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In many engineering applications, metallic materials are used in structures, 
components, and machinery that are subjected to cyclic loadings and exposed 
to marine environments.  The combined action of cyclic loading and aggressive 
environment often results in a significant reduction in fatigue performance 
compared with that obtained under cyclic loading in inert environments. Fatigue 
damage occurring under the conjoint action of cyclic loading and aggressive 
environment is generically referred to as corrosion fatigue.  This damage may 
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be a simple superposition of fatigue cracking and corrosive attack or It may 
be a more complex synerglstlc Interaction of these two modes. 

Examples of equipment and structures where corrosion fatigue Is an 
Important consideration are ships, offshore platforms, mining and oil drilling 
rigs, aircraft, navigation and communication towers, bridges, and underwater 
pipelines. The marine environment may be (1) full immersion in natural 
seawater, brackish water, or polluted seawater; (2) alternate wet/dry areas 
in splash, spray, or tidal zones; or (3) atmospheric exposure near saline 
bodies of water.  In all of these cases, designers, engineers, and operators 
must be aware of the possible deleterious effects of corrosion fatigue 
on material performance and must assess the potential Impact of these effects 
on design, safety, and reliability of engineering systems. Moreover, in 
military uses-for example, in aircraft, amphibious vehicles, and communication 
equipment-operation without failure due to corrosion fatigue is vital to 
defense and security operations. 

This book was prepared to document and review the major factors Involved 
in corrosion fatigue of metals in marine environments.  This includes both 
crack Initiation and crack growth.  For convenient use and reference, dis- 
cussions on corrosion-fatigue behavior are divided into separate chapters 
dealing with (1) carbon and alloy steels, (2) stainless steels, (3) nickel- 
base alloys, (4) copper-base alloys, (5) aluminum alloys, and (6) titanium 
alloys. 
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CHAPTER 1 

INTRODUCTION 

In many engineering applications, metallic materials are used in structures, components, 
and machinery that are subjected to cyclic loadings and exposed to marine environments. The 
combined action of cyclic loading and aggressive environment often results in a significant 
reduction in fatigue performance compared with that obtained under cyclic loading in inert 
environments. Fatigue damage occurring under the conjoint action of cyclic loading and 
aggressive environment is generically referred to as corrosion fatigue. This damage may be a 
simple superposition of fatigue cracking and corrosive attack or it may be a more complex 
synergistic interaction of these two modes. 

Examples of equipment and structures where corrosion fatigue is an important considera- 
tion are ships, offshore platforms, mining and oil drilling rigs, aircraft, navigation and commun- 
ication towers, bridges, and underwater pipelines. The marine environment may be (1) full 
immersion in natural seawater, brackish vater, or polli ted seawater; (2) alternate wet/dry 
areas in splash, spray, or tidal zones; or (3 atmospheric exposure near saline bodies of water. 
In all of these cases, designers, engineers, ard operators must be aware of the possible delete- 
rious effects of corrosion fatigue on material performance and must assess the potential impact 
of these effects on design, safety, and reliability of engineering systems. Moreover, in military 
uses—for example, in aircraft, amphibious vehicles, and communication equipment—opera- 
tion without failure due to corrosion fatigue is vital to defense and security operations. 

/This book was prepared to document and review the major factors involved in corrosion 
fatigue of metals in marine environments. This includes both crack initiation and crack growth. 
Background information was obtained by searching technical literature through eight differ- 
ent sources—(1) Chemical Abstracts, (2) Metals Abstracts, (3) Metals and Ceramics Information 
Center (MCIC), (4) Engineering index, (5) Copper Data Center, (6) National Technical informa- 
tion Service, (7) Defense Technical Information Service, and (8) Proceedings of Offshore Tech- 
nology Conferences. Unpublished and proprietary papers and reports were excluded unless 
permission was obtained to release the results contained therein. Thus, most of the informa- 
tion was from documents published in the open literature. 

For convenient use and reference, discussions on corrosion-fatigue behavior are divided 
into separate chapters dealing with (1) carbon and alloy steels, (2) stainless steels, (3) nickel- 
base alloys, (4) copper-base alloys, (5) aluminum alloys, and (6) titanium alloys. Representative 
plots and tabulations of important data and factors influencing them are presented, but 
exhaustive plots and tabulations of all available data, such as might be found in handbooks, are 
not included because these are beyond the scope of this review. A general background for 
corrosion fatigue is presented in Chapter 2, which briefly discusses experimental procedures, 
general phenomena and mechanisms, variables affecting corrosion of metals in marine envi- 
ronments, and use of fatigue data in design. 
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CHAPTER 2 

BACKGROUND FOR CORROSION FATIGUE 
IN MARINE ENVIRONMENTS 

This chapter provides perspective and background for the discussions of corrosion-fatigue 
behavior presented in ensuing chapters. Four areas—(1) experimental procedures, (2) pheno- 
mena and mechanisms, (3) variables affecting corrosion, and (4) design use of fatigue data—are 
briefly reviewed. 

Experimental Techniques ond Procedures in Corrosion-Fatigue Testing 

The experimental techniques, apparatus, and specimen configurations used in corrosion- 
fatigue testing are basically the same as those used in general fatigue testing.1 Environmental 
effects are induced by submerging the specimen test section in an aqueous solution, by 
enclosing it in a chamber with controlled gaseous composition, or by dripping, splashing, 
spraying, or wicking a solution onto the test section surface. Smooth (unnotched) and notched 
specimens are used to develop S-N curves in fatigue-life studies. Fracture-mechanics-type, 
precracked specimens are used to generate fatigue-crack-propagation data. To assist in under- 
standing experimental results and data presented in succeeding chapters, it is instructive to 
briefly review experimental methods commonly used in corrosion-fatigue testing. In certain 
spec al cases, structural components or prototypical hardware may be subjected to corrosion- 
fatigue testing. Usually, however, laboratory specimens with simple configurations and well- 
defined states of loading are used in corrosion-fatigue evaluations of materials. It is these 
specimens that are of interest in this review. 

1 
i 

Fatigue-Life Studies 

The majority of corrosion fatigue experiments are performed on specimens loaded in 
bending or on specimens loaded uniaxially. Torsion and more complex multiaxial loading 
states are not often used in corrosion-fatigue work. 

The simplest and the first widely used fatigue testing machines are of the rotating bending 
type. One example of this type is the R. R. Moore rotating-beam fatigue machine shown 
schematically in Figure 1. The loading produces a constant moment in the test section. As the 
specimen rotates, a fully reversed sinusoidal stressing pattern is repeatedly produced on its 
surface. The R. R. Moore rotating-beam fatigue machine has an hourglass-shaped test section 
as shown in Figure 2. However, cylindrical test-section specimens are also often used in 
rotating bending experiments. For example. Figure 3 shows the cylindrical specimen used by 
Ebara et al.2 In some variations of rotating bending fatigue machines, cantilever bending is 
used as in the McAdam-type machines that have been used extensively in corrosion-fatigue 
studies by the U.S. Navy at Annapolis, Maryland (e.g., see References 3 and 4) and at the 
Francis L. LaQue Corrosion Laboratory in Wrightsville Beach, North Carolina5,6. Although only 
smooth specimens are illustrated in Figures 2 and 3, circumferential grooves can be introduced 
to study notch effects. Although these conventional rotating bending machines are fairly 
simple, highly reliable, and easy to use, they are restricted to round specimens and the mean 
cyclic stress is always zero. Webb et al7 have developed a special rotating bending machine 
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that uses large, 3-in. (76.2-mm)-diameter hollow specimens. A special device is inserted inside 
these specimens so that they can be axially preloaded to a desired level of tensile mean stress, 
with the cyclic stress being applied by rotating bending. With rotating bending, the peak stress 
and strain are difficult to determine if yielding occurs. Thus, these machines are best-suited to 
long-life fatigue testing where the cyclic stress-strain response is nominally elastic. 

The other simple type of fatigue test is repeated bending with cantilever, three-point 
bending, or four-point bending loading. The loading is usually mechanical with fixed- 
displacement control by means of a rotating adjustable cam/crank arrangement. Load control 
can be achieved by using a closed-loop electrohydraulic system in place of the mechanical 
loading, but this is not commonly used for corrosion-fatigue testing. A schematic of the 
cantilever, fixed-deflection machine is shown in Figure 4. The test specimen cross section need 
not be circular (as with rotating bending), and sheet and plate specimens of rectangular cross 
section are frequently employed. This type of machine was used in an extensive study of the 
corrosion-fatigue behavior of bronze propeller alloys, and, as is often done, the specimen test 
section was tapered (see Figure 5) to produce a constant-stress, test-section region. The same 
type of specimen has also been used for corrosion-fatigue testing at the U.S. Navy's David W. 
Taylor Naval Ship Research and Development Center.10 Again, these machines are simple, 
highly reliable, and easy to use. With repeated bending, different levels of mean tensile stress 
can be easily introduced. As with rotating bending, the peak stress and strain are difficult to 
determine if yielding occurs, a problem which was encountered and addressed by Jaske et al.9 

Also, with fixed-displacement loading, the applied tensile load will decrease as cracking occurs 
and the crack will not propagate as rapidly as it would if load control were employed. It is even 
possible that the cracks may arrest and become nonpropagating. 

Uniaxially loaded specimens are used widely in corrosion-fatigue evaluation of metals, 
and recommended practices for conducting axial-load fatigue tests have been published.11,12 

Specimens can have a variety of cross-sectional shapes, various mean stresses can be 
employed, and the axial stress and strain within the specimen test section can be defined 
clearly and measured easily. Testing machines used for axial loading of specimens are more 
complex than those described above, slightly more prone to breakdowns, and generally more 
costly to operate. However, the advantages of uniaxial loading usually offset these factors. 
Axial-load fatigue systems can be driven by mechanical oscillators, mechanical drives, resonant 
drives, electromagnetic shakers, hydraulic pulsators, and electrohydraulic actuators.1 Actually, 
with appropriate fixturing, these driving devices can be used to test specimens in repeated 
bending or torsion. Since many of these devices are not commonly used in corrosion-fatigue 
testing and since discussions cm their use are available elsewhere, only two of the most 
commonly used types, mechanical and electrohydraulic, are described here. 

A schematic of a mechanically driven fatigue-test system often used to apply sinusoidal 
axial loading (constant amplitude) to a specimen is shown in Figure 6. Cyclic load is applied by 
means of an adjustable cam (driven by a rotating motor), connecting rod, and lever arrange- 
ment. Flexure plates are used to minimize bending of the specimen. The mean load may be 
mechari'-ally fixed (when specimen length changes are negligible) by adjusting the spindle 
shown r ' gur? 6 or by using a hydraulic load-maintainer piston that compensates for small 
length changes in the specimen. This type of system is relatively economical to operate but is 
limited mainly to long-life fatigue testing where the cyclic stress-strain response is nominally 
elastic. 

The most versatile and widely used kind of fatigue testing system is the closed-loop, 
servo-controlled electrohydraulic system. During the past 15 years, this type of fatigue testing 
system ha« received widespread and rapidly increasing use in fatigue laboratories primarily 
because of its versatility (e.g., many applications are described in Reference 13). A schematic of 
one such typical system1 is shown in Figure 7. The major components are the load frame, the 
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FIGURE 7. Schematic of a Typical Closed-Loop, Electrohydraulic Fatigue Testing System' 

hydraulic actuator, the hydraulic power supply, the electrohydraulic servo-valve, the servo- 
controller, the signal generator, the specimen, and a load, displacement, and/or strain trans- 
ducer. Within the capabilities of the hydraulic system response, the variable measured by the 
transducer (usually load, displacement, or strain) can be programmed to follow any arbitrary 
waveform produced by the signal generator. Therefore, real-service-type, variable-amplitude 
loading histories can be imposed on the specimen. With this type of system, fatigue experi- 
ments can be easily automated and interfaced with digital programmers, analog computers, 
digital computers, and hybrid combinations of these devices.1 Closed-loop electrohydraulic 
test systems are used routinely in many corrosion-fatigue studies. 

Examples of the most commonly employed axial-load fatigue-specimen configurations are 
shown in Figure 8.11 Specimens usually have either circular (Figure 8, a and b) or rectangular 
(Figure 8, c and d) cross sections. The test-section area normally is either constant-size (Figure 
8, a and c) with uniform axial stress in the gage length or hourglass shaped (Figure 8, b and d) 
with maximum axial stress at the minimum cross-sectional area. The grip ends may be clamped 
directly in special fixtures or machined with threads, button ends, pinholes, or bolt holes for 
attachment to loading fixtures. The test section may contain notches, welds, or other simulated 
fabrication details. The surface condition and residual stresses play an important role in fatigue 
initiation. Machined and polished surfaces are often used. In many cases, however, the surface 
may be prepared to a condition that simulates service applications. Further details on fatigue- 
specimen design are available in the literature. ,'11'1 
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Fotigue-CrocK-Growth Studies 

The fatigue testing machines used in fatigue-crack-growth studies are the same as those 
used in the fatigue-life studies described above, with the exception of rotating beam 
machines, which generally are not preferred for these types of experiments. Procedures for 
conducting fatigue-crack-growth tests at rates above 4 x 10'7 in./cycle (lO"8 m/cycle) have 
been developed1* and evaluated by workers at a number of laboratories15. Similarly, pro- 
cedures for threshold [growth rates near or below 4 x 10"7 in./cycle (10'8 m/cycle)) studies are 
being developed and evaluated.16 Basically, crack length, a, is measured as a function of the 
applied number of loading cycles, N. Knowing this relationship, the cyclic crack growth rate, 
da/dN, can be obtained at particular points during the test. At corresponding points, the 
range (and mean level) of the linear elastic stress intensity factor, AK, can be determined. 
Thus, information on da/dN values as a function of AK can be developed. 

Two standard types of specimens are recommended for fatigue-crack-growth rate 
testing.14 The compact-type (CT) specimen shown in Figure 9 allows the use of test material to 
be minimized, but it is "not recommended for tension-compression testing because of 
uncertainties introduced into the K calibration".14 The center-cracked-tension (CCT) specimen 
shown in Figure 10 requires more material but is suitable for both tension-tension and tension- 
compression testing (providing that buckling is prevented). It also is more practical for testing 
thin plate and sheet materials. Single-edge-notch (SEN), double, edge-notch, and surface-flaw 
specimens also are used in fatigue-crack-growth studies. For example, Figure 11 shows an SEN 
specimen used at the U.S. Naval Research Laboratory, Marine Corrosion Research Laboratory, 
in Key West, Florida.17 This particular SEN specimen configuration is used for cantilever bend- 
ing, whereas other types of SEN specimens are sometimes tested under axial loading. All of 
these specimen types are employed in corrosion-fatigue-crack-growth studies. 
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Environmental Control 

General kinds of aqueous solutions are used to simulate marine environments in 
corrosion-fatigue experiments. These include fresh natural seawater, seawater with organic 
species removed (usually shipped to an inland laboratory site), synthetic seawater solutions 
such as ASTM standard synthetic seawater18, brackish waters, and sodium chloride solutions. 
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In comparing results obtained by different investigators or in using data to provide design 
guidelines for particular service applications, it is important to remember that these variations 
in water composition may have a significant influence on corrosion-fatigue behavior. 

In most marine-environment corrosion-fatigue experiments, the specimen test section is 
totally immersed in the aqueous solution. Sometimes the solution is dripped or sprayed onto 
the specimen surface. With the latter methods, the surface may be kept moist continuously or 
it may be allowed to become alternately wet and dry for certain periods. Immersion is usually 
achieved by enclosing the specimen test section with a chamber through which water is 
flowed, as illustrated in Figures 12 through 15. The flow rate is, typically, just fast enough to 
ensure a constant supply of well-aerated water with minimal contamination and to avoid 
stagnant conditions. In some cases, however, the flow rate is fast enough to examine the 
effects of increased water velocity on the corrosion-fatigue process. Simple chambers for 
small —0.25 to 0.5-in. (6 to 12-mm)-diameter, round specimens used in fatigue-life testing are 
shown in Figures 12 and 13. Figure 14 shows a larger, —1.5 by 1-in. (38.0 by 25.4-mm) cross 
section, welded specimen tested to determine fatigue life under axial loading.19 A CCT 
specimen with three cracks along its length19 is shown in Figure 15. Each crack has a separate 
environmental chamber so that the effects of three environments can be evaluated under 
identical loading histories. These chambers and associated fittings, flow lines, reservoirs, and 
pumps are normally made from plastic (nonmetallic) materials to avoid introduction of 
undesired metallic ions into the water and to prevent possible unintended galvanic effects. 

FIGURE 12. Rotating Beam Specimen With 

a Test Chamber for Corrosive Fluids' 
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FIGURE 13. Axial-Load Fatigue Specimen With Chamber 
for Testing in Water Environment^ 

Important environmental variables that may significantly influence corrosion-fatigue 
damage should be controlled or monitored. As mentioned above, the water composition and 
flow rates should be controlled carefully and the controlled values should be reported. In 
addition, water temperature, level of dissolved oxygen, pH level, pressure, and electrochemi- 
cal potential should be controlled or measured. Most fatigue experiments are conducted at 
ambient temperatures of about 68 to 77 F (20 to 25 C). In some cases, however, higher or lower 
temperatures are used by either heating or chilling the water reservoir. Most corrosion-fatigue 
testing is carried out at ambient atmospheric pressure, although some work has been done at 
high pressures to simulate conditions that may be encountered in deep waters. Typically, 
seawater will have 5 to 10 ppm dissolved oxygen, 30 to 35 ppt salinity, and 7.8 to 8.2 pH level. 
Variations within these ranges generally are expected to have little influence on corrosion- 
fatigue behavior. However, larger variations or values outside of these ranges may significantly 
affect corrosion fatigue. 

Most corrosion-fatigue experiments in marine environments are carried out under free- 
corrosion conditions. It is desirable to measure the free-corrosio i potential during such experi- 
ments, but often this is not done. In some experiments, the specimens are anodically or 
cathodically polarized. Anodic polarization usually is employed in studies to examine the 
influence of accelerated corrosion rates on the corrosion-fatigue-damage process. Cathodic 
polarization is used to simulate the effects of commonly used cathodic protection methods on 
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FIGURt 14. Example of Setup for Corrosion-Fatigue Testing in Seawater With Cathodic Polarization19 
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FIGURE 15. Example of Test Setup for Corrosion-Fatigue-Crack Growth Experiments 
in Seawater With Cathodic Polarization 19 
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corrosion-fatigue performance. Usually, potential is maintained potentiostatically in labora- 
tory studies and variations in applied current density are monitored during the course of 
testing. In some cases, cathodic polarization is provided by coatings, such as zinc, or by 
sacrificial anodes connected to the specimen. Since the electrochemical potential can signifi- 
cantly influence corrosion-fatigue behavior, it is important to take this variable into account in 
evaluating data. 

Environmental conditions also can be affected by coatings applied to the metal surface 
and by inhibitors added to the water. When considering such factors, it is important to make 
sure that they reasonably simulate situations that can be used or may be encountered in actual 
service. 

Phenomena and Mechanisms of Corrosion Fatigue In Aqueous Environments 

The important general phenomena and mechanisms involved in corrosion fatigue of 
metals in aqueous environments are briefly reviewed. This review provides background and 
perspective for later detailed discussions of specific types of metals in marine environments. 
Fatigue-crack initiation and propagation are discussed separately. 

Wei and Speidel20 have pointed out that a large number of variables can influence corro- 
sion fatigue behavior. They have listed these variables in three categories—mechanical, metal- 
lurgical, and environmental. Those from their list that are important in this review are given 
below: 

Mechanical Variables 

• Maximum stress or stress-intensity factor 

• Cyclic stress or stress-intensity range 

• Cyclic loading frequency 

• Cyclic load wave form (constant amplitude loading) 

• Load interactions in variable amplitude loading 

• State of stress 

• Residual stress 

• Crack size and shape, and their relation to component size and geometry. 

Mefollurgicol Variables 

• Alloy composition 

• Distribution of alloying elements and impurities 

• Microstructure and crystal structure 

• Heat treatment 

• Mechanical working 

• Preferred orientation of grains and grain boundaries (texture) 

• Mechanical properties (strength, fracture toughness, etc). 
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Environmental Variables 

• Temperature 

• Concentration of damaging species in aqueous or other liquid environments 

• Electrochemical potential 

• pH 

• Coatings, inhibitors, etc. 

This extensive list emphasizes the complexity of corrosion-fatigue behavior. With such a 
large number of variables, a complete evaluation of all the factors involved in corrosion fatigue 
cannot be justified economically, in most studies, all but a few of these are held constant while 
those of primary importance to the investiga;or(s) are varied. When evaluating and comparing 
data from different sources, it is important to know all of these variables so that proper 
evaluations and comparisons can be made. F )r example, some results appear, at first glance, to 
be contradictory. However, when all the variables are considered, this apparent contradiction 
can be explained and taken into account. 

Fatigue-Crack Initiation 

Mechanisms of corrosion-fatigue-crack initiation in aqueous environments have been 
characterized as belonging in at least one of four categories.21,22 

(1) Pitting, where crack nucleation is related to pits formed by corrosive attack 

(2) Preferential dissolution of highly deformed material acting as a local anode with 
undeformed material acting as a local cathode 

(3) Film rupture, where protective surface films such as oxides are cracked by cyclic 
deformation, allowing corrosion to occur 

(4) Surface energy reduction caused by adsorption of environmental species and 
enhancement of microcrack propagation. 

None of these mechanisms adequately explains crack initiation by corrosion fatigue in 
aqueous environments in general. The crack-initiation mechanism is a function of both the 
material and environment, in other words, changes in the type of metal or alloy may change 
the initiation mechanism, and, even when the material is the same, changes in environmental 
conditions may alter the mechanism of crack initiation. Furthermore, no complete, well- 
accepted model of the corrosion-fatigue-crack-initiation process has been developed for any 
material/environment system. 

Fatigue-crack initiation is a localized process usually occurring at some point on the 
surface of the metal. When this surface is exposed to an aggressive environment, the fatigue- 
cracking process is accelerated. Thus, it is a highly localized corrosion process rather than a 
general one, and the local rate of damage accumulation is more important than the overall 
damage rate, in some cases, changes in environmental variables can alter the local rates of 
damage accumulation and cause the critical location of fatigue-crack initiation to be changed. 
For example, fatigue-crack-initiation sites may shift from slip steps within grains to grain 
boundaries when the environment becomes more aggressive. The localized nature of 
corrosion-fatigue-crack initiation and the competing damage processes make it difficult to 
conduct experiments to identify the controlling mechanisms of crack nucleation. 
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One commonly observed process of corrosion-fatigue-crack initiation is that persistent 
slip bands, which are formed by emergence of slip steps or an intrusion-extrusion slip mecha- 
nism, are preferentially attacked by the corrosive medium which causes local stress intensifica- 
tion that subsequently leads to earlier cracking.21 Corrosion increases the density of the per- 
sistent slip bands, and this produces an increased number of sites for crack initiation." A 
simple model " of this type of process is illustrated in Figure 16 where the ease of plastic 
deformation at the surface is increased by unlocking dislocations at preferentially attacked 
slip-band steps. This type of process has been observed to occur for low-carbon steels and 
copper in aqueous solutions. Application of anodic currents for both of these materials 
showed a "critical" rate of corrosion (local not general) associated with corrosion-fatigue 
damage. With low-carbon steel, crack initiation was always transgranular when anodic cur- 
rents were applied. The behavior with copper implies a shift in the region of preferential attack 
from persistent slip bands to grain boundaries with the increased anodic potentials. 

