracture even at maximum stress intensity
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factor Kmax in fatigue <Kiscc. The cyclic load form is important. Figure 4(d) shows the stress
corrosion fatigue process, Type B, purely time-dependent corrosion fatigue crack propagation that is
a simple superposition of mechanical fatigue [Fig. 4(a)] and SCC [Fig. 4(b)]. Stress corrosion fatigue
occurs only when £max > KISCC. In this model, the cyclic character of loading is not important. The
combination of true corrosion fatigue and stress corrosion fatigue results in Type C, the most general
form of corrosion fatigue crack propagation behavior, Figure 4(e), which involves cyclic time-
dependent acceleration in da/dN below ̂ iscc, combined with time-dependent cracking (SCC) above
the threshold.

Figure 5 shows examples of corrosion fatigue crack propagation behavior. Figure 5(a) illustrates
the behavior of maraging steel exposed to 3% NaCl [18], representing Type A growth, and Figure
5(b) shows the behavior of high-strength Type 4340 (UNS G43400) steel in water vapor and argon
[19], representing Type B growth. In Figure 5(a), there is a substantial corrosion fatigue effect below
the static load threshold, but only for those load waveforms that include a slow deformation rate to
maximum stress intensity. The solid line in Figure 5(b) demonstrates that time-dependent corrosion
fatigue crack growth rates are accurately predicted by linear superposition of stress corrosion crack
growth rates (da/dt) integrated over the load-time function for fatigue.
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FIGURE 6. Corrosion fatigue of Al-Zn-Mg alloy, 7017 in natural seawater. (a) Crack growth rate as a
function of A# for a range of cyclic loading frequencies, (b) The dependence of corrosion fatigue fracture
morphologies in terms of cyclic loading frequency and A^T. (c) Fracture morphologies in terms of crack growth
rate and cyclic loading frequency. Reprinted from Corrosion Science, 23, N. J. H. Holroyd and D. Hardie,
"Factors Controlling Crack Velocity in 7000 Series Aluminum Alloys during Fatigue in an Aggressive
Environment," pp. 529, 533, 535 (1983), with permission from Elsevier Science.
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A number of interactive variables influence the relationship between corrosion fatigue crack
growth rate and stress intensity. Growth rates are affected by environmental chemical variables (e.g.,
temperature; gas pressure, and impurity content; electrolyte pH, potential, conductivity, and halogen
or sulfide ion content); by mechanical variables, such as A^, mean stress, frequency, waveform, and
overload; and by metallurgical variables, including impurity composition, microstructure, and cyclic
deformation mode. Time, or loading frequency, is also critical.

Figure 6 shows the effect of loading frequency and stress intensity range on the corrosion fatigue
crack growth rate and the cracking morphology of Al-Zn-Mg alloy, 7017, in natural seawater [2O].
Although daldN — AK shows Type B growth behavior, a simple superposition model is inappropriate
for describing the corrosion fatigue crack growth rate and the effect of load frequency. The cracking
morphology, intergranular or transgranular, is influenced by both the load frequency and the stress
intensity factor range, and intergranular cracking can occur at a very high load frequency (70 Hz) as
long as the AK values are sufficiently low. The frequency dependence of the crack velocities
associated with the transition from intergranular to transgranular cracking shows a linear relationship
with the square root of the loading cycle period, implying that the rate controlling step is consistent
with grain boundary diffusion of hydrogen during the loading cycle.

Corrosion fatigue can be prevented by using high-performance alloys resistant to corrosion
fatigue; but for most engineering applications this approach may not be practical, because of the
availability and cost of these alloys. In general, methods that reduce corrosion rate and/or cyclic
damage can be beneficial for eliminating corrosion fatigue damage. While effective coatings and
inhibitors can delay the initiation of corrosion fatigue cracks, improving surface conditions is also
very useful. Compared with reducing the maximum stress level, it is often more beneficial and more
cost effective to reduce the magnitude of the stress fluctuation.
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