DISLOCATION 
.LOCKING SITE 

UNLOCKED 
DISLOCATIONS 

FIGURE 16, Schematic of Simple Model for 
Corrosion-Enhanced Crack Nucleation at 
Emerging Slip Step^ 
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With low-carbon steels, it is found that cathodic protection can increase fatigue-crack- 
initiation resistance up to or slightly above levels observed with comparable tests in air.23 This 
protection is afforded by reducing the rate of local corrosion attack at persistent slip bands, 
and the potential for corrosion-fatigue protection was found to be essentially the same as that 
for protection from general uniform corrosion.22 Furthermore, the formation of a calcareous 
scale is found to be an important factor in mitigating corrosion-fatigue-crack initiation in 
seawater.23 However, with higher strength heat-treated steels (e.g., AISI 4140 steel), cathodic 
protection at levels used to inhibit general corrosion produces a decrease in fatigue-crack- 
initiation resistance that is believed to be caused by a hydrogen-embrittlement mechanism.22 

The role of pitting in corrosion fatigue is not completely understood. Materials that show 
corrosion pitting tend to be susceptible to corrosion fatigue, but corrosion fatigue also is 
observed when no pitting occurs. For low-carbon steels in aqueous sodium chloride solutions, 
careful studies show that cracks do not necessarily initiate at pits and that it is more likely that 
pits associated with fatigue cracking are formed after cracking takes place.21 However, in 
studies of a martensitic 13Cr stainless steel, Ebara et al2 found that pitting played an important 
part in promoting fatigue-crack initiation in solutions ranging from 3 x 10"4 to 3 percent NaCl. 
Their data are shown in Figure 17. No pitting was observed for tests in distilled water, but 
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FIGURE 17. Corrosion-Fatigue Resistance of Martensitic 13Cr Stainless SteeH 

pitting was observed for tests in all of the other aqueous solutions. When pitting occurred 
(NaCl solutions), fatigue resistance was decreased; but when no pitting occurred (distilled 
water), fatigue resistance was the same as that observed for tests conducted in air. There is also 
evidence that pitting may be important in low cycle, corrosion-fatigue-crack initiation for 
high-strength aluminum alloys.22,24 These results again point out the need to consider each 
material/environment system separately. 

Duquette2- has reviewed recent studies which indicate that long-life, corrosion-fatigue- 
crack nucleation in 7075-T6 aluminum alloy and its high-purity analogue in NaCl solutions may 
be caused by localized hydrogen embrittlement. There is evidence that cathodically produced 
hydrogen diffuses more rapidly by a dislocation transport process, and it is hypothesized22 

"...that hydrogen may collect at the semicoherent precipitate-matrix interface,...". Localized 
embrittlement of this interface would then be responsible for easier crack nucleation. For 
7075-T6 aluminum alloy, the type of stress state also strongly influences corrosion-fatigue 
resistance. As shown in Figure 18, fatigue resistance in NaCl solution was drastically lower than 
that in air for axial fatigue loading but was only slightly lower for torsic i loading.22 In torsion 
the hydrostatic stress component is zero, while in uniaxial tension it is one-third the maximum 
stress. Thus, it appears that a hydrostatic stress component is required for the localized 
hydrogen embrittlement to occur. 

In alloys that are strengthened by precipitates, the nature of the precipitates influences 
fatigue life in corrosive environments 25 In high-strength aluminum alloys with coherent 
sl.earable precipitates, dislocation movement is concentrated within planar bands of intense 
slip. These bands are more sensitive to localized corrosion, and hence the fatigue resistance is 
much lower in an aqueous environment than it is in dry air. When the alloys are modified to 
make the precipitates incoherent, which promotes dislocation looping (i.e., precipitates are 
made nonshearable), the slip becomes more diffuse and little effect of aqueous environment 
on corrosion-fatigue resistance is observed. Hahn and Duquette26 have made similar observa- 
tions for a copper-base alloy. When these types of alloys are overaged to produce incoherent 
precipitates, their strength is markedly decreased, so that, even if the environment attack is 
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negligible, their actual corrosion-fatigue strength may be lower than that of their higher 
strength, peak-aged counterpart. Maximizing the amount of unrecrystallized structure also 
increased homogeneous slip behavior and reduced environmental degradation in the 
corrosion-fatigue resistance of the high-strength aluminum alloys.25 

According to the above information, corrosion-fatigue cracking usually initiates in a 
transgranular fashion at surface discontinuities associated with slip bands, which is similar to 
commonly observed fatigue-crack-initiation processes in air. With corrosive attack, however, 
the initiation process is intergranular or a mixture of transgranular and intergranular cracking. 
Factors generally observed to promote a change from the transgranular mode to the inter- 
granular mode are (1) decreased cyclic frequency, (2) increased mean stress (applied or resid- 
ual), (3) decreased strain (or stress) amplitude, and (4) increased environmental attack. In 
addition to altering the basic environmental composition, factor (4) can be affected by anodic 
polarization which increases anodic dissolution or by cathodic polarization which increases 
chances of localized hydrogen embrittlement. When the mode of crack initiation is shifted 
from transgranular to intergranular, fatigue resistance normally is greatly decreased. There- 
fore, it is of major importance to consider all four factors and their possible influence on the 
mode of crack initiation when evaluating corrosion-fatigue resistance of metals. 

The preceding comments and observations on corrosive-fatigue-crack initiation are 
based mainly on data for smooth, unnotched specimens. When the local environment in the 
notch is similar to the bulk environment, then there is a direct correspondence between 
initiation processes at the notch root and on the surface of smooth specimens. For example, 
Mitchell27 has shown that the corrosion-fatigue life of notched coupons (Kt = 2.52) of 7075-T73 
aluminum alloy tested in 3.5 wt % NaCl solution can be predicted using the local stress-strain 
approach with baseline data from smooth specimens tested in the same environment. A 
similar observation was made for fatigue data on notched specimens of a 0.35 wt % carbon 
steel tested in synthetic seawater.28 If the local environment in the notch were altered, 
however, such correlations would not be expected. Under certain combinations of notch 
geometry and water-flow conditions, the local environment at the notch root may become 
quite different from the bulk environment. For example, the solution in the notch could be 
relatively stagnant and allow a concentration cell to form in the notch. Therefore, to properly 
evaluate notch effects in corrosion fatigue, the local environment near the notch root should 
be adequately characterized. 

In this discussion of corrosion-fatigue-crack initiation, the common theme of a local 
process of damage accumulation and cracking is obvious. An understanding of the mecha- 
nisms of corrosion-fatigue cracking requires study of local damage and local environmental 
attack. This emphasis on localized phenomena also applies to fatigue-crack-growth processes 
discussed next. 

Fatigue-Crock Growth 

Corrosion-fatigue-crack growth normally is thought of in terms of the applied stress 
intensity related to some apparent threshold for stress-corrosion cracking, Ki,cc, under static 
loading. McEvily and Wei29 have categorized corrosion-fatigue-crack growth as falling into 
one of the three types of behavior illustrated in Figure 19. In Type A behavior, there is a 
synergistic interaction of cyclic and corrosive crack-growth mechanisms at all but very rapid 
rates of crack growth, where the mechanical aspects are dominant because cracking occurs 
more rapidly than chemical and/or transport processes involved in corrosion fatigue. 
Corrosion-fatigue-crack growth in the aluminum-water system is a typical example of this 
Type A behavior.29,30,31 With Type B response, there is no environmental effect below the 
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FIGURE 19. Illustration of Three Types of Corrosion-Fatigue-Crack Growth Behavior29 

threshold Ki,cc observed in sustained-load crack-growth studies. Above K(8Cc, sustained-load 
crack growth contributes substantially to the cyclic-crack-growth component. The hydrogen- 
steel system is representative of Type B behavior.29 30 Wei30 points out that Type B corrosion- 
fatigue-crack growth depends on range of stress intensity, maximum level of stress intensity, 
cyclic frequency, and shape of loading wave form, and that the effects of these four variables 
can be reasonably well accounted for by use of the Wei and Landes superposition model.32 

With this model, the total crack growth rate, (da/dN),, is the sum of that due to pure fatigue, 
(da/dN)t, and that due to stress-corrosion cracking, (da/dN)8Cc: 

or 

(da/dN), = (da/dN),+ (da/dN)s 

(da/dN), = (da/dN), +/(da/dt) K (t) dt 

(1) 

(2) 

Type C response is intermediate to the extremes of Types A and B and is the behavior 
which is typical of most alloy-environment systems.30 The behavior tends to be similar to that 
of Type A systems below Kiscc- To include the synergistic corrosion-fatigue component of 
cyclic crack growth, (da/dN)cf, Wei30 has proposed a more general form of Equation (1): 

(da/dN), = (da/dN), + (da/dN)SCc + (da/dN)c. (3) 

Support for this phenomenological model was obtained from analysis of results of experiments 
on AISI 4340 steel in distilled water and water vapor.30 Wei30 emphasizes that this is a 
multidisciplinary problem and that an understanding of corrosion fatigue requires combined 
application of (1) fracture machanics, (2) surface analysis, and (3) metallurgical techniques. 

Kraft and Cullen33 have suggested a methodology for organizing corrosion-fatigue-crack 
growth data. Their approach is based on a tensile ligament instability model, it includes one 
parameter to account for cyclic stress-strain response of the crack-tip ligament material. 
Another hybrid parameter accounts for interaction between stress-strain behavior (monotonic 
and cyclic) and corrosive attack or stress-relaxation behavior. A parametric mapping scheme is 
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then used to correlate actual data with the model. The anomalous effects of stress ratio and 
frequency often observed in corrosion-fatigue-crack growth are approximated reasonably 
well by this model for data on two titanium alloys, one aluminum alloy, and three steels. The 
model works best for the high-strength alloys, which includes five of the above six materials. 
For a medium-strength API X-65 steel, the authors note that the strength is below the level for 
which their model is strictly applicable, and the correlation with actual data is not as good as 
that for the five other alloys. 

Four of the anomalous types of data on corrosion-fatigue-crack growth which Krafft and 
Cullen33 believe should be accounted for in any modelling scheme are illustrated schemati- 
cally in Figure 20. Saltwater causes a dramatic increase in the effect of stress ratio for the 
Ti-8-1-1 alloy. Decreasing frequency yields marked changes in crack growth rates for API X-65 
steel in saltwater with cathodic protection, for Ti-6-4 alloy in saltwater, and for AISI 4340 steel 
400 F (204 C) temper in fresh water. There are some regions at lower AK levels where fre- 
quency has no effect on da/dN. In other regions, at medium AK levels, decreased frequency 
yields large increases in da/dN. Where the curves are almost horizontal, da/dN is almost 
independent of AK. Where the curves are almost vertical, da/dN increases rapidly for very 
small increases in AK. All of these factors cannot be properly accounted for if data are not 
available over a wide range of AK values, frequencies, and stress ratios. As pointed out by two 
reviewers23,34, examination of the pertinent variables over a broad range of values is required 
for a proper understanding of corrosion-fatigue-crack growth. Many appaient contradictions 
and discrepancies in the literature arise from a failure to do this extensive exploration. Thus, in 
evaluating data for this report, those studies that have thoroughly investigated a wide range of 
variables are emphasized. 

Understanding the mechanisms of corrosion-fatigue-crack growth requires consideration 
of the kinetics of the various processes. The major processes that take place during corrosion- 
fatigue-crack growth are illustrated schematically in Figure 21. First, the reactants present in 
the bulk environment must be supplied to the crack-tip region. The local solution near the 
crack tip generally will be different in nature from the bulk solution. The difficulties and 
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1. Supply of reactants to crack tip 

2. Chemical reaction with newly exposed metal 
3. Adsorption of deleterious species 

4. Diffusion of species to plastic zone 

5. Removal of reacted products 
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FIGURE 21. Schematic of Processes Involved Near Crack Tip During Corrosion Fatigue 

complexities of modelling this aspect have been discussed by Harn et al.35 It is also important 
to note that the local crack-tip chemistry may be affected by the presence of corrosion 
products. Therefore, the rate of removal of these products is important. A buildup of products 
in the crack tip may alter the local stresses just by its physical influence on crack closure. 

As newly cracked material is produced near the crack tip by fatigue processes, this 
material reacts with the local environment. Thus, the mechanical fracturing process synergisti- 
cally interacts with the chemical attack. In the simplest case, anodic dissolution of material at 
the crack is responsible for the environmental contribution to corrosion-fatigue-crack growth. 
The highly deformed material in the plastic zone ahead of the crack contains a high concentra- 
tion of slip bands which are more susceptible to corrosive attack than the surrounding metal, 
just as in the case of crack initiation at slip bands. In highly aggressive environments at high 
levels of AK, where the plastic zone is fairly large, the anodic dissolution of material at the 
crack tip is sometimes rapid enough to cause blunting of the crack. This blunting normally 
causes a decrease in crack growth rate, so it is not often of much engineering concern. Also, 
corrosion attack may occur at grain boundaries, resulting in intergranular rather than trans- 
granular crack growth. In fact, these two modes of crack growth may be competing. A transi- 
tion from transgranular to mixed or to intergranular crack growth in corrosion fatigue, if 
observed, usually takes place with decreased AK level, increased Kma« level, decreased cyclic 
frequency, and increased environmental attack. 

The corrosion reaction at the crack tip may produce a deleterious chemical species. (For 
example, hydrogen ions are produced by the cathodic reaction in aqueous solutions.) This 
species (e.g., hydrogen) is absorbed at the metal surface. It then diffuses to the zone ahead of 
the crack tip where it causes localized damage (e.g., hydrogen embrittlement). The diffusion 
transport r rocess most likely is along dislocation pipes or grain boundaries, rather than by bulk 
diffusion. This localized hydrogen-embrittlement process is thought to be responsible for 
accelerated corrosion-fatigue-crack growth in a high-strength steel38 and in a high-strength 
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aluminum alloy37 in water/water vapor environments. For the steel, surface reaction kinetics 
were rate controlling, whereas either surface reaction kinetics or transport of water vapor to 
the crack tip was rate controlling for the aluminum alloy (depending on vapor pressure and 
time of exposure). In these cases, the localized production of hydrogen from the surface 
reaction is promoted by the continued exposure of new cracked surfaces under cyclic loading. 
For medium- and high-strength steels in saltwater or seawater, cathodic protection is observed 
to accelerate cyclic crack growth by a localized hydrogen-embrittlement mechanism (for 
example,see References 38 and 39).The fatigue-crack growth behavior is of the Type B class in 
these cases. 

It is often postulated that fatigue loading may cause the rupture of protective films that 
would otherwise form on crack surfaces and reduce environmental attack. If such a mecha- 
nism is operative, then at low cyclic frequencies the protective film formation should be rate 
controlling. At still lower frequencies there would be no further increase in crack growth rates. 
This mechanism probably plays a role in some corrosion-fatigue behavior, but direct experi- 
mental evidence for it is difficult to develop. 

Loading history can have a significant influence on crack growth behavior in corrosive 
environments. Since most real structures are subjected to variable-amplitude loading spectra 
in actual service, loading-history effects are important to consider. Variable-amplitude 
loading will not only alter the plastic-zone size and residual stress fields, but it may alter the 
mechanisms of crack growth in aggressive environments. Frequency and wave form are 
important to consider. GeneraMv, decreased frequency accelerates crack growth rates in 
aggressive environments. Wave form is important in water-steel systems but has only a small 
influence in aluminum-water systems.20 Thus loading-history effects must be studied for each 
material-environment system of interest. 

Just as with corrosion-fatigue-crack initiation, corrosion-fatigue-crack growth is localized. 
At least six types of mechanisms may play a role in environmentally assisted fatigue-crack 
growth: 

(1) Supply of reactants to and removal of products from crack-tip region 

(2) Surface/environment reaction to produce a deleterious chemical species (e.g., 
hydrogen) which diffuses into zone ahead of crack-tip and promotes accelerated 
growth (e.g., by localized hydrogen embrittlement) 

(3) Anodic dissolution at crack tip 

(4) Repeated production of new, freshly fractured crack surfaces by fatigue cracking 

(5) Rupture of protective surface films by cyclic straining 

(6) Buildup of scale and corrosion products in crack opening which influences crack 
closure and effective local stress intensity at crack tip. 

The relative importance of these possible mechanisms (and others) must be evaluated separ- 
ately for each individual metal-environment system. 

Variables Affecting Corrosion of Metals in Seawater 

Most of the information in this section is taken from "Corrosion of Metals in Marine 
Environments" by Boyd and Fink.40 Corrosion behavior can play a significant role in both the 
initiation and propagation of corrosion-fatigue cracks. The variables affecting the corrosion 
and protection of metals in seawater, including physical and geographical locations, and the 
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various factors influencing the corrosivity of seawater are discussed. General forms of corro- 
sion, e.g., galvanic, localized, and erosion corrosion, are described. The corrosion characteris- 
tics of the major alloy systems are discussed because each has a distinct corrosion behavior and 
responds differently to the different variables. A brief discussion of the protection methods 
employed under marine-environment conditions is also included. 

Types of Marine Exposure 

The behavior of a metal in the marine environment depends on the exposure conditions. 
The resistance to corrosion attack of metals varies, depending upon the specific environmental 
zone to which the metal is exposed. The marine environment can be divided into distinct types 
of exposure: marine atmosphere, splash zone, tidal zone, shallow seawater, continental shelf, 
deep ocean, and mud. 

In marine atmospheric exposure, the intensity of attack is influenced greatly by the 
amount of salt particles or mist which collects on the metal surface. The corrosivity of the salt 
deposition varies with wind velocity and direction, height above the water, and surface expo- 
sure. Variations in geographical localities affect such factors as temperature, time of wetness, 
seasonal changes, dew cycle, rainfall, solar radiation, and dust and pollution. 

Materials in the splash zone are continually wet with well-aerated seawater, and corrosiv- 
ity is consequently quite high. Biofouling is not a factor in this exposure. During intense storms 
the splash zone is exposed to a combination of high wind and water velocities, which can lead 
to combined erosion/corrosion damage. 

There are two major considerations in differentiating the tidal zone from the splash zone: 
exposure time and biofouling. First, surfaces in the tidal zone are in contact with well-aerated 
seawater only part of the day, and second, biofouling is a factor in this environment. Erosion is 
not as severe in the tidal zone as in the splash zone. 

The depth of seawater is an important factor because its properties vary with depth. At 
shallow depths, the oxygen supply is normally at or close to saturation. Biological activity, 
plant and animal, is at a maximum. The temperatures are warmer relative to those at moderate 
and great depths at most localities. Pollution and chemical contamination, especially sulfide 
and ammonia, are more notable in the shallow waters. Furthermore, the dilution of seawater 
at harbors and estuaries causes changes in the resistivity and in the formation of protective 
mineral scales. On the continental shelf, water depths range up to approximately 1000 feet 
(300 meters). Oxygen content can decrease with depth. Temperatures also tend to drop with 
depth. The velocity of seawater may drop to low values in many localities. Beyond depths of 60 
to 100 feet (18 to 30 meters), any biofouling is entirely animal. The amount of biofouling also 
decreases with distance from the shore. In deep-ocean exposure, the oxygen content varies 
depending upon the ocean, values of pH decrease from surface values as pressure increases, 
and the temperature is near 32 F (0 C). 

The physical, chemical, and biological properties of marine muds vary nearly as widely as 
they do for soils on land. Because of saltwater, the marine muds typically have low resistivity 
(i.e., they are good electrolytes) and are therefore quite corrosive. Oxygen concentrations at 
the metal surface are typically low. 
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Factors Affecting Corrosion in Seawater 

The factors affecting corrosion of metals in seawater may be classified as chemical, physi- 
cal, and biological (see Table 1). Alone or in combination, these factors determine a metal's 
corrosion behavior and the forms of corrosion damage to which the metal is susceptible. 

The dissolved oxygen content is a major factor affecting the corrosivitiy of seawater. 
Oxygen content varies with geographic location, temperature, and depth. The effects of oxy- 
gen content separate metals into two groups: active metals and passive metals. The former do 
not develop protective oxide films and higher oxygen concentrations increase corrosion dam- 
age. The latter metals depend upon an oxide (passive) film for their protection, and a supply of 
dissolved oxygen is required to maintain passivity. At too low oxygen levels, the passive metals 
undergo localized corrosion, e.g., pitting and crevice corrosion. Other dissolved gases that can 
greatly increase the corrosivity of seawater are carbon dioxide, hydrogen sulfide, and sulfur 
dioxide. In addition, ammonia is particularly damaging to copper alloys. 

TABLE 1. Factors Affecting Corrosion in Seawater 

Chemical 

Dissolved Gases 
Oxygen 
Carbon dioxide 

Physical 

Velocity 
Air bubbles 
Suspended silt 

Biological 

Biofouling 
Hard-shell types 
Types without hard shells 
Mobile and semimobile types 

Chemical Equilibrium 
Salinity 
pH 
Carbonate solubility 

Temperature Plant Life 
Oxygen generation 
Carbon dioxide consumption 
Hydrogen sulfide generation 

Pressure Animal Life 
Oxygen consumption 
Carbon dioxide generation 

.    I 

Salinity is defined as the total weight in grams of solid matter in 1000 grams of water. 
Sodium chloride (NaCl) is the most abundant dissolved constituent of seawater. The chloride 
content is sometimes used as an indicator of the corrosivity of seawater. The average salinity of 
natural seawater is 35,000 ppm. Because of high salinity, seawater has low resistivity and high 
corrosivity. Corrosion currents can flow readily between the anodes and cathodes through the 
highly conductive seawater. 

The effects of pH on corrosion vary from metal to metal, but, in general, more acidic 
waters are more corrosive. The pH is a measure of the acidity or alkalinity of a solution. 
Seawater normally has a pH of 8.2, which is mildly alkaline. Variations in pH can affect the 
formation and growth of calcareous deposits and the stability of other protective films. Varia- 
tions in pH result from corrosion reactions, sea life, and dissolved gases. 

Calcareous-scale deposition forms carbonate-bicarbonate scales on metals and protects 
them from corrosion. Calcium, magnesium, and strontium are constituents of natural seawater 
that can precipitate under alkaline conditions, and thus form deposits on metallic surfaces. 
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Calcareous-scale formation is temperature and pH dependent, and scales form more readily in 
warmer waters and in alkaline solutions. 

The effects of velocity vary, depending on the metal-environment system. Metals which 
form passive films frequently show improved corrosion resistance at higher velocities and poor 
corrosion resistance in stagnant waters. In the high-velocity seawater, oxygen necessary for the 
formation and stability of the passive films is continuously available at the metal surface. 
Erosion damage is more severe at higher velocity and when entrained air or solids increase. 

The temperature of seawater varies with geographic location and depth. In general, corro- 
sion reaction rates increase with increasing temperature. The rate of corrosion of steel essen- 
tially doubles with each 10-degree temperature rise. Other factors in seawater are also affected 
by temperature, and the overall effect on corrosion can vary. For example, gas solubility, 
calcareous deposition, and growth of marine life are all temperature dependent. 

Pressure has only a secondary affect on corrosion. The pressure affects gas solubility, pH, 
and marine life, which in turn can affect corrosion. 

Marine fouling on the surfaces of marine structures can affect corrosion. For many passive 
metals, these organisms shield surfaces from the oxygen needed to maintain passivity. For 
other metals, biofouling can reduce attack. The intensity of attack varies with location. In 
tropical waters, fouling can occur all year, whereas in arctic waters fouling is almost nonexist- 
ent. Biological fouling can cause damage to paint and coatings of structures and also create 
mechanical overloading conditions in structural components. The biological action of marine 
life can consume or generate dissolved gases in the seawater. Hydrogen sulfide can be 
produced by the action of sulfate-reducing bacteria and decaying marine life. 

Forms of Corrosion in Morlne Environments 

In addition to corrosion fatigue, several other forms of corrosion occur in seawater: 
general, crevice, galvanic, pitting, stress corrosion cracking, erosion-corrosion, impingement, 
and cavitation. The various forms are distinguished by the morphology of the damage. Specific 
alloy systems are susceptible to specific forms of attack, e.g., mild steels are susceptible to 
general corrosion and stainless steels are susceptible to pitting, crevice corrosion, and stress- 
corrosion cracking. These forms of corrosion can be precursors to corrosion fatigue and create 
initiation sites, or they can act simultaneously with corrosion fatigue and contribute to the 
damage. 

General corrosion is a uniform dissolution of the metal surface which can be measured by 
weight loss. The rusting of steel in marine environments typifies this form of corrosion. 

There are several forms of localized corrosion: pitting, crevice corrosion, corrosion 
fatigue, and stress-corrosion cracking. With these forms, the bulk of the metal surface is 
undamaged while local areas are severely damaged. Metals that rely upon passive films for 
their corrosion resistance are susceptible to these forms of corrosion. Stress-corrosion crack- 
ing and corrosion fatigue require the combined action of stress and a corrosion reaction. 
Crevice corrosion is a form of localized corrosion occurring in crevices and other shielded 
sites such as overlapping surfaces or beneath corrosion and biofouling deposits. The metal in 
the crevice becomes anodic to the metal outside the crevice region and is damaged. Limited 
access to fresh seawater within the crevice results in differences in oxygen concentration, 
metal-ion concentration, and pH. 
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Galvanic corrosion occurs when dissimilar metals are in electrical contact and exposed to 
a corrosive environment. A potential difference exists between the metals, and one metallic 
member becomes active (acts as an anode) and the other member becomes a cathode. The 
potential difference between the dissimilar metals creates current flow between the metals 
and corrosion occurs at the anodic member. The magnitude of the potential difference is a 
function of the metals themselves and the environment. The temperature, oxygen concentra- 
tion, pH, and other factors can affect the severity of galvanic corrosion. Furthermore, which 
metal in the galvanic couple will be the anode is determined by the environment as well as by 
the metal composition. For this reason published galvanic series for metals in seawater must be 
used with caution. Changes in the environment can significantly affect the position of a metal 
in the galvanic series. 

Erosion corrosion is a form of corrosion influenced by the velocity of a corrosive medium 
relative to the metallic surface. Air bubbles and suspended solids and other matter are the 
erosive species. Most metals are susceptible to this combination of mechanical abrasive wear 
and corrosion deterioration. Erosion-corrosion attack usually exhibits a directional pattern, 
depending on the velocity, amount of suspended materials, and direction of corrosive 
medium flow. 

Impingement and cavitation attack are also velocity-associated types of corrosion. Under 
turbulent conditions, seawater containing entrapped air and gas bubbles can impinge a metal- 
lic surface. This action can destroy protective films and also lead to metal removal at the 
surface. Impingement can occur where design conditions create abrupt changes in the direc- 
tion of the medium flow or in the cross-sectional area of the flow containments. This form of 
attack is observed at sharp bends in piping. 

Cavitation damage results from the formation and subsequent collapse of vaper-filled 
bubbles on a metallic surface. Under turbulent flow conditions, bubbles develop because of 
pressure changes associated with changes in cross sections or vibrations. These rapidly collaps- 
ing bubbles can destroy protective films and promote mechanical removal of metal. Cavitation 
damage occurs on propellers and other marine structures where rapidly flowing seawater 
changes direction, which results in pressure changes in the seawater. 

Corrosion Dehovior of Major Alloy Systems 

Each major alloy system has a distinct corrosion behavior in seawater. The forms of corro- 
sion and the important environmental variables are different for each alloy. A summary of the 
alloys' behavior, from the report by Boyd and Fink40, is repeated here. 

Plain-carbon steel is the most widely used metal in marine service, but it is chosen for its 
other properties and not because of its resistance to corrosion. In the atmosphere, the rust 
coat formed offers no protection but tends to flake off. In the splash zone, the attack is several 
times that for complete immersion, while in the tidal zone, the rate is between that in the 
splash zone and that under submerged conditions. Steel corrodes typically at 3 to 4 mpy* in 
quiet seawater, with higher rates being observed as the velocity is increased. Local pitting is 
often observed and must be provided for in design. Under submerged conditions, steel's 
corrosion behavior is governed by the reaction at the cathode. Since the depolarization of the 
cathodic reaction is governed by the amount of oxygen arriving at the surface, higher oxygen 
levels are usually accompanied by higher rates of attack. At the local cathode, hydroxyl ions 
may be formed and the solution becomes more alkaline. The increased alkali may promote 
deposition of a protective calcareous scale. This, in turn, retards the rate of corrosion. 

•mpy = mil (0.001-in.) per year and 1 mpy = 0.0254 mm/year. 

mm 
IAH - mm .VV^WR 
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Unlike plain-carbon steel, high-strength, low-alloy steels develop a tight protective rust 
coat in the atmosphere. Small combined additions of several elements, such as copper, chro- 
mium, nickel, manganese, silicon, etc., totalling about 2 to 3 percent, may reduce the attack by 
50 percent or more, as compared with that for unalloyed steel. Low-alloy steels also experience 
less corrosion attack than plain-carbon steel in the splash zone. Under water, the protective 
rust coat does not form and the corrosion rate is about the same as that for plain-carbon steel. 

Stainless steels depend on their passive film for resistance to corrosion. They perform well 
in the atmosphere and splash zone. In quiet seawater, passivity tends to break down at crevi- 
ces, under deposits, etc., and the local pitting is more rapid than that on steel. Passivity is 
promoted by keeping the surface clean and free of biofouling and deposits. A seawater 
velocity of 5 fps or higher will prevent fouling and promote passivity of austenitic stainless 
grades. In general, martensitic and most ferritic grades do not retain their passive state as 
readily as austenitic grades and are not recommended for below-water applications without 
some protection. 

Nickel alloys with about 30 to 40 percent nickel and 20 to 30 percent chromium (balance 
iron plus other elements) also depend on a passive film for protection. Like stainless steels, 
these alloys pit in seawater, but they are more resistant than the steels in this respect. Nickel- 
base copper alloys, e.g., Monel-400, are resistant to the atmosphere but pit in quiet seawater. 
The pits tend to be shallower and broader than those typically found on stainless steels. The 
most resistant of the nickel-based alloys are those containing 15 percent or more chromium 
and 10 percent or more molybdenum. Hastelloy C-276 is an example. These alloys are com- 
pletely resistant to all environmental zones, and are equaled, in this respect, by titanium. 

Copper-base alloys are resistant to corrosion in marine environments and are widely used 
in sewater. The cupronickeis are among the most resistant in seawater service and show less 
tendency to pit than the nickel-copper alloy, Monel-400. Aluminum brass and many of the 
bronzes, such as those with aluminum, aluminum-nickel, or tin, are resistant to corrosion. The 
presence of hydrogen sulfide in polluted seawater greatly increases the corrosion damage to 
copper alloys. 

Titanium is completely resistant to corrosion in all the environmental zones. In seawater 
service at temperatures above 250 F (121 C)*, there is some tendency for crevice attack to take 
place, e.g., at flanged connections. Stress-corrosion cracking of titanium alloys will occur 
under   ension in seawater where a crack of sufficient acuity is present. 

Aluminum alloys in the 5000 series and Alloy 6061 are resistant to marine environments, 
but crevices and galvanic couples should be avoided. Heat treatments have a marked effect on 
the corrosion behavior, and can promote stress-corrosion cracking. Pitting is a problem with 
many alloys, particularly those in the 2000 and the 7000 series. 

Beryllium is a light metal that is prone to pitting in seawater and other saline solutions. 
Magnesium is not used as a structural material under water. 

For special applications, the refractory metals may be used in marine atmospheres. Of the 
group, tantalum (like titanium) is completely resistant to seawater. Platinized tantalum, like 
platinized titanium, is excellent as an impressed-current anode. Although information is 
scanty, all the refractory metals appear to have good-to-excellent resistance in marine envi- 
ronments. Precious metals like platinum, gold, and silver are used in marine applications for 
electronic and electrical applications, and their corrosion resistance is excellent. 

Zinc or cadmium provides corrosion protection to steel as a sacrificial metal coating. Lead, 
with an addition of silver, is used as an impressed-current anode, and zinc serves as a sacrificial 
anode. Tin is cathodic to steel and therefore is not suitable as a protective coating for steel. 
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Corrosion Protection in Marine Environments 

n 
u 

Methods of corrosion protection in marine environments are (a) use of the most 
corrosion-resistant alloys, (b) application of coatings, and (c) application of cathodic protec- 
tion. The summary of corrosion behavior of metals in seawater presented above outlines a 
broad range of corrosion resistance. A common method of corrosion control in marine envi- 
ronments is to use construction materials that have adequate inherent corrosion resistance 
along with the other required properties. Where a material having insufficient corrosion 
resistance is used, additional protection must be provided. The most common methods of 
providing corrosion protection are coatings and cathodic protection. 

Metallic and nonmetallic coatings are used extensively to protect metals in seawater. 
Generally, their function is to isolate the underlying structure from the corrosive solution by 
creating a protective barrier. For example, the more corrosion-resistant metals are applied to 
steel surfaces by cladding, weld overlaying, or flame spraying. Several kinds of nonmetallic 
coatings are used for corrosion protection. 

Barrier coatings for corrosion protection must maintain their integrity to be effective. 
Corrosion damage can be concentrated and severe at flaws in the coating. Where corrosion- 
resistant metallic coatings are used, a detrimental galvanic couple is set up at a flaw in the more 
noble coating. This galvanic action can significantly affect both corrosion and corrosion- 
fatigue behavior. 

Cathodic protection is broadly applied to metallic structures in seawater. The high- 
conductivity seawater provides a low resistance path for cathodic protection currents and 
enhances uniform current distribution. Both impressed current systems using inert anodes and 
sacrificial systems using more active metal anodes, e.g., zinc and aluminum, are widely 
applied. 

Cathodic protection causes several changes in the corrosion environment which can 
greatly affect the corrosion and corrosion-fatigue behavior of a metal. The oxidizing potential 
of the metal surface is shifted to a potential range where dissolution is suppressed or signifi- 
cantly reduced. Corrosion, stress-corrosion cracking, and corrosion-fatigue processes are all 
potential dependent. In addition to potential changes, cathodic protection causes changes in 
the corrosive solution at the metal surface. The solution in contact with the metal being 
protected increases in pH and becomes more alkaline. Both corrosion processes and the 
formation of calcareous deposits are affected by solution pH. Another significant effect of 
cathodic protection is the generation of hydrogen on the metal surface. Much of the hydro- 
gen is released from the surface as bubbles of hydrogen gas; however, some of the hydrogen 
enters the metal. The mechanical properties and susceptibility to cracking of a metal are 
strongly influenced by dissolved hydrogen. 

Use of Fatigue Data in Design 

To appreciate the importance of understanding corrosion fatigue, it is instructive to 
review the major steps typically involved in fatigue design. These steps are illustrated in the 
block diagram in Figure 22. In assessing the potential for corrosion-fatigue damage, the 
designer must estimate both the operational history and the environmental history and the 
relation between them. From the system operatio.ial history, the loading histo' ies for various 
components are determined, and these, in turn, are used to determine local stress-srain 
histories in critical areas where corrosion fatigue may take place. At these same critical 
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1.    Estimation of Operational and Environmental History of System 

2.    Computation of Corresponding Loading History for Components of System 

3.    Computation of Stress-Strain History and Estimation of Local Environment History 

Near Critical Areas (e.g., Notches, Welds, Flaws of Components (It may be necessary 

to include the influence of environment on deformation response in some cases.) 

4.    Assessment of Probable Corrosion-Fatigue Damage - Initiation or Propagation of 

Cracks - at Critical Locations in Components 

5.    Comparison of Probable Damage with Performance, Reliability, and/or Safety Criteria 

FIGURE 22. Major Steps in Typical Fatigue Design Process 

locations, the correspondng history of environment must be determined. For example, it may 
be important to know whether changes in flow rate, concentration, or temperature occur at 
high or low levels of cyclic stressing. Next the fatigue damage is determined using existing data 
and damage-accumulation rules. Finally, the computed fatigue damage is compared with 
appropriate criteria for satisfactory performance, reliability, and safety of the component. 

The corrosion-fatigue behavior of metals in marine environments is important in the 
fourth step illustrated in Figure 22, fatigue-damage assessment. The information on corrosion- 
fatigue resistance is only one aspect of this damage-assessment process, and the total aspects 
usually addressed in the fatigue-design process must be considered. 

Fatigue Life Curves Versus Crack Growth Rates 

Two different types of basic corrosion-fatigue data are used in current fatigue-damage- 
assessment approaches. One is fatigue-life curves and the other is crack-growth-rate informa- 
tion. Both types of data normally are based upon results from constant-amplitude cycling of 
specimens. Therefore, some cumulative damage rule, such as Miner's linear cycle fraction 
rule, must be employed to assess fatigue damage under variable-amplitude loading. 

Fatigue-life curves are presented as plots of stress or strain (or log of stress or log of strain) 
versus log of the number of cycles to failure, as shown schematically in Figure 23. These are 
commonly referred to as S-N curves. The failure criterion may be either initiation of a specified 
size of crack or complete fracture of the specimen. In the latter case, both the process of 
initiation of a detectable-size crack and its propagation to a critical size are involved in deter- 
mining the total life of the specimen. Fatigue-crack-growth data are obtained from specimens 
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Log of Number Cycles to Failure 
(Crack Initiation or Fracture) 

FIGURE 23. Schematic of Typical Fatigue-Life Curve (S-N Curve) 

after a detectable-size crack has been initiated. Records of crack length versus number of 
loading cycles are differentiated to obtain cyclic crack-growth-rate (da/dN) data. The loga- 
rithm of crack growth r^te is usu<jJ!y correlated with the logarithm of the linear elastic stress 
intensity factor, K, as illustrated in Kigure 24. Corrosion-fatigue information reported in the 
literature and subsequently discussed in this report thus is presented either as fatigue-life 
curves or as fatigue-crack-growth curves. 

When significant environmental effects on fatigue behavior are observed, the fatigue 
performance of metallic materials is usually degraded. Thus, corrosion causes lowering of the 
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average fatigue-life curve (Figure 23) or raising of the average fatigue-crack-growth-rate curve 
(Figure 24). Since the designer typically is concerned with conservative-bound curves (dashed 
ones in Figures 23 and 24), it also is important to consider the effect of corrosive environment 
on the data scatter. For if corrosive effects increase scatter as well as shift the average curve, the 
net effect on the lower-bound fatigue-life curve or on the upper-bound, fatigue-crack-growth 
curve is worse than just a shift in this average curve. Unfortunately, most corrosion-fatigue 
studies are not extensive enough to assess data scatter quantitatively, and comparisons 
between results of tests conducted in different environments are based upon average trends in 
the data, which is the case in the present report. However, it should be remembered that if in 
fatigue design the conservative-bound curves are shifted by the same amount as the average 
curves are observed to be displaced, it is tacitly implied that the environmental effects do not 
increase data scatter. 

Prediction of Corrosion-Fatigue Damage 

Most of the currently popular approaches to fatigue design can be separated into (1) those 
dealing with predicting crack-initiation life or (2) those dealing with predicting crack-growth 
behavior. The local stress-strain concept, which has been reviewed by Leis41 and by Dowling42, 
predicts fatigue life in terms of the formation of an engineering-size crack. The assumption is 
made that by computing the local stress-strain history at critical locations in complex structures 
(notches and other discontinuities), the cyclic life will be the same as that for an unnotched 
(smooth) specimen subject to the same history in the laboratory. In other words, the fatigue- 
damage-accumulation process is taken to be the same in both cases. For this to be valid, 
significant microstructural features should be small compared with the size of the notch root 
so that the surface material at the critical location behaves in a fashion similar to that of 
material on a smooth specimen surface under comparable stress-strain histories. In addition, 
the crack size at initiation must be small enough "to ensure similitude between the early 
growth rates at notch roots and in smooth specimens".43 For this reason, Leis and Forte43 used 
an initiation crack length of 0.005 in. (125 m). As the notch root increases in acuity, the initial 
crack length needed to meet the similitude requirement decreases44,45, which led Dowling46to 
recommend that a crack length of about one-tenth the notch-root radius be used to define 
crack initiation. The important point is that the size of an initiated crack is really a variable 
quantity. This must be remembered when evaluating and comparing published fatigue-life 
data. In the context of corrosion fatigue, aggressive aqueous environments normally are found 
to accelerate the crack initiation process in metals and alloys. That is, the average and lower- 
bound curves shown in Figure 23 are shifted downward by environmental effects. 

Fatigue-crack-growth data are used in the fracture-mechanics approach to fatigue 
analysis. This approach can be employed either (1) as a life analysis or (2) as a damage- 
tolerance analysis. 

In life analysis, the structure is assumed to contain defects from the start of its life and the 
severity of these defects is represented by an equivalent crack-like initial flaw. The growth of 
this equivalent flaw to failure then determines the life of the structure. It is important to realize 
that this equivalent flaw may not be physically realistic; it is just the initial flaw that gives the 
appropriate life. If the equivalent flaw size is unique for a given structure and load histories of 
interest, then this concept is useful. For generalized variable-amplitude loading, this approach 
seems to work fairly well, but the equivalent initial size is sometimes a function of loading, i.e., 
it is nonunique.43 
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The damage-tolerance concept recognizes that at some time cracks may develop in a 
structure, and the growth of these cracks is then computed. Using a risk analysis, a critical 
strength and the associated critical crack size are calculated. The time for a crack to grow from 
some detectable size to the critical size is determined next. An inspection interval shorter than 
this time period can be established so that damage can be detected well before failure occurs. 
Thus, the damage-tolerance approach assumes that if cracks exist or develop they will be 
detected and repaired before failure can take place. This philosophy inherently requires 
highly reliable methods for inspecting and detecting cracks in the structure. 

With either the life analysis or the damage-tolerance analysis, the growth of a crack is 
computed using fracture mechanics and experimentally measured fatigue-crack-growth data. 
In aggressive aqueous environments, the crack growth rate normally is accelerated compared 
with that in less aggressive environments such as air. In other words, the effect of aggressive 
environment generally is to cause a shift in the curves shown in Figure 24. In some cases, the 
environmental attack at or near the crack tip is so great that the crack growth rate is actually 
decreased because of crack-tip blunting by the corrosive action. Since this deceleration of 
crack-growth-rate effect is conservative from a design viewpoint, it is not of as much concern 
as the more commonly observed acceleration effect. 

Rather than simply accepting shorter crack-initiation lives and/or higher crack growth 
rates in corrosive environments, the designer may choose to employ protective methods, such 
as coatings, inhibitors, and electrochemical polarization, to reduce the influence of environ- 
ment on the fatigue-damage process. Both organic and inorganic coatings are used. The 
coatings must be tight, adherent, and ductile. The major problem with them is that corrosion- 
fatigue damage is likely to occur locally at any discontinuity or break in the coating, and the 
entire coating system is no stronger in resistance to corrosion-fatigue damage than its weakest 
point. Inhibitors are effective only in closed systems where the supply of aqueous environ- 
ment is controlled. This is generally not the case for most marine structures. Application of an 
electrochemical potential (cathodic or anodic protection) is commonly employed to reduce 
overall general corrosion. For example, cathodic protection is used extensively to limit general 
corrosion of steel offshore structures. It is found to effectively inhibit corrosion-fatigue-crack 
initiation, but it is not always effective in retarding fatigue-crack growth and may even acceler- 
ate the rate of crack growth in some instances.23 The intent at this stage of this review is simply 
to point out that protective measures can be considered in design. More detailed discussions 
of protective methods are presented later. 
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CHAPTER 3 

CORROSION-FATIGUE DATA FOR 
CARBON AND ALLOY STEELS 

Many kinds of structures used in marine environments, such as ships, offshore platforms, 
drilling rigs, harbor works, and underwater pipelines, are made from carbon and alloy steels. 
Even though such steels are susceptible to corrosion, they are used widely because of their 
relatively low cost, ease of fabrication, availability, and range of strength levels. Since steels are 
subject to corrosive degradation in marine environments, the loss in fatigue resistance due to 
corrosion must be taken into account in engineering design, or protection from environmen- 
tal attack must be employed. Because of their extensive use, there are a great deal of 
corrosion-fatigue data on carbon and alloy steels. To facilitate presentation, discussions of 
these data have been separated according to three categories of steels: 

1. Low- and medium-strength structural steels with ultimate tensile strengths of 
about 100 ksi (690 MPa) or less 

2. Steels used in construction of ships 

3. High-strength steels with an ultimate strength of about 100 ksi (690 MPa) or more. 

In some cases the distinctions among these categories are rather slight so there may be some 
overlap in the discussions. Category 1 includes low-carbon and low-alloy structural steels, such 
as those used in offshore structures. These steels are generally used in the as-rolled or normal- 
ized condition and are easy to fabricate and weld. The ship steels—Category 2—are mainly 
those of the HY-series or other steels specifically identified for ship construction. Many of the 
other steels could be used for ships but these are also employed in other applications. The 
high-strength steels in Category 3 are more highly alloyed than those in Categories 1 and 2. 
These steels are typically quenched and tempered to produce lower temperature trans- 
formation products, such as martensite, or they are given aging treatments to promote precipi- 
tation hardening. The high-chromium, precipitation-hardened steels, such as 17-4 PH steel, 
are included in this final category. Although they could be referred to as stainless steels, they 
are commonly considered for applications where high-strength steels are employed rather 
than for those where stainless steels are employed. 

Low- and Medium-Strength Sfructurol Steels 

In recent years, shortages have given a strong impetus to exploration, drilling, and pro- 
duction of oil and gas in offshore environments, which has in turn led to an increased interest 
in the corrosion-fatigue behavior of structural steels commonly used in these applications. 
With this increased interest, there has been a great increase in the research activity in this 
technical field. 

In addition to the literature review made during this study, recent reviews23,28,47,48 of 
corrosion fatigue of steels in marine environments were employed in preparing this book. The 
review of Jaske et al23,28 emphasized both fatigue life (S-N) and crack growth data for welded 
carbon steels used in fixed offshore platforms. Ishiguro47 reviewed S-N results from recent 
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studies carried out in Japan. This review was limited to base-metal behavior and did not 
include welded material. Knight48 concentrated on S-N curve data for weldments, with only a 
brief discussion of crack growth data. 

In this section, fatigue-life (S-N) data are discussed first. Crack-growth-rate information is 
then reviewed. As pointed out earlier, S-N data are generally based on total life and thus 
incorporate both crack initiation and crack growth, but cyclic crack growth rate is not treated 
explicitly. Also, the portion of life during crack growth depends on stress/strain level, notch 
acuity, specimen size, and aggressiveness of environment. Therefore, in comparing and eval- 
uating S-N-type results, these variables must be taken into account and comparisons made 
carefully. 

Fatigue-Life Data 

Available corrosion-fatigue-life data on low- and medium-strength structural steels 
reviewed in this study are summarized in Table 2. Unless otherwise indicated, specimens were 
completely immersed in the indicated type of aqueous environment at room temperature 
[about 68 to 77 F (20 to 25 C)] during testing. The approximate cyclic life range over which S-N 
curves were developed is indicated under the column heading Type of Data. A similar data 
summary developed in Japan (as reported by Ishiguro)47 is given in Table 3. Most of these data 
are for tests carried out using a 1 percent or 3 percent sodium chloride solution. In some cases, 
artificial formulations that were chemically similar to natural seawater were employed; these 
are designated by the term synthetic seawater. In a few investigations, the tests were per- 
formed using a natural seawater environment. The salient factors that have been shown to 
influence corrosion-fatigue life of these steels are discussed in the following paragraphs. 
Where appropriate, examples of representative data are presented, but exhaustive presenta- 
tions of all pertinent data are not given because of the limitations on the size and scope of this 
book. Other sources of similar data, however, are cited so that the reader can pursue the 
subject in more detail. 

Effect of Stress Amplitude (Smooth Specimens). For constant-amplitude fatigue cycling of 
steels in air, the cyclic life (N) increases as stress amplitude (S) decreases until a stress amplitude 
corresponding to N = 106 to 107 cycles is reached, whereupon further decreases in stress 
amplitude show large increases in cyclic life or often no failure within the testing duration. The 
stress amplitude where cyclic life rapidly becomes quite large and below which fatigue failures 
are not expected is commonly referred to as the fatigue limit. For free-corrosion conditions in 
saline solutions, the S-N curve continues to decrease at longer lives with no apparent fatigue 
limit, as shown by the examples of Figures 25 and 26. It is particularly interesting to note that 
the S-N curve for 1 percent NaCl solution in Figure 26 continues decreasing well past 108 cycles 
to failure. Although the authors showed a cusp in this S-N near 108 cycles to failure, it might 
have been equally valid to pass a smooth curve through the data points. Typically, values of 10 
to 20 ksi (70 to 140 MPa) are reported for the corrosion-fatigue strength (CFS) in saline solu- 
tions at 107 cycles. (For example, see Table 3.) The corresponding value from Figure 26 is 13 ksi 
(90 MPa), which is in this range, but at 109 cycles to failure the CFS is only about 2 ksi (14 MPa). 
In their tests of of mild steel in flowing seawater. Kirk et al71 found a similarly low value of 2 ksi 
(14 MPa) at 108 cycles to failure. At higher stress amplitudes, the curves for mild steel in air and 
seawater generally converge, as shown in Figures 25 and 26. In the short-life or low-cycle 
fatigue regime (less than about 50,000 cycles to failure for these steels), the environmental 
effect on fatigue life is small at frequencies of about 1 Hz or more because the inelastic strain 
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range is large and the total test time is short. At very low frequencies (0.003 to 0.05 Hz), there 
can be an environmental effect on low-cycle fatigue resistance, as shown by the results of Endo 
et al'65' in Figure 27. However, this effect is much less than that observed in the long-life or 
high-cycle fatigue regime. The major effects of environment on lowering corrosion-fatigue 
resistance are thus most evident at lower stress amplitudes in the long-life fatigue regime. 

Effect of Stress Rotio. Increasing the stress ratio, R (R = minimum stress/maximum stress), or 
the level of mean stress reduces the stress amplitude associated with a specific cyclic life in the 
long-life regime for fatigue tests in air. Most of the data summarized in Tables 2 and 3 are for 
fully reversed cycling (i.e., R = -1 or mean stress of zero). For these steels, no study on the 
effects of R on corrosion fatigue of base-metal specimens in saline solutions was found. 
Changes in R values have been included in several studies of welded specimens in these 

92.96-99.102 
environments." ""'"' At 2 x 10" cycles to failure, Havens and Bench92 found that increasing 
R from 0 to 1/2 reduced the CFS from an amplitude of 11 ksi (76 MPa) to 10 ksi (69 MPa), i.e., a 
small effect. In tests of as-welded specimens at lives up to 107 cycles to failure, others96"99102 

have found no significant influence of stress ratio in corrosive solutions. Knight48, in his 
review, came to a similar conclusion for stress ratios above -1 (i.e., mean stress greater than 
zero), but he did point out that CFS appears to increase with increasing compressive mean 
stress. The data of Wildschut et al98 and Vaessen and deBack99 show that residual stress pays a 
significant role in the above work. With as-welded samples, they found only a small R effect for 
tests in seawater (see Figure 28). When samples were stress relieved, however, a significant 
decrease in CFS was discovered as R was increased from -1 to 0.1 (see Figure 29). Thus, in 
as-welded specimens, the tensile residual stress is usually high enough when coupled with 
small stress amplitudes in corrosive environments that there is little influence of tensile mean 
stress on CFS. When little residual stress is present and/or when stress amplitudes are 
increased because of protection from the environment, then an R effect is expected. 
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Effect of Strength and Microstructure. For fatigue of structural steel in air, increasing strength 
typically produces increased high-cycle fatigue strength, and increasing ductility typically 
promotes improved low-cycle fatigue resistance. Since low-cycle fatigue behavior of these 
steels is not strongly influenced by marine environments, ductility is still expected to be the 
primary factor in determining low-cycle corrosion-fatigue resistance. High-cycle CFS of car- 
bon and low-alloy steels has been shown to be approximately independent of tensile strength 
in saltwater and in contaminated fresh water104, as illustrated in Figure 30. When the envi- 
ronment is not very aggressive, such as distilled water or dry air, the fatigue strength tends to 
increase with ultimate strength. Similar data reported by Ishiguro47 are shown in Figure 31. In 
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this case, the data show no benefit of increased tensile strength for corrosion fatigue of carbon 
steels. Corrosion-resistant structural steels (with small additions of alloying elements such as 
Cr, Nb, Cu, and Ni) show increased CFS at higher tensile strengths. Microstructural features 
known to improve tensile strength and high-cycle fatigue strength in air thus seem to be of 
little benefit in aggressive aqueous solutions. Decreasing the ASTM grain size of a carbon steel 
from No. 4 to No. 8 improved fatigue strength in air but made no difference in a 3 percent 
NaCl solution51, as illustrated in Figure 32. A similar trend was observed for changing the 
microstructure from lamellar pearlite to dispersed cementite51, as shown in Figure 33. Thus, 
unless adequate protection from corrosive attack is maintained, the high-cycle corrosion- 
fatigue resistance will not be significantly improved by factors that normally increase fatigue 
strength in air. Such factors will be effective only if corrosion protection is achieved and 
maintained. However, as discussed later, the commonly used method of cathodic protection 
may make high-strength steel more susceptible to a localized hydrogen-embrittlement pro- 
cess during corrosion fatigue, and thus enhance the type and/or rate of damage. 

t 

Notch Effects. Notches act as stress concentrators and thereby promote fatigue cracking at 
the notch root. Several of the studies listed in Table 2 employed notched specimens.52'54,56'62" 
65,77-82,8«,87.9i,93 p^ |ow.CyC|e fatigue, Endo et al65 showed that notches still have a significant 
effect on fatigue life in saline solution. In other words, corrosion-fatigue life was less than 
in-air fatigue life for notched specimens. Generally, the long-life fatigue results for notched 
specimens show behavior trends similar to those for smooth specimens. The effects of corro- 
sion and geometric stress concentration are typically additive. That is to say, notched speci- « 
mens of the steels show lower fatigue strength in saltwater and seawater than they do in air. 
Therefore, the corrosion-fatigue process does more than produce a notch or discontinuity that 
acts as a stress concentrator. It has been noted by Dugdale81 and by Hartt77 that the nonpropa- 
gating cracks usually present in notched carbon steel specimens tested in air just below the 
fatigue limit no longer persist in corrosive media. It is believed that corrosion acts to keep 
these cracks growing to produce eventual failure. 

Welded Joints. Many steel structures are assembled and fabricated using welded joints. 
The welded areas are often critical locations where corrosion-fatigue damage is likely to occur. f 
In as-welded components, geometric configuration plays a dominant role in that corrosion- 
fatigue cracking often initiates at the toe of the weld where a stress raiser or notch is present. 
In addition to the pure notch effect, the metallurgical structure of the material in this region is 
altered from that of the base material by the welding process. Weld specimens were used in 
several studies!9,52,96'102 All of the specimens were weldments except those used in the work 
of Watanabe and Mukai93, where rotating-bending specimens were made from weldments. 
Most of those were tested as welded. In some cases, stress-relieving and weld-dressing proce- 
dures were employed. 

For smooth specimens from weldments, only a slight reduction in low-cycle fatigue resist- 
ance occurred in saltwater-drip environment compared with that occurring in air.93 For 
welded specimens, the low-cycle fatigue resistance under free-corrosion conditions is not 
markedly affected by corrosion conditions because significant plastic flow occurs in the local 
region where cracking initiates. However, in long-life or high-cycle fatigue, the environment 
causes a significant decrease in fatigue strength. As discussed before (see Figures 28 and 29), 
residual stress significantly influences the CFS of welded specimens. Thus, in the worst case, 
as-welded specimens tend to behave like samples with a tensile mean stress present. Then, 
reducing the applied mean stress will improve fatigue resistance only when the weldment has 
been fabricated with low residual stresses or heat treated to relieved residual stresses. 
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Booth97 she ved that the grinding of weldments produced an improvement in fatigue 
strength for specimens tested in synthetic seawater, as illustrated in Figure 34. This improve- 
ment, however, was not as large as that observed in tests carried out in air. Vaessen and de 
Back" found that both grinding and plasma dressing imprc v/ed fatigue resistance in synthetic 
seawater. In contrast, they observed that TIG dressing and modification of the weld toe angle 
(from 70 degrees to 45 degrees) gave only a slight improvement in CFS. 

Effect of Cyclic Frequency. In low-cycle fatigue, decreasing the frequency has little effect on 
cyclic life except at very low frequencies (0.003 to 0.05 Hz or less)85, as mentioned earlier (see 
Figure 27). Decreased cyclic frequency causes marked reductions in high-cycle fatigue 
strength under free-corrosion conditions. Several studies on the effects of frequency were 
m^A.. ~t~A  19.49,57,63-65,67,76,79,80,93-95 TU irrJ Jii- 76    i 11 7.       .,. 
conducted. The work of Endo and Miyao   clearly showed a significant 
decrease in corrosion-fatigue strength as frequency decreased from 42.5 to 4.1 Hz, as illus- 
trated in Figure 35. Since the S-N curves tend to diverge at lower stress amplitudes, the 
detrimental effect becomes worse as stress amplitude becomes lower. Figure 36 from the work 
of Nishioka et al56 shows the influence of decreasing frequency on the corrosion-fatigue (free 
corrosion) strength of a number of steels tested in saline solutions. Over the regime of existing 
data and typical frequencies, corrosion-fatigue strength (at 106 cycles to failure) generally 
decreased by a factor of two. This point is important to remember when using data developed 
in the laboratory, where test frequencies are normally 20 to 40 Hz, for field applications where 
the actual loading frequency of a structure is more typically in the range 0.1 to 1 Hz. Figure 36 
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shows that with some corrosion-resistant steels there appears to be a saturation in the fre- 
quency effect at lower frequencies. Thiruvengadam et al72'74 found that even at frequencies as 
high as 20 kHz there is still a corrosion-fatigue effect, compared with the results of similar tests 
carried out in air. 

Load-History Effects. Almost all of the results summarized in Table 2 are for constant- 
amplitude cycling, whereas in actual service the cycling usually will be of variable amplitude. 
In tests of notched specimens, Mehdizadeh5* found that periodic tensile overloads improved 
corrosion-fatigue resistance in a 3 percent NaCI solution. These overloads were undoubtedly 
beneficial because they produced compressive residual stress at the notch root. Endo and 
Komai63 64 showed that the low-cycle, corrosion-fatigue life of a steel not susceptible to stress- 
corrosion cracking (static load) was markedly reduced by superposition of small secondary 
cycles (high R ratio) upon the main trapezoidal cyclic waveform. Holmes102 investigated the 
corrosion-fatigue behavior of weldments in synthetic seawater and under narrow-band ran- 
dom loading. His results are shown in Figures 37 and 38, where the number of cycles to failure 
is shown as a function of the rms stress amplitude. On this basis, the random loading results fell 
slightly below the constant-amplitude ones, but exhibited the same slope of S-N curves. For R 
= -1 to + 0.2 (Figure 37), mean stress appeared to have little influence. Since these were 
as-welded specimens, this behavior is expected and would also occur in constant-amplitude 
loading as well as in random loading. The results were not dependent upon changing from a 
stationary to nonstationary Rayleigh distribution, but appeared to be influenced somewhat by 
changing to a La Place distribution. These results are limited and should not be generalized to 
other cases until further work is done. 

Effect of Environmental Variobies. Five major environmental variables influence the 
corrosion-fatigue behavior of steels in marine environments: temperature, oxygen level, pH, 
pressure, and water velocity. Electrochemical potential is another major environmental factor, 
but this is discussed separately in the next section. Gould70, Dugdale81, and Watanabe and 
Mukai93 have all shown that increased temperature in the range 55 to 113 F (13 to 45 C) results 
in decreased fatigue resistance. Above about 122 F (50 C), the low-cycle fatigue results of 
Watanabe and Mukai93 show a saturation in the temperature effect, as shown in Figure 39. 
Similar data are not available for high-cycle fatigue behavior. 

Low-cycle fatigue strength was not very sensitive to oxygen level93, as shown in Figure 40, 
which is not surprising in view of the small effect of environment on low-cycle fatigue of such 
steels. In high-cycle fatigue, the level of dissolved oxygen is important.51,61 

The work of Duquette and Uhlig61, illustrated in Figure 41, shows dramatically the impor- 
tance of oxygen level. The fatigue limit in deaerated 3 percent NaCI solution is the same as that 
in air. In aerated 3 percent NaCI, fatigue life is markedly reduced and no fatigue limit is 
apparent. Masumoto and Akaishi51 reported the CFS as a function of oxygen level and their 
data are reproduced in Figure 42. Below 0.01 cc/l, the effect of oxygen level is extremely 
important. Above 0.01 cc/l and up to the saturated level of 1.98 cc/l, the corrosion-fatigue life 
is relatively independent of oxygen level. Thus, in the range of oxygen levels normally encoun- 
tered in marine environments, a deleterious corrosion-fatigue effect is anticipated. Only when 
the oxygen is reduced to extremely low levels, <^0.01 cc/l, will the fatigue limit be restored to 
that in air, as shown in Figure 41. 

Over a broad range of pH (4 to 10), the value of pH has little influence on fatigue 
resistance.60,66 The data of Radd et al86 are shown in Figure 43. Values of pH below four 
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decrease fatigue resistance and those above 10 improve fatigue resistance.60,66 At a pH of 
about 12, the corrosion-fatigue strength approaches the fatigue limit for tests in air.60 

Increased hydrostatic pressure of 1000 to 2000 psi (6.9 to 13.8 MPa) causes a marked 
reduction in CFS73,74 compared with results of tests conducted in 3 percent NaCl solution at 
ambient pressure. The reason for this effect is not known but it is thought to be related to 
increased chemical reaction kinetics at high pressure. This hydrostatic-pressure effect is impor- 
tant to keep in mind for deep-water application. 

Profective Methods. Examination of Table 2 shows that the use of cathodic protection for 
improving corrosion-fatigue resistance has been examined by many investigators. It has been 
found that the CFS of these steels can be restored to (or raised somewhat above) the levels 
observed in air when cathodic protection is employed. Restoration of the in-air fatigue limit 
requires a more negative cathodic protection potential. This level for adequate cathodic pro- 
tection from corrosion-fatigue damage is similar to that for adequate protection from general 
uniform corrosion, which is typically about -0.783 V SCE (or -0.85 V CU/CUSO4); however, the 
protection potential is affected by the environment. There is some indication that overprotec- 
tion to levels of -0.933 V SCE (or -1.00 V CU/CUSO4) or less may be detrimental to corrosion- 
fatigue resistance. I 

The data in Figure 44 provide an example of the restoration of the in-air fatigue limit for an 
overprotection case (-1.00 V SCE) and a slow cyclic frequency of 3 Hz.1671 For this same level 4 
(-1.0 V SCE), Nishioka et al56 found cathodic protection to be effective at a cyclic frequency of 
0.5 Hz but less effective at 0.1 Hz. (See Figure 25 presented earlier.) Minami et al49 mention 
such a frequency effect with cathodic protection and point out that it may be related to a 
hydrogen-embrittlement process. In their results at 0.33 Hz and in seawater, they noted a 
decrease in the effectiveness of cathodic protection at levels below -1.0 V SCE, as illustrated in 
Figure 45. Thus, the combination of very low frequency (<i0.1 Hz) and overprotection (<M.O V 
SCE) appears to be detrimental to corrosion-fatigue resistance. 

Nichols58, Hudgins et al62, and Hartt et al77"80 emphasize the importance of the formation 
of a calcareous scale consisting of CaCOs and Mg(OH)2 in achieving adequate cathodic pro- 
tection from corrosion fatigue. This scale cannot form in NaCl solutions, so it is important to 
use actual seawater or well-formulated synthetic seawater in evaluating the effects of cathodic 
protection. With the formation of such a scale, adequate protection of smooth fatigue speci- 
mens can be achieved more readily at moderate cathodic potential levels in the region of j 
about -0.73 V SCE. Also, the current-density requirements for maintaining this potential 
markedly reduce with scale formation. However, Hartt et al77 found that a lower potential of \ 
-0.78 V SCE was required for notched samples. To explain this finding, it is suggested that the 
local environment at the notch root may be different from that on the surface and/or the 
effective potential at the notch root may be diminished from the applied nominal value.                             i 

Hooper and Hartt105 showed that the fatigue limit of notched specimens was above that in I 
air for optimum protection conditions of about -1.1 to -1.25 V SCE in seawater, as shown in 
Figure 46. For potentials less than -1.25 V SCE, a detrimental effect resulted from overprotec- 
tion. When these same investigators used a frequency of 3.3 Hz rather than 31 Hz, the curve was 
shifted to higher strengths and potentials, as shown in Figure 47. Thus, adequate protection 
was achieved more readily at the lower frequency. In Figure 46, there are two data points at 
-1.0 V SCE in 3 percent NaCl solution, representing failures that occurred in the no-failure 
region of the seawater data. This is direct evidence that use of actual seawater rather than 3 | 
percent NaCl solution can influence results of cathodic-protection studies. 
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Using synthetic seawater at 5 to 8 C, Booth97 investigated the influence on corrosion- 
fatigue behavior of cathodically protecting as-welded specimens to a level of -0.85 V Ag/AgCl. 
These data are compared with a USA design curve (solid line) and UK design curve (dashed 
line) in Figure 48.97 These are all at a frequency of 0.167 Hz, so they involve long test times. 
Except for cycles approaching 107, all of these data are above the design curves. Intermittent 
immersion is just as detrimental as continuous immersion. Stress ratio has no significant effect 
in seawater without protection. With protection, increased stress ratio (from R = -1 to R = 0) is 
slightly deleterious at long lives (^106 cycles). At short lives (<106 cycles), there is little benefit 
of cathodic protection, but at long lives (^106 cycles) cathodic protection improves fatigue 
resistance. It is particularly significant that protected specimens showed no failures at stress 
amplitudes of 7.25 ksi (50 MPa) or less. 

Coatings can effectively protect against corrosion-fatigue damage as long as they remain 
intact and are not scratched or cracked by fatigue cycling. The CFS of a carbon steel at 106 

cycles in 3 percent NaCl can be improved fourfold by means of a chromium-nickel diffusion 
coating.88 Part of this improvement is related to inducing favorable compressive residual 
stresses during the coating procedure. The effects of aluminum and zinc coatings were exam- 
ined by Nishioka et al.56 They found both coatings to be satisfactory, with aluminum being 
better than zinc in the high-cycle fatigue regime. They summarized their data in the normal- 
ized plot in Figure 49. Data above the 45-degree line show that the coating improved CFS over 
that under free-corrosion conditions. Data falling near 1.0 on the ordinate show CFS values 
comparable to those in air. The aluminum coating was better than zinc and/or chromium and 
gave good results at low frequencies of 0.5 and 0.1 Hz. Both aluminum and zinc are sacrificial 
coatings on steel and they corrode preferentially to steel. Thus, they provide cathodic protec- 
tion as well as being barrier coatings. Painting can improve fatigue resistance up to or above 
values observed for tests in air.49,103 However, cracks or scratches on the painted surface can 
significantly reduce CFS, and repaired coatings were not as satisfactory as good initial ones.103 

Combined use of both paints and cathodic protection is recommended for the most effective 
protection from corrosion-fatigue damage.103 
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Forigue-Crack-Propogorion Dora 

Data on corrosion-fatigue-crack growth for carbon and low-alloy structural steels 
reviewed in this study are summarized in Table 4. Other comments on the nature of the 
headings in this table, tabulated information, and extent of the ensuing discussions are similar 
to those made earlier concerning Table 2. Most of the investigators used sodium chloride 
solutions, several used synthetic seawater mixtures, and few used natural seawater. Bogar and 
Crooker126127 emphasize the importance of using actual seawater in studies of corrosion- 
fatigue-crack growth. They used 3.5 percent NaCl, ASTM synthetic seawater, and natural 
seawater in a comparative study of two steels and an aluminum alloy. Their results showed that 
these three types of solutions can produce different results, with crack-growth-rate variations 
of up to a factor of three under comparable loading. Neither of the saline solutions commonly 
used in laboratory studies are direct substitutes for natural seawater. This environmental dif- 
ference should be kept in mind when evaluating and comparing data. 

Effect of Stress Intensify Foctor Range. In most cases, the crack growth data are presented in 
terms of the linear elastic stress-intensity factor, AK. In one study108 of low-cycle fatigue-crack 
growth, the data were given in terms of strain range, and in several other cases only the 
nominal applied stress was reported. Most of the data concerning crack size versus number of 
cycles to failure (a vs N) were analyzed to develop crack-growth-rate (da/dN) information. In a 
few instances, basic a vs N data are reported for given nominal stress ranges. As shown 
schematically in Figure 24 earlier, da/dN increases as AK increases, and the log AK vs log 
da/dN curve usually has a sigmoidal shape for tests in air. When environmentally enhanced 
crack growth occurs, the AK vs da/dN curves often have unusual shapes and vary more with 
stress ratio and frequency, as illustrated previously in Figure 20. In some cases da/dN increases 
by several orders of magnitude with a very small change in AK, whereas in others da/dN is 
almost independent of AK level over some regime. 

Crack growth data for carbon and low-alloy steels assembled by Jaske et al23,28 are sum- 
marized in Figure 50. At low AK levels, da/dN appears to approach a threshold AK value, but 
this threshold level is a function of environment and stress ratio. Crack growth rate is quite 
dependent upon mechanical/environmental variable interactions in the intermediate AK 
regime. At high AK levels, the crack growth rate is fast enough that it is relatively insensitive to 
environmental variables and depends on mechanical factors. 

Effect of Stress Rotio. As shown in Figure 50, high stress ratios (> 0.8) can significantly lower 
the apparent threshold for crack growth under free-corrosion conditions in seawater. Stress- 
ratio variations were investigated in four studies. 38'39'106.111122 For intermediate AK levels and 
free-corrosion conditions in 3 percent NaCl solution, da/dN increased with increased Km,, 
levels and the slopes of the AK vs da/dN curves were similar to those in air111, as shown in 
Figure 51. Vosikovsky39 conducted tests at three positive R values and his results are given in 
Figure 52. The AK vs da/dN curves were shifted upward (increased da/dN) as R value 
increased. The environmental effects were most pronounced at intermediate AK levels. 
Overprotection to -1.03 V SCE was detrimental because it produced localized hydrogen 
embrittlement near the crack tip. Vosikovsky 39 showed that these stress-ratio effects could be 
correlated quite well by using the simple parameter AK + 4R, as illustrated in Figure 53. At low 
AK levels, these data for saltwater environment appear to approach the same threshold level 
as that observed for tests in air, whereas Haagensen's data 121 in seawater showed a different 
threshold (Figure 50). 
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Scott and Silvester38122 conducted experiments in seawater at 5 to 10 C and at three 
potentials; their results are presented in Figures 54, 55, and 56. The crack growth rates were 
accelerated by the seawater environment and by increasing stress ratio. There is an upper 
bound curve for all of the data except intermediate AK levels with cathodic protection, where 
sharp bumps in the AK vs da/dN curves, similar to those reported by Vosikovsky, were found. 
At low AK levels some points are labelled as experimental artifacts because calcareous 
deposits formed in the crack tip and decreased the effective local stress intensity; hence the 
da/dN values decreased. When R ratio was increased on the same specimen, crack growth 
rates were initially higher, which is also indicated as an artifact in the figures. Thus, increasing 
R ratio increases crack growth rate in these steels, and the apparent threshold level at high R 
values (^0.8) is lower in seawater than in NaCI solution. 

Effect of Strength ond Microstructure. Within this class of steels, there appear to be no 
significant effects of strength level or microstructure on crack growth behavior. In general, the 
corrosion behavior of these steels is similar, so no major differences would be anticipated in 
that respect. However, no systematic study of these factors has been undertaken, so the effects 
may simply be masked by scatter in the data or may not have been studied. 

■ 

v.-.:: 

! :>■- 

Welded Specimens. Welded specimens were used in two studies.19112 Socie and Antolo- 
vich112 found that welded ASTM A537 steel gave the same corrosion-fatigue-crack-growth 
rates in both air and 3.5 percent NaCI at 75 F (24 C) and that these growth rates were similar to 
those for base metal. Their data were limited to intermediate AK levels and the cyclic 
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frequency was not reported. The frequency was probably above 1 Hz where little environ- 
mental effect would be expected based on tests of base metal. Jaske et al19 conducted no tests 
on base metal but grew cracks at the toe of the weld near the heat-affected zone in welded 
specimens. At R = 0.1, with a frequency of 10 Hz, and in seawater at 68 F (20 C), their results 
were similar to those typically measured in air, except that a definite kink (similar to those in 
Figure 57) in the AK vs da/dN curve was found in the region of AK = 12.74 to 16.38 ksi v/lrT (14 
to 18 MPa/m3 z. In seawater at 39 F (4 C), they found about a factor of 4 increase in da/dN [near 
AK ^ 9.5 ksi \/ in. (10 MPa/m3 2)J only when the frequency was reduced to 0.5 Hz and cathodic 
overprotection (-1.0 V Cu/CuSO«) was applied. At higher values of cathodic potential (i.e., less 
negative) and/or a lower frequency of 0.5 Hz, there was no significant increase in da/dN. 
These results for welds show trends similar to those observed for base metal, but they are 
limited to a narrow range of variables. 
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Effect of Cyclic Frequency. Effects of cyclic frequency changes from 0.002 to 30 Hz have 
been investigated as indicated in Table 3. It is generally observed that lower frequencies cause 
increased da/dN values at intermediate AK levels (see Figures 20, 51, and 57). Vosikovsky39,113 

found very similar frequency effects for both API X-65 and X-70 steels tested in 3.5 percent 
NaCI solution (Figure 57). At reduced frequencies, the kink in the curves for overprotection 
conditions (Zn potential, -1.03 V SCE) is shifted to higher da/dN values and AK levels. Scott and 
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Silvester123 found that decreasing the frequency from 10 to 1 Hz had little effect on crack 
growth rate but that decreasing it to 0.1 and 0.05 Hz resulted in crack growth rates about four 
to five times those in air, when AK was about 18.20 ksi \/\n. (20 MPa/m32) at R = 0.1, and in 
seawater at 68 F (20 C). Below this AK level, there was no significant frequency effect. Detailed 
discussions of frequency effects on crack growth of these steels are included in References 23 
and 28. 

Lood-Hisrory Effects. Even under constant-amplitude cycling the shape of the loading wave 
form has a significant influence on corrosion-fatigue-crack-growth behavior of high-strength 
steels128"130, which are discussed later. However, no such data were found for low-strength 
steels. Endo and Komai63,64 found that small secondary stress fluctuations had no significant 
influence on crack growth but that larger secondary fluctuations accelerated crack growth. In 
one study119,121, crack growth under narrow-band random loading of specimens immersed in 
seawater was investigated. The center frequency was 6.5 Hz and the da/dN data were 
correlated using AK,m„ as shown in Figure 58. Contrary to other studies the crack growth rate 
was accelerated in the seawater compared with that in air, even at the fairly high frequency of 
6.5 Hz. The random-loading data give a shallower slope than the constant-amplitude-loading 
data. At AK ^ 4.5 ksiV in. (5 MPa/m32), the constant-amplitude data give a conservative 
upper bound on da/dN values for random loading in seawater, but such may not be the case 
for AK values below 4.5 ksi x/ln. (5 MPa/m32), where no data are available. More 
experimental data on variable-amplitude cycling corrosion-fatigue-crack growth are needed. 

Effect of Environmental Variables. Effects of variations in water temperature from 30 to 176 F 
(-1 to 80 C) were evaluated in a combination of four investigations.19,110,112,123 Crack-growth 
rates increased about a factor of two as temperature increased from 30 to 39 F (-1 to 4 C) up to 
68 to 75 F (20 to 24 C) in the intermediate AK regime. For example, see the curves for data of 
Socie and Antolovich112 in Figure 50. At low AK levels, the results of Scott and Silvester123 

showed that increasing temperature from 41 to 68 F (5 to 20 C) had little effect. Temperatures 
in the range 39 to 68 F (4 to 20 C) were also found to have little effect at low AK levels in the 
work of Jaske et al.19 

Oxygen levels of 1 mg/l and 7 to 8 mg/l (air saturation) were investigated by Silvester.123 

The reduction in oxygen level significantly decreased crack growth rates under free-corrosion 
conditions, but had no significant influence under cathodic protection at -0.8 V Ag/AgCI and 
-I.OVAg/AgCI. 

Changing the pH from 5.3 to 11.2 had no significant effect on the rate of crack growth in 
0.5N NaCI solution at 77 F (25 C).116 

Cathodic Protecfian. Once a dominant crack exists and is propagating by corrosion fatigue, 
surface coatings and paints provide little effective protection. Thus, a large number of the 
studies listed in Table 3 examined cathodic protection as a possible means of offsetting the 
detrimental influence of saline environments on crack growth. Most of the results show that 
cathodic protection does not reduce the crack growth rates significantly. Furthermore, 
overprotection to potentials less than -0.78 V SCE can be detrimental and can increase growth 
rates to levels above those observed under free-corrosion conditions at intermediate levels of 
AK, especially at frequencies below 1 Hz. In a few cases, however, it was found that moderate 
protection (^-0.78 V SCE) can be beneficial compared with free-corrosion conditions when 
cracks are shallow and the environment is not stagnant. 
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Results From Prclimindry Tests 

A  Constant amplitude, real seawater, 6.5 H/ 

#   Random loading, real seawater, 6.5 H/. center frequency 

A   Constant amplitude, air, 20 H/ 

O   Random loading, air, 20 Hi center frequency 

J L    I    I   I 
3 4 5 6        7       8      9    10        1-2 1-5 

Stress Intensity Factor Range (AKrfT1s), MN/m3/2 

FIGURE 58. Corrosion-Fatigue-Crack Growth Rate for a Normalized 0.17C Steel 
Under Narrow-Band Random Loading^ 
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Endo et al11s found that in 1 percent NaCI solution, protection to -0.8 V SCE was beneficial 
at frequencies below 1.67 Hz and above 0.008 Hz, but detrimental at a frequency of 30 Hz. They 
also found that more negative potentials (<-0.8 V SCE) were generally detrimental at all 
frequencies because of localized hydrogen embrittlement. Their specimens had relatively 
shallow [0.039 to 0.118 in. (1 to 3 mm)J surface cracks. Scott and Silvester123 showed that a 
moderate potential of -0.7 V Ag/AgCI was somewhat beneficial, but that more commonly used 
potentials in the range -0.8 to -1.0 V Ag/AgCI were of no benefit in decelerating corrosion- 
fatigue-crack-growth rates. Bardal et al124 found cathodic potentials of -0.8 and -1.1 V SCE to 
be beneficial for shallow |0.039 to 0.118 in. (1 to 3 mm deep)] surface cracks but of no benefit 
for deeper 0.118 to 275 in. (3 to 7 mm) surface cracks for AK levels near 9.10 ksi \J in. (10 
MPa/m32). They used synthetic seawater at 54 F (12 C) and slow cyclic frequencies (0.17 to 1 
Hz). Kochera et al91 found cathodic protection to be beneficial at -0.8 V Ag/AgCI for a long, 
shallow crack in flowing seawater. At -1.2 V Ag/AgCI in stagnant seawater, they found cathodic 
protection to be of no benefit. A similar influence of water-flow conditions was observed by 
Sullivan and Crooker109, as shown in Figure 59, for A516-60 steel coupled to zinc (-1.1 V 
Ag/AgCI) in 3.5 percent NaCI solution. Under flowing conditions, the cathodic protection was 
of no benefit, nor was it detrimental; in a still solution, however, a detrimental effect was seen. 
Thus, moderate cathodic protection of these steels is effective only when fresh solution can be 
supplied to the crack-tip region continually, the cracks are relatively shallow surface cracks, 
and the stress ratio is <#.1. 
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FIGURE 59. Corrosion-Fatigue-Crack Growth Rate for A516-60 Steel Coupled to Zinc 
and In a 3.5 Percent NaCI Solution109 

Left:  Flowing solution (0.5-inch specimen at 1 Hz) 
Right: Still solution. 

As shown in Figures 52 and 53, overprotection can accelerate fatigue-crack-growth rates, 
and decreasing the frequency increases this detrimental effect, as shown in Figure 5739. The 
results of Scott and Silvester38 (see Figures 54, 55, and 56) show similar detrimental effects of 
cathodic protection. The effect is slight at -0.85 V Ag/AgCI but somewhat more prominent at 
-1.00 V Ag/AgCI. These kinks in the AK vs da/dN curve are evident only for R > 0.5 and not for 
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R = 0.1. So, in more general situations where residual stress may be present (increasing R) and 
cracks may not be shallow, cathodic protection provides no reduction in crack growth rate 
over that under free-corrosion conditions. In addition, care should be taken to avoid 
overprotection in critical regions where fatigue cracks may grow, because this can significantly 
accelerate crack growth rates at intermediate AK levels. 

Ship Structural Steels 

Corrosion-fatigue data for ship structural steels are summarized in Table 5 These are 
mainly for the HY-series of 3 to 5 Ni-Cr-Mo-V steels. Other steels that may be used in ships as 
well as in other marine structures are covered in the preceding and subsequent sections of this 
Chapter. Many of the general trends in behavior and effects of mechanical and environmental 
vanables are similar to those for the low- and medium-strength steels discussed previously 
Thus, earlier detailed discussions are not repeated here. Instead, features and information 
pecuhar to these steels are emphasized. Both fatigue-life data and crack growth data are 
included in Table 5, but data of each type are covered separately in the discussion that follows. 

Fatigue-Life Data 

Most of the fatigue-life data are for rotating bending, high-cycle fatigue tests or reversed 
bending, low-cycle fatigue tests. In two studies131'32, plane bending fatigue tests were 
conducted in the high-cycle fatigue-life regime. Major factors influencing the fatieue-life 
behavior are discussed below. 

Effect of Stress Amplitude (Smooth Specimens). Gross and Czyryca133 conducted an 
extensive fatigue study of the HY-series steels in Severn River water. Their low-cycle fatigue 
tests (^10 cycles) were conducted at 0.017 Hz and their high cycle tests (>104 cycles) at 24 2 
Hz The stress versus fatigue life curves from this study are summarized in Figure 60 The 
ordinate is pseudo stress amplitude, SPE, and 

SpE = EAf/2   , 

where E is elastic modulus and At is total strain range. For nominally elastic cycling at long 
lives, SPE IS the actual stress amplitude. However, at short lives where cyclic plasticity is present 
SPE IS greater than the actual stress amplitude. Near 103 cycles to failure, the environmental 
effect is small, but at longer lives the environmental degradation of fatigue strength in Severn 
River water (compared with that in air) is clearly evident. At 108 cycles to failure, the fatigue 
strength of HY-100 is slightly better than that of HY-80 or HY-130/150, and the fatigue strength 
of all three steels is superior to that of HT structural steel. As with the low-and medium- 
strength steels, no fatigue limit is apparent in saltwater, and the fatigue strengths of 9 to 12 ksi 
(62 to 83 MPa) are within the range cited earlier for these other steels but are somewhat above 
the typical values for plain carbon steels. 

Effect of Stress Ratio. Only Macco's132 study of welded HY.130 steel examined stress-ratio 
effects. His results are shown in Figure 61. Butt-weld plates, plates with tee welds, and base 
metal were evaluated in seawater at R = -1, but only tee welds were tested at R = 0 and +1/3 
The ordinate in Figure 61 is maximum stress, so the stress amplitude associated with a certain 
cyclic life decreased as R increased. This is the normally expected effect of stress ratio 

"'" Up' ■ *.(^üif: ./■•^..' 7->.: "■;?r,-*'T; i^^J *£' 

~mmm 



---^VMW^W^»««^^*^*»«. 

1    I 
■ 

5 

D. 

2 
a 
3 

ü. 
i 
c 
o 

a 
UJ 
-I 
IB 
< 

69 

ul 

TJ «> 
2 > 
■5 

P 
I>1 

w «J 
'S p 
i 

i i 
I 5 

^        —  ^o . 

£ E S 
-   o 

3 2 E 

c   - 

a a. t,  c TJ 

«    at    2     W     C 

4. u «. W *-» u      O 

ooooooooo 

o o o o 
3     j,    ^    ^ 

^   £   £   £ 

^    Z   7.   f_   7   Z. 

TaTj^-^-aTjTaiD 

Z m lA<J<in<l<1<'1<1<I«1<l*1 

i,   ij   n   c  n   r. 

>- b t t t t t- t k-u■^^'-u'J■-,'^ 
"«   ^   ■* £ 

****»**£**. 

* * * X z z   ^z 
•1 *t <J i/i un 2      >i 

* * 5 . 

vi  L^ iy>  t^i  t 

c    c    c    c    -   -  ' 

£ i 

■u -J ■0 ■* «%   r^ f. ^. — 0 "- ^ O 0 «-, 
ai 00 O 

0 0 O 0 £, O 
"} 0 

_i o O    O o 0 0 0 O 0 O 

< o o o 

■a 
c 

o o 3    O o O 

00 

6 
■0 
e 

0 0 0 

?> 

6 
0 

O 0 O O O O "-J 

3 

:   c C f 0£ 
C C o 

0 ~ 0 
O 

O 9 ' 
3  -a T3 

J3 

tj ■o 0 n 0 0 O 0 O 

i £ s -O XI 

Of 1 // 
4 IS 

T3 
C 

ti y v c i C M ff * V ? P P ^ u n ■5 15 t ■O M ■O ■n ^ 
o £ »> O y ', « ' ', '. ■ V * ■ " *i *j W *• 0 

oe£D<<<<<<<<<<i <  <  <   0C  «  CD  ■ 

j, 5 E 1/1 •» 1 

g 
i % £ if 

1/1 
UJ UJ 

(J 
Ü LiJ 

u 
£> 

T3 » 0 •* r 
r 

T3 £ XI 

r a E « TJ 

a 1 8 * 0 rf» a 

t t ß b i- t- J 

r 

'   a. 
t 
a 

u ^ u 

6   3 

H        E  £   ^  >   E 

^0 a> r-' "   A   A  A I« i 

.0—0 — ■>! 

ffi ^  r-   — 

1^  uxixixxrixr -luxoixxixi 

uvuvvyub 

000  ^o  "oo 

y 2 

5 £ 

is 
ti 
* i 5^ 

-■ * 

-m— 
mmmm0mmmmflll'mm>.¥%*. WPyBWfT ****T*-~~* 

—————— ~~Jm 

mm^m 



70 

iA™~ 

1000 c 

100 

in 

Snninlh     Air 
i   in 

2 HY8Ü 
* MY 100 

4 HY 110/1 SO 

5 Mause 180 

Smooth     SjllwjU'r 

5    HI 

7     HY SO 

S     HY 100 

')     HY I JO/150 

10     Macagc 180 

' ' Uilli      i   ' ' "nil 

11 ksi Range 

'   '  I "" I    'iii mil    i ' ' um] L i i mill L_L 
in-' 

FIGURE 60. 

10 10" 10" 10' 10" 

Numher tit < yjes lo 1 allure 

Effect of Stress on Fatigue Life for Smooth Specimens of HY-Series Steels in Severn River Waterl33 

120 

100 

80 

60 

40 

20 

'*.    0 

1 60 
z 
E 
|   40 

x _ 

2 20 

0 

80 

——i—i   i i 11 in 1—iiM mi 1—i  i I ii in 1—i—i i i ii 

BUTTS 

I    t I tHM| 1  I I IIHIJ—-M-H-H+tj-—h-4-H-HH|— 

1 I   i I 11 III I   I   I I I III]       I I  I III III        I I, I I I III ■ XML 

o 

600 

500 

400 

300 

200 

100 

104 105 106 Io7 108 
Number ol Cycles to Failure 

FIGURE 61. Effect of Stress Ratio on Corrosion-Fatigue Behavior of HY-130 Steel Welds132 

* 

i Wi ? .■■". KBP   ! "^^V ."im I* *.{"'"::,'*'■'':>,- '~?ryis-s" ,r*i-7*r-r---rT,r; 

.     --____^___ 



«•*» 

■.^fcWrni«ivv«r'rw«*.*^*^'>v«-.-...,_,.. ^^ 

71 

Effect of Strength. As noted above, the strength variations from 80 to 130 ksi (544 to 884 
MPa) minimum yield had little influence on low-cycle corrosion-fatigue resistance and only a 
small influence on the high-cycle (108) fatigue strength. Actually the HY-100 steel was slightly 
superior to the HY-80 and HY-130 steels at 108 cycles (see Figure 60). Overall, tensile-strength 
level has little effect on the corrosion-fatigue strength of these steels under free-corrosion 
conditions. 

n 

Notch Effects. For notched specimens in saltwater, the low-cycle corrosion-fatigue resis- 
tance is improved with increasing tensile-strength level from that of HY-80 to that of HY-130 
steel133137, as shown in Figure 62. At 108 cycles to failure, the HY-100 steel is slightly superior to 
the HY-80 and HY-130 steels, which have about the same corrosion-fatigue strength. This is the 
same type of comparative behavior among these three steels as that for smooth specimens 
compared at 108 cycles to failure. 
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Welded Joints. For low-cycle fatigue, weldments of HY-130 steel were superior to those of 
HY-80 steel.137 At shorter lives, weldments of HY-130 steel were inferior to base metal in CFS 
but little difference between them was observed at 108 cycles to failure.132 (See Figure 61.) 

Beach et al148 evaluated welded box beams of HY-80 and HY-130 steels in synthetic 
seawater. The tests were conducted using a variable-amplitude spectrum of load cycling. 
Cracking initiated in both slot welds and butt welds. When crack initiation occurred at butt 
welds, the cyclic lives were about one-half those when crack initiation occurred at slot welds. 
Fatigue lives in saltwater were similar to those in air for the weldments studied because the 
lives in air were much shorter than expected. Stress concentration factors for the as-welded 
condition were estimated to be about 3.0. To correlate analytical predictions with actual 
failures in saltwater environments, the authors found it was necessary to assume that either a 
stress concentration factor of 2.4 to 6.7 was present and/or that the local residual stress was 
from 0 to 20 ksi (0 to 140 MPa). Thus, the effect of welded construction on corrosion-fatigue 
life was somewhat worse than analytically predicted. 
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Effect of Cyclic Frequency. No data were found on effect of cyclic frequency on fatigue 
resistance of the HY-series steels. However, it is expected that the frequency effects should be 
similar to those discussed for low- and medium-strength steels earlier. 

Loodlng-Hlstory Effects. In the study of Beach et al148, tapered box beams of HY-80 and 
HY-130 steels were fatigue tested under a variable-amplitude loading history in a synthetic 
seawater environment. Predictions of cumulative damage were made by using Miner's rule 
based on nominal stress history and S-N curves for notched (K,«3.0) specimens. Mean stress 
was accounted for by using the Goodman relation. In saltwater, predicted lives were close to 
or within a factor of 2 of the actual ones. In air, predictions of cyclic life were nonconservative 
by a factor of about 30. This difference in predictions was primarily related to the beams having 
similar cyclic lives in both air and saltwater, whereas the predicted lives were much longer for 

tests in air than for those in saltwater. 

Effect of Envlronmentol Variables. Jolliff73 found that the corrosion-fatigue strength (CFS) 
(high cycle at 20 kHz) of HY-80 was not affected by 2000-psi hydrostatic pressure in 3 percent 
NaCl solution. In contrast, the CFSs of HY-130, AISI 1020, and ASTM A537 A steels were all 
significantly reduced under the same pressure as compared with their CFSs under atmospheric 
pressure. No other data on environmental effects were found. It is expected that temperature, 
pH, and oxygen level will have effects similar to those explained previously for low- and 

medium-strength steels. 

Protective Methods. Cladding 3.25-Ni steel with Inconel 625 was found to increase the CFS 
(at 108 cycles) from 7 ksi (50 MPa) to 15 ksi (100 MPa) over that of the unclad steel.131 These tests 
were conducted in reversed bending at 23.3 Hz and in seawater. 

Cathodic protection was evaluated in three investigations.134'136137 In low-cycle fatigue, 
where a major portion of specimen life consists of crack propagation, cathodic overprotection 
is detrimental to fatigue resistance of HY-130 steel136'137149 . Figu-e 63 from References 134 
and 135 shows that optimum cathodic protection from low-cycle corrosion-fatigue damage of 
HY-130 steel was obtained at a potential of about -0.75 V Ag/AgCl. However, at potentials near 
-1.0 V Ag/AgCl or less, the cathodic protection reduces fatigue strength to below that under 
free-corrosion conditions. Vassilaros and Czycryca137 reported that, for cathodic potentials of 
-1.05 and -1.40 V SCE, the high-cycle (>104 cycles to failure) fatigue strength of HY-130 steel 
base plates and weldments was increased up to values approaching the fatigue strengths 
determined in air. Thus, cathodic overprotection of HY-130 steel appears to be effective in 
improving this steel's corrosion-fatigue-crack-initiation resistance, but not in altering its crack- 

growth resistance. 

Fatigue-Crack-Growth Data 

Except for one study148, where crack length versus number of blocks of cycling was 
reported, all crack growth data were reported as AK versus da-'dN curves. 

I*- 
i 

h 

Effect of Stress-Intensity-Factor Range. The general influence of AK level on corrosion- 
fatigue-crack-growth behavior of these HY-series steels is basically the same as that described 
earlier for low- and medium-strength structural steels. For example, consider the data of 
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Vosikovsky143 for HY-130 steel in 3.5 percent NaCl solution shown In Figure 64. Detrimental 
effects of corrosion are typically more evident at intermediate levels of AK. Little environ- 
mental effect is observed at high and low AK values. Compared with similar data on low- and 
medium-strength steels (X65, X70, or A516-60), the HY-130 steel shows only about half as much 
acceleration in da/dN values due to environment.143 The data of Congleton et al144 also show a 
similar higher resistance to corrosion-fatigue-crack growth for HY-130 compared with that for 
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FIGURE 64. Corrosion-Fatigue-Crack Growth Behavior of HY-130 Steel in 3.5 Percent NaCI Solution143 

the lower strength HY-80. Thus, improved resistance to corrosion-fatigue-crack growth is 
exhibited by the HY-130 steel, but not by the lower strength HY series steels. 

Effect of Stress Rotio. Hartt and Adamson140 found that increasing the stress ratio from 0.1 to 
0.8 significantly shifted the AK vs da/dN curve to the left (faster growth rates), as shown in 
Figure 65. From comparisons with results for several other steels, they felt tiiat HY-80 steel is 
superior for applications where AK is low and R is high. Vosikovsky143 used R values of 0.05, 
0.7, and 0.9 in his work on HY-130 steel. Similarly to the previously discussed results for API 
X-65 and X-70 steels, he found the simple parameter AK + 3R couid correlate stress ratio 
effects. The correlation for HY-130 steel is shown in Figure 66. 

Welded Joints. Welded specimens were used in four of the studies141,142,146,148 listed in 
Table 5. At 10 Hz cyclic frequency, synthetic seawater environment had no effect on crack 
growth rates in weldments of HY-140 steel.142 However, at a much lower frequency of 0.0014 
Hz, Knight141 found that crack growth rate was accelerated by factors up to 4.5 for both base 
metal anu weldments of Q1(N) and HY-100 steel in a 2.6 percent NaCI solution. At 0.0017 and 
0.17 Hz, Davis146 observed accelerated crack growth rate in seawater (compa. ed with that in 
air) at AK levels below about 63.70 ksi \/~\x\. (10 MPa/m3/2), but not at higher AK levels, for 
HY-130 steel. The weld-metal-crack-growth behavior was no worse than that of the base metal. 
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Beach et a!149 found that corrosion-fatigue-crack-growth rates in welded box beams of HY-80 
and HY-130 steel were conservatively predicted using crack-growth data for base metal in 
saltwater. Overall, the data indicate that corrosion-fatigue-crack-growth rates are no higher in 
weld metal than in base metal for these steels in marine environments. 

Effect of Cyclic Frequency. Frequency effects were investigated in four studies.139,143,145,147 

Gallagher's results139 for HY-80 steel, presented in Figure 67, showed that da/dN increased as 
frequency increased from 0.001 to 10 Hz. The crack growth rates at 10 Hz approached those for 
a vacuum environment for a high AK level (78 ksi s/irT.) but were significantly above them for 
an intermediate AK level (39 ksi v^TrT). Gallagher et al147 found that, for Km«, levels below Kitcc, 
the corrosion-fatigue-crack-growth rates for HY-130 steel in 3.5 percent NaCl increased as 
frequency decreased at temperatures from 77 to 185 F (25 to 85 C), as shown in Figure 68. In an 
extension of this work on HY-130 steel, Ryder and Gallagher145 found that there was still a 
frequency effect at 41 F (5 C). Vosikovsky's results143 (see Figure 64) show no significant 
corrosion effect tor cycling at 10 Hz, but at 1 Hz to 0.01 Hz, the da/dN values increased with 
decreased frequency at intermediate AK levels. Therefore, all these studies are in agreement 
in that they show a detrimental effect of decreased cyclic frequency below 10 Hz at 
intermediate AK values. 
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Loading-History Effects. Beach et al148 measured corrosion-fatigue-crack-growth rates in 
HY-80 and HY-130 steel welded beams. The beams were subjected to a variable-amplitude 
loading spectrum. Crack-growth-rate predictions using the Paris relation with retardation 
effects included gave the best agreement with actual data but were still somewhat conservative. 

Effect of Environmental Variables. Gallagher and coworkers145,147 (see Figure 68) found that 
increased temperature gave increased da/dN values in the range 41 to 185 F (5 to 85 C). The 
accelerating influence of increased temperature was most significant at the lowest K levels of 
their study (about 20 ksi sj in.). 

No data on the effects of oxygen level, pH, and pressure variation were found for these 
steels. It is expected that their influence on corrosion-fatigue-crack-growth behavior is similar 
to that for the low- and medium-strength steels discussed earlier. 

Bogar and Crooker126 127 reported that for intermediate AK levels, da/dN values for HY- 
130 steel were significantly higher in flowing natural seawater than in flowing 3.5 percent NaCI 
solution. Their results are shown in Figure 69. Thus, actual seawater should be used to 
realistically assess the effects of marine environment on crack growth in these ship steels. 
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Protective Methods. The influence of IN-625 cladding on corrosion-fatigue-crack growth of 
a 3.25-Ni steel in 3.5 percent NaCI solution was investigated by Hasson et al.131 At low AK levels 
(near 20 ksi v/ in.), the clad steel had da/dN values similar to those of the unclad steel. At 
higher levels of AK (up to 60 ksi \J in.), the clad steel showed significantly increased da/dN 
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values. These data resulted from tests at 10-Hz cyclic frequency, where the corrosive 
environment should have little effect on crack growth rate. No baseline data for the clad steel 
in air were presented, so it may be possible that the cyclic crack growth behavior of the clad 
steel is inherently different from that of the unclad steel. 

Cathodic protection was found to provide no benefit over free-corrosion conditions in 
terms of increased crack-growth resistance. In fact, overprotection is likely to be detrimental at 
intermediate AK levels (see Figure 64) because it produces localized hydrogen embrittlement 
of material near the crack tip. Furthermore, the deleterious effects of overprotection become 
worse at lower frequencies, as shown by Gallagher's139 data for HY-80 given in Figure 70. 
Detrimental effects of cathodic overprotection were found also for HY-130 steel in natural 
seawater17, as demonstrated by the results in Figure 71. Note that the detrimental effect 
increased when the cyclic frequency was decreased from 0.167 to 0.0167 Hz. At AK levels near 
10 MN/m3 2, Hartt and Adamson140 found no deleterious influence of cathodic protection to 
-0.78 V SCE in flowing seawater for HY-80 steel at cyclic frequencies of 10 and 60 Hz. The data 
of Bogar and Crooker 1^6■,27 for HY-80 steel (Figure 69) show that the deleterious effect of 
overprotection is larger in flowing natural seawater than in flowing 3.5 percent NaCl solution. 
The above data show that no increase in crack growth resistance results from using cathodic 
protection for the HY-series steels and that cathodic overprotection combined with low-cyclic 
frequency can be quite detrimental at intermediate levels of AK. 
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High-Strength Steels 

Corrosion-fatigue data for high-strength steels are summarized in Tables 6 and 7. The 
steels listed in Table 6 are alloy steels heat treated to produce tensile strengths in the range of 
about 100 to 300 ksi (690 to 2070 MPa). These steels generally are not used to fabricate large 
structural members as are the low- and medium-strength steels. Instead, they are used in 
machinery, equipment, and selected critical structural components where the high-strength 
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capability is needed to produce desired performance. Table 7 contains data for precipitation- 
hardened stainless steels. They are discussed in this chapter rather than in the later one on 
stainless steels because of their high-strength levels. 

As with the ship steels, many of the general behavior patterns and influences of 
environmental and mechanical variables are similar to those discussed extensively for the low- 
and medium-strength steels. Thus, factors and effects peculiar to the high-strength steels are 
emphasized in this section, and earlier detailed discussions are not repeated here. Both 
fatigue-life and crack-growth data are included in Tables 6 and 7. Data of each type are 
addressed separately in the following discussion. 

Fatigue Life 

About two-thirds of the studies in Table 6 and three of the studies in Table 7 involved 
development of fatigue-life data. Most of the experiments were conducted on specimens 
tested in rotating bending. In some cases, plane bending or axial loading was used. The main 
variables influencing fatigue-life behavior are discussed below. 

Effect of Stress Amplitude (Smooth Spedmens). As with the steels discussed earlier, fatigue 
life increases as stress amplitude decreases and no indication of a fatigue limit is observed for 
freely corroding conditions in marine environments. Good examples of typical S-N curves for 
high-strength steels are shown in Figure 72, from the work of Schwab and Czyryca.151 The 
ordinate values are pseudo stress amplitude based on strain range, which are the same as those 
of Figure 60 discussed earlier. Fatigue limits are apparent for tests in air but not for those in 
saltwater. At short lives, the environmental degradation is negligible or small, but at long lives 
it is quite significant. 

I i 

i i 

Effect of Stress Ratio. None of the fatigue-life studies in Table 6 included stress ratio as a 
variable. It is expected that increasing R values would result in decreased stress-amplitude 
levels associated with a given cyclic life, just as for lower strength steels. In Reference 132, 
stress ratios of R = -1.0 and 0 were used in fatigue tests of 17-4 PH steel base-plate and 
butt-weld specimens in seawater. The resulting S-N curves are shown in Figure 73. At 108 cycles 
to failure, corrosion-fatigue strength (stress amplitude) decreased from 15 ksi (100 MPa) to 12 
ksi (83 MPa) as R increased from -1 to 0. 

Effect of Strength. As shown in Figures 30 and 31 presented earlier, increased tensile 
strength does not significantly improve the high-cycle corrosion-fatigue strength of steels, 
under free-corrosion conditions in saline solutions. Thus, unless high-strength steels are 
protected in some manner, little benefit derives from using them in marine environments if 
they are subjected to cyclic loading. For this reason, many of the studies noted in Table 6 
involved investigations of protective methods. 

In two investigations156,164, heat treatment of the same low-alloy steel to various strength 
levels was a major variable. Lee and Uhlig158 tested AISI 4140 steel heat treated to four tensile 
strengths in 3 percent NaCl solution. For intermediate life levels of 105 and 106 cycles to failure, 
corrosion-fatigue strength increased as tensile strength increased. However, the slope of the 
S-N curve became steeper as tensile strength became higher so that extrapolating these data to 
long lives of 108 cycles or more shows little increase in CFS. Endo et al164 quenched and 
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tempered AISI 4340 steel to three strength levels and conducted corrosion-fatigue tests of 
notched specimens in 1 percent NaCl solution. Increased tensile strength correlated with 
increased notched CSF in argon gas (inert) environment, but correlated with slightly decreased 
notched CFS in 1 percent NaCl solution. These authors believed that the increased degrada- 
tion at high-strength levels was related to the increased sensitivity of the steel to hydrogen 
embrittlement. 

Notch Effects. Fatigue-life (S-N) curves were developed for smooth and notched specimens 
of all four steels evaluated in Reference 151 (see Figure 72). In each case, the long-life CFS is 
significantly reduced by the introduction of a notch Kt = 3.0. When significant plasticity occurs 
in the low-cycle fatigue regime, the notch effect becomes much smaller or negligible. In 
general, similar behavior is observed for other high-strength steels. Thus, just as for the steels 
discussed earlier, notch effects are significant in marine environments. 

Welded Joints. None of the experimental work listed in Table 6 contains data on welded 
specimens of the high-strength steels. This is probably because such steels are not generally 
used in welded construction. 

The three fatigue-life studies 132148'17Z of 17-4 PH steel listed in Table 7 all involved tests of 
weldments. Macco's 132 results (see Figure 73) showed that butt weldments had S-N curves 
almost identical to those for base-plate material when tested in seawater. Preiser's172 work did 
not include tests of base metal for comparison. Beach et a!148 obtained quite accurate 
predictions of corrosion-fatigue life for two welded box-beam specimens of 17-4 PH steel 
tested in saltwater and under spectrum loading. They used Miner's rule base nominal stress, 
the Goodman relation for stress-ratio effects, and base-metal data for notched specimens with 
K, = 3.0. These data indicate that the CFS of 17-4 PH steel weldments is similar to that of 
base-plate material in marine environments. 

Effect of Cyclic Frequency. For the studies listed in Tables 6 and 7, only Pettit et al150 made a 
direct evaluation of the effect of cyclic frequency on CFS. For Type 135 drill pipe steel at 
corrosion-fatigue lives in the range of 104 to 105 cycles, reducing the cyclic frequency from 20 
to 1 Hz reduced cyclic life by a factor of approximately 2 in seawater. A further reduction from 
1 to 0.2 Hz caused a further cyclic-life reduction of only about 20 percent. In the work reported 
in References 132, 133, and 151, low frequencies were used for short-life tests conducted in 
reversed bending and high frequencies were used for long-life fatigue tests. It is anticipated 
that reduced frequency will give reduced CFS for these steels just as for the other steels 
discussed previously. 

Looding-History Effects. Only the welded, box-beam specimens of 17-4 PH steel evaluated 
in Reference 148 were tested under a variable-amplitude loading history. As mentioned earlier 
in the section on welded joints, cumulative damage based on a nominal stress, S-N curves for 
Kt = 3.0, and Miner's rule gave good fatigue-life predictions for the two cases evaluated. 

Environmentol Voriobles. None of the studies listed in Tables 6 and 7 examined the 
influence of temperature, pressure, or water velocity or corrosion-fatigue life. These factors 
are expected to have effects similar to those discussed for other steels earlier. 
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FIGURE 73. Effect of Stress Ratio on Corrosion Fatigue of 17-4PH Steel (H1100) in Seawaterl32 

Lee and Uhlig156 showed that that AISI 4140 steel specimens heat treated to a 115-ksi 
(793-MPa) tensile strength had the same corrosion-fatigue resistance when tested in deaerated 
3 percent NaCI solution as specimens tested in air. This is an agreement with other work on 
AIS11018 steel61 discussed earlier (see Figure 41). Pettit et al150 found that reducing the oxygen 
level from 6 to 0.02 ppm had little effect on the corrosion-fatigue behavior of Type 135 steel in 
seawater, which is in agreement with Masumoto and Akaishi's51 work on SM41 steel discussed 
earlier (see Figure 42). The reduction of oxygen to a very low level is necessary to improve 
corrosion-fatigue resistance of steels. Within the normal range of oxygen levels in seawater, 
variations in oxygen content appear to have little influence on corrosion-fatigue strength. 
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Pettit et al,s0 also examined the effect of seawater drilling muds on the corrosion-fatigue 
resistance of Type 135 steel. The muds had pH levels of 9 and 11.5 to 12.0, and the cyclic 
frequency for these experiments was 1 Hz. In plain seawater, cyclic lives were 200,000 to 
300,000 cycles for their loading conditions. But in the seawater muds, cyclic lives were from 
40,000 to 250,000 cycles. Thus, the higher pH levels did not provide improved corrosion-fatigue 
resistance in these mud environments. 

Protective Methods. Kirk et al71 used a 0.010-in. (0.254 mm)-thick flame-sprayed coating of 
mild steel to improve the CFS (at 108 cycles) of two maraging steels tested in natural seawater. 
The 18Ni maraging steel's CFS was increased from 5 ksi (34 MPa) to 24 ksi (165 MPa) by this 
coating process. For the 12-5-3 maraging steel, the corresponding increase was from 7 ksi (48 
MPa) to 39 ksi (260 MPa). Thus, in both cases, the flame-sprayed coating of mild steel gave 
about a factor of 5 improvement in CFS 'at 108 cycles). 

Harbage154 found no improvement in corrosion-fatigue resistance for a Monel inlay on a 
Ni-steel shaft. 

Levy and Morrossi155 evaluated AISI 4340 steel with cadmium plating, chromium coating, 
and tungsten carbide coating in a 3.5 percent NaCI solution. For R = -1 loading in rotating 
bending, these coatings increased CFS (at 107 cycles) to 4 to 4-1/2 times that for uncoated steel 
in saltwater or to 76 to 86 percent of the fatigue strength in air. For axial loading at R = 0.8, there 
was a much greater difference in performance among these three coatings. The cadmium- 
plated steel showed no environmental effect (test results for 3.5 percent NaCI compared those 
for air). Comparing CFS (at 107 cycles) in 3.5 percent NaCI with that in air, the chromium- 
coated steel showed a 45 percent decrease in fatigue strength and the tungsten carbide-coated 
steel showed a 60 percent decrease in fatigue strength due to the saltwater. Thus, considering 
both stress ratios, the cadmium-plated steel showed the best protection overall. 

Baxa et al159 showed that shot peening the surface of AISI 6150 steel specimens improved 
corrosion-fatigue life by a factor of about 10 (one order of magnitude) in 3 percent NaCI 
solution. This improvement was thought to be derived from the beneficial effect of com- 
pressive residual stresses on the surface. Even with this improvement, the CFS (at 107 cycles) 
was still almost a factor of 4 below the fatigue limit in air for unpeened material. 

In their study of Type 135 steel, Pettit et al150 evaluated the use of cathodic protection by 
means of flame-sprayed and electroplated zinc coatings. The flame-sprayed zinc gave little or 
no improvement over smooth specimens tested in seawater because grit blasting of the surface 
prior to flame spraying was detrimental to the fatigue resistance. Electroplated zinc coating 
increased the CFS in seawater (compared with that of smooth uncoated specimens), but 
decreased the CSF in air. 

Cathodic protection to -0.85 V SCE increased the CFS (at 108 cycles) of the 18Ni maraging 
steel tested by Kirk et al71 to 15 ksi (103 MPa). This was three times the value under free- 
corrosion conditions but below the value of 24 ksi (165 MPa) for flame-sprayed mild steel 
coating (discussed above). Taniguchi et al153 found that cathodic protection to -0.80 V SCE 
improved CFS (at 5 x 107 cycles) by a factor of 1.4 compared with that under freely corroding 
conditions in seawater, but even with this improvement, the CFS was only about 80 percent of 
the fatigue limit in air. However, Hutchings and Sanderson158 showed that the low-cycle 
fatigue resistance of 18Ni maraging steel was generally decreased by cathodic polarization to 
-1.0 V SCE, especially for alloying/tempering conditions that were conducive to hydrogen 
embrittlement. It appears that cathodic protection can be of some benefit in improving the 
CFS of high-strength steels, but it does not improve fatigue resistance up to levels observed for 
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tests conducted in air. Since many of these steels are more susceptible to hydrogen 
embrittlement than lower strength steels, it is likely that cathodic overprotection would be 
detrimental to their corrosion-fatigue resistance.164 

Fofigue-Crack-Growth Dato 

Most of the fatigue-crack-growth data are reported in terms of cyclic crack growth rate, 
da/dN. However, in two studies 139'147

) the time-based crack growth rate, da/dt, was used to 
characterize behavior. In two other studies160,164, only data on crack growth rate versus 
number of cycles to failure were reported. 

Effect of Stress intensify Factor Range. The influence of stress intensity factor range is similar 
to that for the low- and medium-strength steels and ship steels discussed previously. 
Environmental effects are small or negligible at low and high AK levels, but they can be quite 
significant and detrimental at intermediate levels of AK. Low-alloy (Ni-Cr-Mo) steels, such as 
AISI 4340139,147 and 835M30125129'167, can show marked acceleration of crack growth rates 
under certain conditions. In contrast, some of the more highly alloyed steels, such as 9Ni-4Co- 
0.20C, 10Ni-2Cr-1Mo-8Co, and 17-4 PH steels, show good resistance to fatigue-crack propaga- 
tion and less sensitivity to deleterious environmental effects than other steels of comparable 
tensile strength.166 

Effect of Stress Ratio. Only Austen and Walker129,167, in their work using 835M30 steel (a 
quenched and tempered martensitic Ni-Cr-Mo steel), examined the influence of stress ratio 
on corrosion-fatigue-crack growth of one of these high-strength steels. For tests at 75 Hz and 
in a 3.5 percent NaCI solution, they found no effect of varying R from 0.31 to 0.73.167 However, 
at R = 0.8 and 0.9, there were accelerated crack growth rates, especially at low AK values. At a 
lower frequency of 4 Hz, increasing R from 0.1 to 0.8 gave large increases in da/dN values129, as 
shown in Figure 74. At R = 0.1, Kma» was below Ki8cc and results showed little environmental 
effect compared with in-air data. At R = 0.8, Kmax was above Kucc and the environmental effect 
was quite dramatic. Thus, high R ratios can be quite deleterious to corrosion-fatigue-crack- 
growth resistance of high-strength steels because they may cause Kmax to be greater than KiScc. 

Welded Joints. No corrosion-fatigue-crack-growth data for welded high-strength steels 
were found, except for the results of Beach et al148 on 17-4 PH steel-welded box beams. These 
beams were tested under spectrum loading and in synthetic seawater. Using linear-elastic 
fracture mechanics methodology. Beach et al were able to obtain reasonably accurate 
prediction of crack growth behavior in these welded beams. The baseline data for their 
predictions were from tests of base-plate material, so the corrosion-fatigue-crack-growth 
behavior of the weldment was not significantly different from that expected for base plate in 
this one study. 

Effect of Cyclic Frequency. The effect of cyclic frequency was investigated in six 
studies.125129139147169,170 It was typically found that decreased frequency caused increased 
da/dN values. Gallagher et al139147 showed that the effect of frequency depended upon 
whether Km«, was below or above Ki,cc for AISI 4340 steel in 3.5 percent NaCI solution, as 
shown in Figure 75. In vacuum, da/dt depends only on the number of applied cycles and, 
therefore, the da/dt versus frequency curve for a given K is a 45-degree straight line (Figure 
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FIGURE 74.    Corrosion-Fatigue-Crack Growth Behavior 
of 835M30 Steel in 3.5 Percent NaCI Solution and at a 
Cyclic Frequency of 4 Hz129 

75). At high frequencies in 3.5 percent NaCI, the da/dt values asymptotically approach those in 
vaccum. At lower frequencies, environmental attack causes accelerated da/dt values. Above 
Kiscc, da/dt tends to approach a constant value at low frequencies where stress-corrosion crack 
growth dominates. Below K|Scc, da/dt approaches a 45-degree slope with frequency (at low- 
frequency values where environmental effects are cycle dependent). Thus, below Kiscc the 
time-dependent environmental effect was most evident at intermediate frequencies in the 
range of about 0.01 to 1 Hz. 

In their studies at 835M30 steel in 3.5 percent NaCI solution, Austen and Walker125,129 

varied frequency from 64 Hz to 0.25 Hz. As shown in Figure 76, da/dN values dramatically 
increased with decreased frequency at intermediate AK values, whereas there was little 
frequency effect at very high and very low values of AK. These curves are similar to those 
discussed earlier for low- and medium-strength steel in saltwater with cathodic overprotection 
(see Figures 52 and 53). Thus, frequency effect and localized hydrogen embrittlement can 
easily occur in high-strength steels, even without cathodic protection, because these steels are 
more susceptible to hydrogen embrittlement than the lower strength steels. 

.■'■■ 

I .i^myiJi 

■ 



c«>«*■■ ^ - .  ''*IK., ..I v  ■' 

i 

88 

E 
E 

z 
"a 

— Behavior predicted    M 
by the process 1,1 f—— — — 

competition V'O^^LJ / 
model. \\   *. n 

«I 
^   10 •4 

u 

0.25 H// 

5% NaCl 
64 H/ 

Vacuum 

2 4     6   8 10       20        40   60 80 

Stress Intensity Factor Range (AK), MPa Vm 
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Barsom170 and Pettit et al169 investigated frequency effects for maraging steels in saltwater 
environment. At intermediate AK levels, Barsom170 found that da/dN increased as frequency 
decreased (see Figure 77) for 12Ni-5Cr-3Mo steel. Pettit et a!'60 found similar behavior for 18Ni 
maraging steel (see Figure 78). Their data tend to converge at low AK values just as those for 
other steels discussed previously. Barsom170 did not obtain data at low AK values, but close 
examination of the data points in Figure 77 suggests a slight tendency toward such con- 
vergence. With these more highly alloyed steels, there is no sharp knee and plateau region in 
the AK vs da/dN plot such as those seen in Figure 76. Thus, the susceptibility to localized 
hydrogen embrittlement at low frequencies is not evident in these maraging steels under 
free-corrosion conditions. 

H- -..■>;>■ 

 1- 



-» ■   V TV 

 wiiitiimm«iiiw»npWWllWWBn>aWBiMK»HiiM wi» in 

89 

tuck (.rowlh Rale (dd/dN), m./c 

FIGURE 77. Effect of Cyclic Frequency on Corrosion-Fatigue-Crack 
Growth of 12Ni-5Cr-2Mo Steel in 3 Percent NaCI Solution170 

T 

- 
- / 
- (1) HI, 10(1/ n Lah Air                                           ^ 
- (2) B2, 10 11/ n J.5%NaCI                                / 
- (i| Bt>, 1 Hi « l.SfoNaCI                              i      I 

m i 5% Na(.l                                 .       J i4i m. (1 1 11/ 

'- 1' 1 

- 

1   1 

l/'f 
\ Iff 
: 

- i 
if 

i // 

- f 

- 
/ 

1      1 U I'I 11     i   i i 11111 
10 100. 

Stress Inlensily f atlor Range (AK), ksi v/uv 

FIGURE 78. Effect of Cyclic Frequency on Corrosion-Fatigue-Crack Growth 

Rate of 18Ni Maraging Steel in 3.5 Percent NaCI Solution169 

;.,-•■         v; 
n iiii.imii.iiiiwipy  i i.i.i.i''.    ,rr ^tp:■•... :'•' 

■ 



I 
I 90 

close to those observed for tests in air. However, when the loading time was low (sinusoidal, 
triangular, and positive sawtooth), a marked acceleration of crack growth rate was observed. 
Thus, for this steel, the environmental attack occurs during the time period of rising load. 
Austen and Walker'29 found similar wave shape effects in their work on 835M30 steel (see 
Figure 74) at Km», < Ki,cc. However, when K™, > Kiscc, they found square-wave loading to be 
the most detrimental, as expected. 

Lood-Hisfory Effects. The influence of wave shape was addressed in three studies.128'130 

Barsom130 found that wave shape had an important influence on da/dN values for 12Ni-5Cr- 
3Mo steel in 3 percent NaCI solution, as shown in Figure 79. In these tests, Kma» was less than 
Knee- For square and negative, sawtooth loading wave forms where the loading portion of the 
cycle was quite rapid (compared with the hold and/or unloading portions), da/dN values fell 

Kawai and Koibuchi128 conducted an extensive evaluation of the effects of 25 different 
wave-form shapes. They tested specimens of a quenched and tempered martensitic Ni-Cr-Mo 
steel (SNCM2 or BS830M31) in 3 percent NaCI solution. As illustrated in Figure 80, they 
separated each wave form into four different components (Ti, T2, T3, and T4 for analysis of their 
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results. They found that Ti and the combination of Tz, T3, and T4 were the two dominant factors 
in quantifying wave-form effects. Thus, they were able to quantify the accelerating effect of 
wave form on corrosion-fatigue-crack growth in terms of two parameters 

(T/T1) (AKm/Ti)    , 

as shown in Figure 81. They also obtained a similar correlation for published data on HY-80 and 
HY-130 steels. 
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For welded box beams of 17-4 PH steel, Beach et al148 conducted tests under variable- 
amplitude block histories. Using linear-elastic fracture mechanics methods, they were able to 
predict crack growth data in saltwater when they used the Paris relation without incorporating 
retardation effects. 

Effect of Environmenfol Voriobles. None of the studies listed in Tables 6 and 7 examined the 
influence of oxygen level, pressure, or water velocity on corrosion-fatigue-crack growth. 
Eisenstadt and Rajan171 tested a 12Cr steel at 10-Hz cyclic frequency and in salt solutions 
ranging from 0 to 7 percent NaCI. At 70 F (21 C), increasing salinity caused a very slight increase 
in crack growth rate (see Figure 82). At 151 F (71 C), a crack growth rate increased rapidly as 
salinity increased from 0 to 4.5 percent but increased only slightly from 4.5 to 7 percent salinity. 
Thus, the maximum temperature influence occurred at about 4.5 percent NaCI. Data for this 
salt level and other temperatures are shown in Figure 83. The indicated stress levels 
correspond to intermediate-level AK values. In this range, it is apparent that increased 
temperature results in increased crack growth rate, which is in accord with previously 
discussed results for other steels. 

The data of Barsom170 shown in Figure 77 were for a solution of pH = 7. When the pH was 
increased to 13.5.(3 percent NaCI), the AK vs da/dN curve was the same for 0.1, 3, and 10 Hz, 
and was below the curve for tests in air. This result indicates that the increased pH significantly 
reduced environmental attack and that some corrosion fatigue actually may have occurred in 
the tests in air. Austen et al188, in tests of two 5Ni steels (5CN and 5CNM) in 0.1M NaCI solution, 
found that changing the pH from 7 to 0 had no significant influence on the AK vs da/dN curve. 
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Thus, very high pH (>3) appears to be beneficial, but other pH levels seem to have little 
influence on crack-growth-rate behavior. 

As mentioned in the earlier discussion of ship steels, Bogar and Crooker126,127 used natural 
seawater, 3.5 percent NaCI solution, and ASTM synthetic seawater in their study on HY-130 
steel. Their work also included two heats of 17-4 PH steel, H1050 temper, the results for which 
are presented in Figure 84. For the argon-oxygen melted heat, there was only a slight 
difference in corrosion-fatigue behavior for the three types of water. However, for the 
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Strc« Intemity ( dtlor kanne (AK), y/ in. 

SO 100 200 

Stress IntcnsJlv f attur Range (AK), ksi y/ln" 

FIGURE 84. Effect of Type of Flowing Water on Corrosion-Fatigue-Crack Growth Rate 
of 17-4 PH Steel127 
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vacuum-melted steel, a si1nifinnt effect of water type was observed. Natural seawater 
produced the hi1hest 1rowth rates, ASTM seawater produced the slowest, and the rates with 
3.5 percent NaCI were interme<tiate. As mentioned before, natural seawater should be used to 
most accurately reflect the effects of marine environment on corrosion-fati1ue-crack 1rowth. 
furthermore, one mi1ht have erroneously concluded that the vacuum-melted material was 
superior to the ar1on-oxy1en-melted material baed on tests in ASTM seawater only. In 
natural seawater, the ar1on-oxy1en-mehed steel is t~ctually the superior steel. This was also the 
only alloy studied by Bo1ar and Crooker that showed little eftect from chan1es in the 
environmental chemistry. 

Calhodlc "-<tton. None of the studies of hi1h-stren1th steels listed in Table 6 examined 
the effect of cathodic protection on crack 1rowth. Since these steels 1enerally are susceptible 
to hydrosen embrittlement, it is likely that nthodic protection would not retard the 
acceleration of crt~ck 1rowth rates observed in marine environments. furthermore, it is quite 
likely that nthodic overprotection would be detrimental in the same mt~nner as was discussed 
earlier for many of the lower strensth steels. 

Crooker et al" studied the influence of nthodic protection on corrosion-fati1ue-crack 
srowth of 17-4 PH steel (vacuum melted, ar1on-oxy1en melted/H1050, and ar1on-oxy1en 
melted/H1150) in natural seawater. Their results are shown in fi1ures 85, 86, and 87. The crack 
1rowth resistance of the arson-oxy1en melted (AOM) H1050 temper mt~terial (fi1ure 86) was 
much poorer tht~n tht~t of the vt~cuum mehed and AOM/H1150 materit~ls in air. Under free­
corrosion conditions (-0.2 t~nd -0.3 V AIIAsCI), the AOM mt~terit~ls (Fi1ures 86 and 87) 
exhibited better crack srowth resistance tht~n the vacuum-melted (VM) material (fi1ure 85). 
The best crack 1rowth resistt~nce in freely corrodin1 se-.w-.ter was obtained for the 
AOM/H1150 mt~terial. However, with cathodic polarizt~tion to -0.65 V AIIAsCI, the VM 
material showed no incret~Se in dt~/dN vt~lues, wheret~S the AOM materials showed si1nifinnt 
incret~ses. Thus, with the nthodic polt~rization, the VM mt~terit~lt~nd the AOM/H1150 material 
showed similt~r beht~vior, t~nd wheretiS the AOM/H1050 material showed sli1htly hi1her dt~/dN 
values. The over-.11 observt~tion is tht~t ct~thodic polarization is of no benefit and nn be 
detrimental to corrosion-ft~tilue-crt~ck-srowth resistt~nce of the 17-4 PH steels. 
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CHAPTER 4 

CORROSION-FATIGUE DATA 
FOR STAINLESS STEELS 

The corrosion-fatigue data for stainless steels are compiled in Table 8. The chromium 
stainless steels are listed first, followed by the chromium-nickel stainless steels (austenitic and 
duplex and high-alloy ferritic stainless steels). For each alloy, the type of corrosion-fatigue data 
in the reference article is described, as well as the specimen type, the loading, and the 
environment. The stainless steels have a corrosion resistance superior to that of steel in 
seawater; however, they jre susceptible to localized forms of corrosion, e.g., pitting and 
crevice corrosion, which can lessen corrosion-fatigue resistance. 

Chromium Stainless Steels 

The nominal chemical compositions of chromium-based stainless steels are presented in 
Table 9. Chromium contents range from approximately 12 to 20 weight percent. Nickel, 
molybdenum, and copper are common alloying elements. 

Redmon173 reported corrosion-fatigue data in seawater for three cast martensitic stainless 
steels: CA-15, CA-6NM, and a modified CA-6NM. These stainless steels are used for shafts, 
valves, and pumps in aggressive environments. The corrosion fatigue tests were performed in 
natural seawater at ambient temperature. Smooth, cantilever-beam specimens were rotated at 
1450 rpm, producing a loading frequency of 24.2 Hz. The results are shown in Figure 88. At 108 

cycles to failure, all three stainless steels had corrosion-fatigue strengths of 5 ksi (35 MPa) or 
less. No fatigue limit was observed for any of the steels. The CA-6NM steel modified with 1.5 
percent Mo exhibited the highest corrosion-fatigue resistance, while CA-15 steel had the 
lowest. The differences in corrosion-fatigue resistance were greater at lower stress levels. All 
three steels exhibited some pitting corrosion during exposure to seawater. 

Jaske et al9 investigated the corrosion-fatigue behavior of CA-6NM stainless steel in 
seawater at a frequency of 3.3 Hz, which is seven times lower than the frequency used by 
Redmond in the above study. Jaske's data are presented along with Redmond's data in Figure 
89. Large, Krouse-type, plate-bending specimens were machined from large castings, which 
were made to simulate material used in ship propellers. Fatigue experiments were carried out 
under fully reversed, constant-amplitude loading. A check analysis for chromium and 
molybdenum indicated 14.51 and 0.24 weight percent, respectively. 

In experiments by Jaske et al and by Redmond, actual seawater was used; the primary 
difference was that the data of Jaske et al were for a lower frequency. There appears to be a 
slightly degrading effect of lower frequency, but overall, both sets of data show a similar trend 
in behavior. The data show quite low corrosion-fatigue strength near 107 to 108cycles. 
Extrapolation to 108 cycles would give a value of 10 ksi (69 MPa) or less, which is no more (and 
perhaps less) than that for bronze alloys (see Chapter 6 on copper-base alloys) which are 
commonly used for ship propellers. It should be noted that these tests were run under freely 
corroding conditions and that the specimens showed signs of crevice corrosion near the 
gripping fixtures. In actual practice, cathodic protection is applied to propellers. With cathodic 
protection, the corrosion-fatigue resistance should be much improved. 
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TABLE 9. Nominal Chemical Compositions of the Chromium Stainless Steels 

Major Alloying Elements, wt % 
Alloy Cr Ni Other Reference 

CA-6NM 11.7 3.9 0,5 Mo, 0.5 Mn, 0.5 Si 173 

Modified CA-6NM 11.7 3.9 1.5 Mo, 0.5 Mn, 0.5 Si 173 

CA-15 12.5 0.6 0.5 Mn, 0.5 Si 173 

14-Cr 14.5 0.2 0.3 Mn, 0.2 Si, 0.38 C 4 

20Cr-0.9Cu 20.9 0.2 0.9 Cu, 0.3 Mn, 0.6 Si, 0.19 C 4 

13Cr-6Ni 12.4 5.8 1.6 Mo, 0.5 Mn, 0.3 Si 174 

13Cr-lNi 13.5 0.7 0.7 Mn, 0.4 Si 174 

l6Cr-5Ni 16.0 4.7 1.0 Mo, 0.8 Mn, 0.4Si 174 

l8Cr-6Ni-1Co-lMo 18 6 1.0 Mo, 0.6 Mn, 0.3 Si, 1.0 Co 175 

lKhl4NDL 13.5 1.4 1.3 Cu, 0,5 Mn,0.3Si 75 

SUS410)1 12 0.5 Mo, 0.4 Mn, 0.4 Si 176,178, 179 

SUS4I0)1 12.4 0.5 Mo, 0.5 Mn,0.3Si 2 

AISI-403 12.5 0.3 0.5 Mo, 0.4 Mn, 0.3 Si 180 

AISI-403 11.7 - 0.1 Mo, 0.5 Mn,0.3Si 181 

AISI-410 12.5 0.5Mn, 0.3S, 182 

McAdam4 determined the corrosion-fatigue resistance of alloys for springs. Included in 
this evalation were a 14Cr stainless steel and a 20Cr-0.9Cu stainless steel. These alloys were 
selected for their high elastic limit relative to many of the corrosion resistant steels. Three sets 
of curves for the 14Cr steel are presented in Figure 90a. These show the fatigue behavior of this 
steel in air and fresh water at three hardnesses. The furnace-cooled (fully annealed steel) 
specimen and the specimen given a spring temper had essentially the same corrosion-fatigue 
limit. Further data were reported for the behavior in saltwater. Tests in saltwater with salinity 
approximately one-third that of seawater revealed lower corrosion fatigue limits at 108 cycles 
for the 1075 F (579 C) temper steel but equal limits for the 1200 F (649 C) temper. For the 1200 F 
(649 C) temper, corrosion-fatigue limits were 36 ksi (248 MPa) in fresh water and seawater. For 
the 1075 F (579 C) temper, corrosion fatigue limits were 37.5 ksi (259 MPa) and 27 ksi (186 MPa) 
in fresh water and saltwater, respectively. 

The fatigue and corrosion-fatigue curves for a 20Cr-0.9Cu steel are shown in Figure 90b 
after McAdam.4 The corrosion-fatigue limit in saltwater was considerably lower than that in 
fresh water, 30 ksi (207 MPa) and 40 ksi (279 MPa), respectively. 

Tenge and Gjertsen174 determined the corrosion-fatigue-crack propagation rates in air 
and in seawater for three stainless steel propeller alloys: 13Cr-6Ni, 13Cr-1Ni, and 16Cr-5Ni. The 
study was concerned with the rate of propagation of fatigue cracks initiating from sharp 
surface cracks. The 13Cr-6Ni and 16Cr-5Ni steels were cast in test blocks for the study, while 
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FIGURE 88. Corrosion Fatigue Behavior in Ambient Temperature Seawater 
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FIGURE 89. Corrosion Fatigue of CA-6NM Steel in 
Flowing Seawater Environment (Zero Mean Stress)9 
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FIGURE 90.    Fatigue and Corrosion-Fatigue Curves 
for Two Types of Stainless Steels^ 

the 13Cr-1Ni steel was taken from a broken propeller blade. The mechanical properties of the 
13Cr-1Ni steel deviate significantly from the properties normally attained for this alloy. The 
authors attribute this deviation to an incorrectly performed heat treatment and state that the 
corrosion-fatigue data are not representative of properly heat-treated 13Cr-lNi steel. 
Corrosion-fatigue tests were made with precracked, center-notched specimens. A constant 
mean stress with superimposed dynamic stress was applied. Tests in air were made at a 
frequency of 11.7 Hz, while those in seawater were made at 4 Hz. A 3 percent NaCI solution 
was used at 70 C, with continual aeration to maintain constant oxygen concentration. 

The crack growth rates for the three steels in air and seawater are shown in Figures 91 and 
92, respectively. In air, all three steels showed a decrease in growth rate below a stress intensity 
factor (AK) of 7.03 to 8.44 ksi (10 to 12 kg/mm3 2). A significantly lower crack growth rate was 
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observed for the 16Cr-5IMi steel than for the other two steels over the entire AK range. In 
seawater the 13Cr-1Ni steel was characterized by a propagation rate higher than that of the 
other two steels. The propagation rates in seawater for the 13Cr-1Ni and 16Cr-5Ni were greater 
than those in air, while for the 13Cr-6Ni steel, propagation rates in air and m seawater were 
similar. The authors suggest that the data were too limited to generalize on the relative 
behaviors of the steels tested. The investigation demonstrated that sharp cracks 0.12 to 0.20 in. 
(3 to 5 mm) in depth can lead to fracture of a propeller within 4 to 12 months. 

Corrosion-fatigue data for an 18Cr-6Ni-1Co-1Mo steel for propellers were presented by 
Udea et al 175 The behavior of specimens machined from a test ingot and results of ship tests o 
a oropeller for over 3-1/2 years were described. The alloy was compared with a conventional 
nickel-aluminum bronze (a widely used propeller alloy). The S-N curves for the 18Cr-6Ni- 
ICo-IMo steel and a nickel-aluminum bronze are presented in Figure 93. The corrosion 
fatigue strength in seawater after 108 cycles was about 38 ksi (265 MPa) or almost twice that of a 
nickel-aluminum bronze casting at 2 x 107 cycles. The 18Cr-6Ni-1Co-1Mo steel in the ship test 
performed well. After 3 years and 7 months, both the pressure and backside surfaces of the 
propeller kept their metallic luster and dye-penetration-test results were satisfactory. 

An investigation75 was made of the corrosion-fatigue strength of 1 Kh14NDL steel (13.5Cr- 
1 4Ni-1 3Cu) and the effectiveness of its protection by cathodic polarization. For comparison 
35 steel (a carbon steel) was also tested. The fatigue tests were made with reversed bending of 
0 39-in (lO-mm)-diameter samples, both of uniform cross section and with a round notch. The 
corrosion-fatigue life of smooth and notched specimens is shown in Figure 94 m synthetic 
seawater and in air. The fatigue limit for smooth specimens at 50 x 106 cycles m seawater was 50 
percent of that in air. For notched specimens in seawater, the corresponding decrease was 30 

percent of the notched-specimen fatigue limit in air, 

The effect of cathodic protection on corrosion-fatigue strength is shown in Figure 95 
where the corrosion-fatigue limit for 1Kh14NDL steel is given as a function of oxidizing 
potential The potential was controlled by impressed cathodic currents. Corrosion-fatigue 

strength was increased by cathodic protection. The potentials of the
u 

sta,nless
Af"'«'^ 

«alvanically coupled to mild steel, zinc, and magnesium are marked on the curve. At 0.9 V, the 
corrosion-fatigue limit for smooth specimens was equal to that in air. For notched specimens, 
cathodic protection increased the corrosion-fatigue limit by more than 1.7 t.mes the fatigue 
limit in air. The corrosion-fatigue limits for notched specimens in seawater with and without 
cathodic protection, in air, and in a 3 percent K2Cr207 solution are shown in F.gure 96^ The 
entire curve for the steel in seawater with cathodic protection lies above the curve for that in 
air The curve for the steel in a 3 percent K2Cr207 solution, where no corrosion of the stainless 
steel was observed, also lies above the curve for the steel in air. The authors conclude that the 
complete suppression of corrosion of the stainless steel accounts for the improved fatigue 
nroperties. The suggestion that hydrogen generated during the cathodic protection improves 
the fatigue properties is refuted by the results in the K2Cr207 solution, where hydrogen is not 
generated. Similar effects of cathodic protection and inhibited solutions were reported by the 

authors for carbon steel. 

The corrosion-fatigue behavior of a 13Cr stainless steel used for blades of a compressor 
driving turbine was investigated by Ebara et al.2176'178 They carried out rotating-bendmg 
fatigue tests on 13Cr stainless steel (SUS 410J1) in NaCl and NaOH solutions at various 
concentrations. Their results in sodium chloride solutions are summarized here The SUS 410J1 
martensitic stainless steel was oil quenched after heating to 975 C for 1 hour and then 

tempered at 700 C for 2 hours. 
'   I 
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Corrosion-fatigue test results for smooth bar specimens in various concentrations of NaCl 
aqueous solutions are presented in Figure 97. In the 3 percent NaCl solution, fatigue strength 
at 107 cycles was about 17.6 ksi (120 MPa), or about 30 percent of that in air (approximately 58.8 
ksi (400 MPA)]. For decreasing NaCl contents in aqueous solution, fatigue life at the same stress 
level increased, as shown in Figure 98. The effect of NaCl concentration on the fatigue limit at 6 
x 106 cycles is shown in Figure 99. Even in low-concentration (3 x 10"4 percent) NaCl aqueous 
solution, fatigue strength was reduced. In contrast, no decrease in fatigue strength was 
observed in distilled water. 

The corrosion-fatigue-test results for plain bar specimens within the long-life range (about 
200 days) in 0.03 percent NaCl aqueous solution are shown in Figure 100. Fracture occurred 
after 6 x 108 cycles with a rotating bending stress of 13.97 ksi (95 MPa). No fracture occurred at 
the bending stresses of 7.50 and 17.35 ksi (51 and 118 MPa); however, cracks and corrosion pits 
were observed on the specimen surface. Thus, even in such a dilute environment as a 0.03 
percent NaCl aqueous solution, the long-life-range fatigue strength decreased to a level of 
about 25 percent of that limit in air. 

While no reduction in fatigue strength was observed in distilled water, the influence of 
steam on fatigue life has been recognized at high stress levels. Figure 101 shows the effect of 
steam and steam plus 3 percent NaCl on the corrosion-fatigue strength. With decreasing stress, 
the influence of steam was decreased, and no influence was recognized at the fatigue limit. 

In the environment with steam and 3 percent NaCl, the decrease in corrosion-fatigue 
strength within the long-life range was severe (about a factor of 2). These differences in the 
magnitude of decrease in corrosion-fatigue strength at low stress levels in a mild (steam) 
environment compared with that in an aggressive (steam plus 3 percent NaCl) environment 
may be related to differences in the corrosion-fatigue mechanism in these two environments. 
Further fatigue tests were conducted in 3 percent NaCl aqueous solution at 140 and 176 F (60 C 
and 80 C), and the results are shown in Figure 102. In the 176 F (80 C) solution of NaCl, fatigue 
strength of a smooth specimen at 10a cycles was about 14.71 ksi (100 MPa), which equals 
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approximately 25 percent of the fatigue limit in air. Corrosion-fatigue strength in the long-life 
range on the notched specimen under the same environment was not much different from 
that of the smooth specimen. Both notched and smooth specimens showed the same nominal 
fatigue strength in both solutions of NaCl at both 140 and 176 F (60 C and 80 C). 

In a further investigation of the 13Cr stainless steel (SUS 410J1), Ebara et al179 studied the 
effects of (a) aeration and deaeration, (b) stress concentration, and (c) surface roughness on 
corrosion fatigue in NaCl solutions. The corrosion-fatigue strength of the 13Cr steel in air and 
in aerated and deaerated 3 percent NaCl aqueous solution at 176 F (80 C) is shown in Figure 
103. The corrosion-fatigue strength at 5 x 107 cycles in aerated 3 percent NaCl aqueous solution 
is 13 ksi (88 MPa), which is about one-fourth the fatigue limit 53 ksi (368 MPa) in air. The 
comparable corrosion-fatigue strength in deaerated 3 percent NaCl aqueous solution is 38 ksi 
(265 MPa), which is about 3 times higher than the strength in aerated solutions. The degree of 
decrease of fatigue strength in deaerated solutions compared with the decrease in fatigue limit 
in air is about 30 percent. Thus, the detrimental effect of oxygen is large. Although corrosion 
pits were observed at the crack-initiation sites in both aerated and deaerated solutions, the 
corrosion was more severe in aerated solutions, as evidenced by the buildup of rust on the 
samples. 

For the experiments on the influence of stress concentration factor (Kt) and surface 
roughness, Wöhler-type rotating bending fatigue testing machines were used. The effect of 
stress concentration factor on fatigue strength in air and in 3 percent NaCl solution is shown in 
Figure 104. Considering the fatigue limits, stress concentration had a significant effect in air, 
but only a slight effect in 3 percent NaCl solution. The corrosion-fatigue strengths in air and in 
3 percent NaCl as a function of stress concentration factor are shown in Figure 105. From these 
two figures, it can be seen that corrosion-fatgue strengths (Kt = 2.6 and Kt = 3.3) in these two 
media are almost equal in the range 106 to 108 cycles. 

The relation between stress concentration factor (Kt) and fatigue notch factor (K() in air 
and 3 percent NaCl aqueous solution (N = 5 x 107 cycles) is shown in Figure 106. It is clear from 
the figure that Kt - Kt in air, but Kt < Kt in the small-Kt range in 3 percent NaCl aqueous 
solution. When Kt > 2.5, Kt was almost constant at a value Kt - 2. The authors note that the 
influence of stress concentration depends upon the corrosive environment. 

The corrosion-fatigue-test results for the specimens with different surface roughness in 
the air and 3 percent NaCl aqueous solution at room temperature are shown in Figure 107. In 
both environments, the difference in corrosion-fatigue strength due to difference in surface 
roughness to the extent of 5 to 13 /i was not significant. Figure 108 shows the effect of surface 
roughness on the corrosion-fatigue-test results in a 3 percent NaCl solution at 176 F (80 C). 
Round specimens 0.39 in. (10 mm) in diameter were used for the tests. The fatigue strength was 
slightly decreased in 3 percent NaCl solution at a surface roughness of 1 ^ as compared with 
that at 15 //■ Overall, these results indicate that surface roughness does not greatly affect the 
fatigue life of 13Cr stainless steel in seawater. 

Data on fatigue-crack-growth rate (da/dN) were generated for Type 403 (12 percent Cr) 
stainless steel blading material in various marine turbine environments.180 Tests were con- 
ducted in air, distilled water, seawater, and sulfurous acid at 75 F (23.9 C) and 200 F (93 C) and in 
high and low (40 ppm to < 1 ppm) oxygen content steam at 212 F (100 C). Very low crack- 
growth-rate data (da/dN = 10'9 in./cycle) were also generated in air, steam, and brine- 
saturated-steam environments. All tests were conducted with compact tension (CT) specimens 
under constant load amplitude conditions, and the results were expressed in terms of fracture 
mechanics parameters. 
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Fatigue-crack-growth rates of Type 403 stainless steel in seawater at room temperature and 
in seawater and distilled water at 200 F are presented in Figures 109 and 110, respectively. At 
room temperature the results of tests in seawater and distilled water fell within the same 
scatterband established for air tests. Very little data scatter was encountered in the tests. At 200 
F (93 C) the fatigue-crack-growth rates in seawater and distilled water were essentially 
identical, but they were lower than that in air. The effects of various marine turbine 
environments on the fatigue-crack-growth rates are summarized in Figure 111. 

The following conclusions were drawn from the study by Clark.180 The fatigue-crack- 
growth rates for Type 403 stainless steel blading material conform to the generalized fracture 
mechanics crack growth rate law where 

da^ 

dN 
CoAKn 

The room-temperature fatigue-crack-growth rates for Type 403 stainless steel tested in air, 
distilled water, seawater, and sulfurous acid at pH levels of 3 and above are essentially identical 
and can be summarized by the crack-growth-rate equation: 

da^ 

dN 
= 1.6 x 10'9 AK24 (in./cycle, ksi /in".). 
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Fatigue-Crack Growth Rate of Type 403 Stainless Steel 1^0 

At 200 F, however, the water (distilled and seawater), steam, and sulfurous acid environments 
increased the rate of fatigue crack growth in Type 403 stainless steel by factors of approximately 
2.5, 3, and 5, respectively, over that in air. 

Abrego and Begley181 investigated the fatigue-crack-growth behavior of Type 403 (12Cr) 
stainless steel in aqueous solutions at 212 F (100 C). Their results for tests in sodium chloride 
solutions are summarized here. Tests were run at two concentrations of sodium chloride, 1 M 
and 0.01 M at pH 2, 7, and 10. 

Figure 112 shows the effect of test frequency on the fatigue-crack-growth rates in 0.01 M 
NaCl, pH 10, 212 F (100 C). These results are similar to the crack growth rates obtained in water. 
The sample cycled at 40 Hz had a crack growth rate faster than that in air. At AK ;> 13.65 ksi 
v/hT. (15 MPa x/niy, crack growth rates increased with decreasing frequency. This frequency 

effect was similar to the water results. The threshold stress intensity factor range, AKtn, 
obtained in 0.01 M sodium chloride, 212 F (100 C), pH 2 and 10 was identical to that obtained in 
water. Solution pH had little influence on AKtn. 

Figure 113 shows the fatigue-crack-growth rates in 1 M sodium chloride at 10 Hz, pH 2, 7, 
and 10 at 212 F (100 C). The crack growth rate in 1 M sodium chloride was almost identical to 
that obtained in water, which also coincided with the growth rates obtained in 0.01 M NaCl, 
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pH 10,212 F (100 C). Consequently, the detrimental effects of the chloride anion concentration 
and solution pH were no worse than those produced by boiling water. 

The authors concluded that NaCI either of low (0.01 M) or of high (1 M) concentration 
does not produce a fatigue-crack-growth rate either lower or higher than that produced by 
water alone. The anions did produce a shift in the open-circuit potential, which was pH 
dependent, but this shift was not significant in terms of fatigue-crack-growth rates. 

Collins182 investigated the effect of residual magnetism on corrosion-fatigue properties of 
Type 410 stainless steel compressor blades. Residual magnetism was beneficial in improving 
the corrosion-fatigue strength of Type AISI-410 tested in a synthetic seawater environment. 
The corrosion-fatigue strength of magnetized blades was improved 56 percent, and survival 
time was increased 37 percent as compared with that of nonmagnetized blades. The 
improvement was attributed to a reduction in the rate at which dislocations cross slip to 
broaden slip planes which are preferentially attacked by the corrosion media. X-ray diffraction 
studies confirmed an interaction of dislocations and magnetic domain walls. 
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Austenitic, Duplex and Cr-Mo 
Ferrific Stainless Steels .-.-. 

The nominal compositions of stainless steels discussed in this section are presented in 
Table 10. Austenitic stainless steels were primarily of the following types: AISI 304, AISI 316, 
and the titanium-stabilized grades. Several austenitic/ferritic, duplex stainless steels were 
investigated. Only limited data were available for the Cr-Mo ferritic stainless steels. Nearly all 
of the data reported were for fatigue life, and only a few studies measured crack growth. 

Sedricks and Money5 evaluated AISI 304 and 316 stainless steels and the low-carbon grades 
AISI 304L and 316L in seawater using smooth cantilever beam specimens rotating at 1450 rpm 
(24.2 Hz). They defined a corrosion-fatigue strength (CFS) as the lowest alternating stress at 
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TABLE 10. Nominal Chemical Composition of Austenitic, Duplex, and Cr-Mo Ferritic Stainless Steels 

Alloy Cr Ni 

Major Alloying Elements, wt % 

Mo Other Reference 

AISI 304 19 10 
AISI3Ü4L 19 10 
AISI 316 18 12 2.5 
AISI3I6L 18 12 2.5 
Z6CND 17.12 17 10.7 2.2 
Z5CNDT 17.12 16.8 11.6 2.2 
Z3CNDU21.7 21.1 6.2 2.4 
ZÜ CD 26.1 26.2 0.1 1.0 
X2CrNiN181ü 18.2 10 0.4 
X2CrNiMüN1813 17.4 12.5 2.4 
X3CrNiMoNI7135 16.8 13.5 4.2 
X2CrNiMüN22S 23 5.5 2.9 
XI0CiNiTil89 17.3 9.7 0.5 
XlOCrNiMoTilSlO 17.6 11.8 2.2 
ETil99nC26 18.9 9.4 
EKbl9153Mn8N2ü 18.1 15.3 2.8 
ETil9123nC26 17.7 11.8 2.6 
EKbl8171nC20 17.4 16.5 4.1 
EKb257MoNb20 23.0 8.1 1.4 
ETi2283nC26 23.8 9.0 3.2 
AISI 316 16.8 11.6 2.4 
Fcrratium 25 5 2.5 
0Crl8Nil0Ti 18 10 

2 Mn, 0.08 C 5 
2Mn>0.03C 5 
2Mn,0.08C 5 
2Mn,ü.03C 5 
1.9 Mn, 0.55; 177, 183 
0.4Ti, I^Mn.O^SI 177,183 
0.05 N, 1.7 Mn,0.5Si 177,183 
0.007 N, 0.001 C,0.21 Si 177,183 
0.14 N, 1.7 Mn.O.SSi 184 
0.11 N,2Mn,0.5Si 184 
0.15N, 1.9Mn,0.4Si 184 
0.13 N, 1.7 Mn, 0.4 Si 184 
0.5 Ti, 1.9 Mn, 0.5 Si 184 
0.5 Ti, 1.9 Mn, 0.5 Si 184 
1 Si.OJMn, 184 
0.3 S; 7.5 Mn, 0.1 N 184 
1 Si,0.9Mn; 184 
0.2 Si, 2.2 Mn 184 
0.3 S, 0.7 Mn, 0.1 Nb 184 
lSi,0.8Mn,0.17N 184 
1.7Mn,0.4Si 185 
3Cu,0.2N 186 
Ti stabilized 187 

which an alloy survived 100 megacycles in a test lasting 48 days. Their results for these aus- 
tenitic stainless steels are presented in Figure 114. Data points for a mild steel and Alloy 800 
were included for comparison. There was little distinction among the corrosion-fatigue 
strengths of the austenitic stainless steels. Generally the behavior was erratic and wide scatter 
in the data was observed. The erratic behavior was ascribed to the tendency for these alloys to 
pit in low-velocity seawater. The authors suggest that the corrosion-fatigue strength increases 
with increasing resistance to pitting corrosion. 

Amzallag and his co-workers177,183 studied corrosion-fatigue-crack initiation and growth 
in four types of stainless steels: two types of austenitic steels (Z6 CND 17.12 and titanium- 
stablized Z6 CNDT 17.12), a ferritic steel (Z0 CD 26.1), and an austenitic/ferritic duplex steel (Z3 
CNDU 21.7). Rotating-bending tests at 50 Hz were used to produce fatigue life curves with 
corrosion-fatigue strengths being measured at 3 x 107 cycles. Fatigue-crack-growth tests were 
conducted under sinusoidal tension-tension loading (at R = 0.1) at frequencies from 0.5 to 20 
Hz. Results of rotating-bending tests are summarized in Table 11. The increasing order of 
resistance to corrosion fatigue was the austenitic stainless steel (low), austenitic-ferritic steel, 
and ferritic steel (high). This ranking is attributed to the stainless steels being passive under the 
test conditions and having a protective film to prevent corrosion. The ferritic steel, which had 
the most protective film and the passive film that would re-form most rapidly, was the least 
damaged by the 3 percent NaCI. The authors concluded that resistance to corrosion fatigue in 
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TABLE 11. Corrosion-Fatigue Strength of Stainless Steels in Air and in 3 Percent NaCI at 3 x 107 Cycles '77 

Air 3% NaCI Solution (pH = 6) 

Alloy 
Fatigue Limit, 

ksi (MPa) 
Fatigue Limit 

Tensile Strength 
Tensile Strength, 

ksi (MPa) 
Corrosion-Fatigue Strength 

Tensile Strength 

Z6CND 17.12 47 (320) 0.57 34.6 (235) 0.42 

Z6CNDT17.12 49(335) 0.52 40 (270) 0.42 

Z3CNDU21.7 58.8 (400) 0.62 42.6 (290) 0.45 

ZO CD 26.1 51.5(350) 0.74 45.6(310) 0.65 

the passive state depends on both the resistance to fatigue in air (mechanical properties) and 
the ability to form and maintain a protective film in the corrosive solution (corrosion 
resistance). 

The effect of imposed potential on the corrosion-fatigue behavior of the ferritic steel, Z3 
CNDU 21-7, is shown in Figure 115. The results of rotating-bending tests in 3 percent NaCI at 
open circuit and with imposed potentials of 0.2,0.05, and 0 V SCE are presented. At a potential 
where significant localized corrosion was observed (0.2 V SCE), the steel was severely damaged 
by corrosion fatigue. At 0.05 V SCE near the open-circuit potential, localized corrosion is still 
possible and could be accelerated by applied stress because of damage to the passive film. A 
significant improvement in corrosion-fatigue resistance was observed at a potential of 0 V SCE, 
where the passive film is quite stable and re-forms rapidly when damaged. 

Crack growth rates (da/dN) in air as a function of stress intensity factor (AK) for the four 
stainless steels are shown in Figure 116. The curves for the two austenitic steels (A and B) were 
almost identical. For values of AK greater than 27.30 ksi \/\n. (30 MPa \fn\), the lowest crack 
growth rate was observed for the ferritic steel (D), followed by the austenitic-ferritic steel (C) 
and the austenitic steels. For austenitic steels tested at a frequency of 20 Hz, the corrosive 
solution had no influence on crack growth rate. The da/dN values were identical to those 
obtained in air. For the austenitic-ferritic steel at high values of AK, a significant increase in 
crack growth rate was observed. As shown in Figure 117, the effect was even greater at the 
lower frequency of 0.5 Hz. Similar damage by the corrosive solution was observed for the 
ferritic steel (Figure 118). The authors rationalize these results on the basis of an acceleration of 
anodic dissolution at the crack tip under the effect of increasing applied stress. The degree of 
protection and stability of passive films were the primary corrosion parameters in rotating 
beam tests for crack initiation; however, the anodic dissolution and repassivation of films were 
the primary corrosion parameters in the crack growth tests. 

Bock184 investigated the corrosion-fatigue behavior of nitrogen-alloyed, austenitic and 
ferritic-austenitic stainless steels. The alloys were tested in 3 percent NaCI solution at 104 F (40 
C) and over a range of pH and redox potential. The behavior of welding rods of matching 
composition was compared with that of the wrought alloys. The work was done to support 
materials selection for heat exchangers in corrosion solutions. 

A matrix of tests was performed. Parameters studied were pH, aeration versus deaeration, 
smooth versus notched specimens, and rotation frequency. The results of rotating beam tests 
for the wrought alloys in pH 1, 3, and 7 NaCI solutions and in air are summarized in Table 12. 
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FIGURE 115. Effect of Applied Potential on Corrosion-Fatigue 
Behavior of a Ferritic Stainless Steel in 3 Percent NaCM '' 
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FIGURE 116. Crack Growth Rates in Air for Two Austenitic 
Stainless Steels (A and B), an Austenitic-Ferritic Steel (C), 
and a Ferritic Steel (D)1'7 

Lower pH (more acidic) solutions were more damaging than the pH 7, neutral solution. At pH 
7, the fatigue resistance was essentially the same as that in air or slightly lower. The fatigue 
resistance of notched specimens was lower than that of smooth specimens; however, similar 
trends were observed for notched or smooth specimens in the corrosive solutions. Deaeration 
increased the corrosion-fatigue damage, which is to be expected for an alloy that derives 
corrosion resistance from a passive protective film. The aurtenitic-ferritic steel, X2CrNiMoN225, 
was the most fatigue resistant. 

Data on corrosion-fatigue strength at 2 x 107 cycles as a function of test frequency (10 to 
200 Hz) are summarized in Table 13. No major effect of frequency was observed, which is to be 
expected for this fairly high range of cyclic frequency. The results for weld rods are 
summarized in Table 14. In general the effects of the corrosive solution were similar for weld 
rod and the wrought steels. 

Journeaux et al185 examined the effect of prior corrosion on the fatigue resistance of an 
AISI-316 steel in air. Specimens were exposed to a 0.5 M NaCI solution, and pitting was 
stimulated by applied currents. Effects of the pits on fatigue resistance are shown in Figure 119. 
Wöhler-type rotating beam tests in air resulted in lower fatigue strength of the pitted 
specimens over the entire range of cycles. 
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TABLE 12. Effect of pH on Corrosion-Fatigue Strength of Stainless Steels at 100 Hz in 

3 Percent NaCI Solution at 104 F (40 C) 184 

|iH I 

Corroiion-Fjligur StrcnglhW, kii (MPj) 
pH J ~ pH 7 

Alloy lypc i>( Spt't imen Arrjlrd Ot Kittmi Aerdtcd Deuftltä Acrilcd Urarratcd  In Air 

X.'C ININ IK In 

Nil 

.ulh 

.lii.l 

.' (I 

(iK 

in«) 
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1. h 

i H 
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1101 

."i 
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(i 7 
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Nn 
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TABLE 13. Effect of Frequency on the Corrosion-Fatigue Limit of Stainless Steels 
in   3 Percent NaCI Solution at 104 F (40 C) 177 

Alloy Frequency, Hz 
Corrosion-Fatigue Limit(a), ksi (MPa) 

Air pH3 

X2CrNiN 1810 

XlOCrNITi 189 

X2CrNiMüN 1813 

XlOCrNIMoTilSlO 

X3CrNiMoN 17135 

X2CrNiMoN 225 

200 
100 

10.7 

200 
100 

10.7 

200 
100 

10.7 

200 
100 

10.7 

200 
100 

10.7 

200 
100 

10.7 

43.5 (300) 
46.4 (320) 
47.9 (330) 

46.4 (320) 
46.4 (320) 
47.9 (330) 

46 (317) 
44.3 (305) 

47.8 (329) 
47.6 (328) 
50.6  (349) 

43.5 (300) 
38.9 (268) 
46.4 (320) 

64.6 (445) 
66.5 (458) 
66.5  (458) 

23.9   (165) 
30.5   (210) 

31.8  (219) 
30.5   (210) 

32      (220) 

37.7   (260) 

38.3 (264) 
34.8  (240) 

47.9  (330) 
47.9 (330) 

(a) Smooth specimens in deaerated solution after 2 x 10   cycles. 
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TABLE 14. Corrosion-Fatigue Strength of Stainless Steel Weld Rods in 3 Percent NaCI Solution 

at 104 F (40 C) 177,100 Hi 

Weld-Rod 

Alloy Type of Specimen Type of Environment _EH_ 

Fatigue Strength'3), 

ksi (MPa) 

EKb 18174nC20+ Smooth 

EKb257MoNb20+ Smooth 

EKb257MoNb 20+ Smooth 

EKb257MoNb20+ Smooth 

EKb 257MoNb 20+ Smooth 

EKb257MoNb20+ Smooth 

EKb 257MoNb 20+ Smooth 

EKb257MoNb20+ Smooth 

EKb 18174nC20+ Smooth 

EKb 18174nC20+ Smooth 

EKbl8174nC20+ Smooth 

EKb18174nC20+ Smooth 

EKb18174nC20+ Smooth 

EKb18174nC20+ Smooth 

EKbl8174nC20+ Smooth 

ETi 2283nC 26 Smooth 

ETi 2283nC 26 Smooth 

ETi 2283nC 26 Smooth 

ETi 2283nC 26 Smooth 

Dcacratcd 

Deacrated 

Aerated 

Dcacratcd 

Aerated 

Deaeraied 

Aerated 

Deacrated 

Dcacratcd 

Aerated 

Deacrated 

Aerated 

Dcacratcd 

Aerated 

Deacrated 

Dcacratcd 

Deacrated 

Deacrated 

Deacrated 

Air 

1 

1 

3 

3 

7 

7 

Air 

1 

1 

3 

3 

7 

7 

Air 

1 

3 

7 

Air 

30.5 (210) 

31.5 (217) 

34.7 (239) 

50.8 (350) 

50.8 (350) 

62.7 (432) 

63.9 (440) 

56.6 (390) 

21 (145) 

22.3 (154) 

29 (200) 

29 (200) 

30.5 (210) 

30.5 (210) 

30.5 (210) 

31.5 (217) 

49.3 (340) 

58 (400) 

59.5 (410) 

(a) After 2 x 107 cycles. 

The corrosion-fatigue behavior of Ferralium, a duplex ferritic/austenitic stainless steel, 
was reported by Richardson et al 186 The fatigue-life curves for the wrought and cast alloy in 
air and in seawater are shown in Figure 120. Exposure to seawater significantly reduced the 
fatigue strength of the alloy in either the wrought or the cast form. 

Karpenko et al187 investigated the corrosion-fatigue strength of a OCrlBNilOTi stainless 
steel under axial cyclic loads in 3 percent NaCI solution at 446 F (230 C). The fatigue strength at 
5 x 106 cycles in tension-compression tests in air and in 3 percent NaCI at 446 F (230 C) was 24 
ksi (167 MPa) and 21 ksi (147 MPa), respectively. The full fatigue-life curves are shown in Figure 
121. Similar behavior was observed for tension-tension tests, as shown in Figure 122. The 
fatigue strengths (maximum stress) at 2 x 106 cycles were 57 ksi (392 MPa) in air and 46 ksi (314 
MPa) in 3 percent NaCI at 446 F (230 C), This damage from exposure to high-temperature 
chloride solutions is in contrast to room-temperature results, where no appreciable damage 
was observed for smooth, austenitic steel specimens. 
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FIGURE 121. Corrosion-Fatigue Behavior of 
an Austenitic Stainless Steel (GCrlSNilOTi) 
Tested in Tension-Compression in Air and 
3 Percent NaCI at 446 F (230 C)187 
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CHAPTER 5 

CORROSION-FATIGUE DATA FOR NICKEL, 
NICKEL ALLOYS, AND COPPER-NICKEL ALLOYS 

The corrosion-fatigue data for nickel, nickel alloys, and copper-nickel alloys are 
summarized in Table 15. The nickel and nickel alloys are listed first, followed by the copper- 
nickel alloys. For each alloy, the types of corrosion-fatigue data in the reference article are 
described, along with the type of specimen, loading, and environment. All of these alloys have 
corrosion resistance superior to that of steel in seawater, and therefore they are used for 
critical applications where corrosive conditions prevail. The corrosion-fatigue results for these 
alloys are all presented as fatigue-life (S-N)-curve data. No data on corrosion-fatigue-crack 
growth were found for these alloys in the literature. 

Nickel and Nickel Alloys 

Very few corrosion-fatigue data were available for nickel and nickel alloys. In general, 
these corrosion-resistant alloys exhibit good corrosion-fatigue resistance. 

Unalloyed Nickel 

McAdam3 studied fatigue and corrosion of a series of alloy systems. Fatigue tests were 
conducted using a cantilever-rotating beam type of specimen. The specimens were smooth 
(unnotched) and the cyclic frequency was 1450 rpm. Fatigue and corrosion-fatigue graphs for 
unalloyed nickel are shown in Figure 123. Two sets of curves are presented. The curves at the 
upper right are for cold-rolled nickel which was given a low-temperature anneal [600 F (315 C) 
for 2 hours] to relieve internal stress with practically no reduction in strength. The curves at the 
lower left are for a fully annealed nickel [1400 F (760 C) for 1 hour). The tensile strengths were 
131.7 ksi (908 MPa) and 77.6 ksi (535 MPa), respectively. Each of the two families of curves has its 
own scale for number of cycles to failure, with the decades identified by the numbers above 
the curves. The stress scale on the ordinate is the same for all curves. 

Fatigue behavior in air is indicated by the solid curves in Figure 123, and corrosion-fatigue 
results in fresh water and saltwater are represented by the broken lines. The saltwater was river 
water with approximately one-third the salinity of seawater. The most striking effect is that the 
corrosion-fatigue limits for the strain-hardened and fully annealed nickel are practically the 
same. Cold working increases the fatigue limit (air) approximately in proportion to the 
increase in tensile strength; however, cold working had little effect on the corrosion-fatigue 
limit. This effect was also observed for steel, where composition and heat treatment were 
found to influence the corrosion-fatigue limit only through their influence on corrosion 
resistance and not on mechanical properties, i he results are nearly identical in fresh water and 
saltwater. 

At high stresses, the corrosion-fatigue plots correspond to the fatigue plots. As the stress 
level decreases, the fatigue and corrosion-fatigue curves diverge. The curves clearly separate 
at approximately 1 million and 4 million cycles for the strain hardened and annealed nickels, 
respectively, at a frequency of 1450 rpm. 
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Nickel Alloys 

The nominal chemical compositions of nickel alloys discussed in this section are presented 
in Table 16. Nominal nickel contents range from 32 to 77 weight percent. 

Sedricks and Money5 evaluated a number of nickel alloys in seawater using smooth 
(unnotched) cantilever beam specimens rotating at 1450 rpm. Most alloys do not exhibit a 
fatigue limit when tested in seawater; thus, for purposes of or comparison, corrosion-fatigue 
strength was defined as the minimum alternating stress at which a given alloy survived 100 
megacycles in a test lasting 48 days. 

The results for nickel alloys obtained by Sedricks and Money5 are summarized in Figure 
124. The long-life corrosion-fatigue strength is directly proportional to ultimate tensile 
strength for these alloys. None of the alloys showed evidence of corrosion at the termination 
of the tests, and all failures occurred as a result of a single crack. These features are believed to 
be related to the high resistance of these alloys to localized corrosion attack, which is 
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TABLE 16. Nominal Chemical Compositions of the High-Nickel Alloys 

Alloy 
Major Alloying Elements, wt % 

Ni Cr Fe Mo Co Other 

Inconci Alloy 718 Bal 19 17 3 

Inconcl Alloy 625 Bal 21 2.5 9 

Hdstclloy C Bal 16 5 16 

IN-120(a) BJI 21 4 

Intoloy Alloy 80Ü 32 21 Bal 

Inconcl Alloy 600 Bal 16 7 

Incoloy Alloy 825 40 20 32 2 

Medium Cr, High Ni Alloy 34.7 10.9 Bal 

5Cb,0.8Til0.6AI 

3.6(Td + Cb) 

4W 

14 2.5Ti, 2 (Cb + Ta) 

0.4Ti,0.4AI 

1.7Cu, l.lTi,0.2AI 

0.39C>1.1Mn,0.15Si 

(a) An experimental dlloy at the time the ddtd were published. 
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evidenced by their extremely good resistance to pitting corrosion. Thus, high pitting resistance 
correlated with good resistance to the localized attack at slip bands usually associated with 
corrosion-fatigue-crack initiation. In these cases, the crack-initiation mechanism is similar to 
that which occurs for tests in air. Therefore, properties such as ultimate tensile strength, which 
correlate with fatigue strength in air, also correlate with corrosion-fatigue strength. 

The effect of grain size on corrosion-fatigue strength of Inconel Alloy 718 was examined5, 
and the results are shown in Figure 125. Both fatigue strength in air and corrosion-fatigue 
strength in seawater increased with decreasing grain size. The differences are not related to 
changes in tensile strength since both the .0004 in. (.01 mm) and .003 in. (.068 mm) grain size 
materials had the same tensile strength 189 ksi (1303 MPa). Nor is this effect related to 
differences in pitting resistance since the effect is observed in air and in seawater. With high 
corrosion resistance, the correspondingly high resistance of nickel alloys to corrosion fatigue 
in seawater correlates well with high ultimate tensile strength and small grain size. These same 
factors normally give enhanced fatigue resistance in an air environment. 

McAdam4 reported corrosion-fatigue data for a medium chromium-high nickel (10.9Cr- 
34.7Ni) alloy in air, fresh water, and saltwater. His results are presented in Figure 126. The alloy 
was selected in a study of spring materials, because it had a higher elastic limit (E.L. in the 
figure) than many of the corrosion-resistant steels. Even though the corrosion-fatigue 
resistance in saltwater is significantly reduced from that in fresh water, or in air, the alloy is 
more corrosion-fatigue resistant than ordinary steels. 
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Copper-Nickel Alloys 

Smooth Specimens in Fresh and Saltwoter 

Copper-nickel alloys are widely used in seawater because of their high corrosion 
resistance. (For corrosion-fatigue data on these alloys see Table 15.) The nominal chemical 
compositions of alloys discussed in this section are given in Table 17. The data for other copper 
alloys are given in Chapter 6. 

The corrosion-fatigue strength of wrought Monel Alloy K-500 with an ultimate tensile 
strength of 176 ksi (1214 MPa) was 26 ksi (179 MPa) in seawater.5 The data were obtained using 
smooth, cantilever beam specimens rotating at 1450 for a maximum duration of 100 megacycles 
(approximately 48 days). The corrosion-fatigue strength was defined as the minimum alternat- 
ing stress at which the alloy survived 100 megacycles. 

The fatigue and corrosion-fatigue graphs for Monel are shown in Figure 127 from 
McAdam.3 Two sets of curves are presented. The curves at the upper right are for cold-rolled 
Monel which was given a low-temperature anneal (425 C for 3 hours). This heat treatment 
relieved internal stress with practically no reduction in strength. The curves at the lower left 
are for a fully annealed Monel (760 C for 1 hour). The tensile strengths were 127.7 ksi (880 MPa) 
and 81.9 l' (565 MPa), respectively. Each family of curves has its own scale for number of 
cycles to failure, with the decades identified by the number above the curves. The stress scale 
on the ordinate is the same for all curves. 

The corrosion-fatigue limits for cold-rolled and fully annealed Monel were practically the 
same.3 As was found for nickel, there is much less difference between the corrosion-fatigue 
limit in fresh water and that in saltwater. This is in contrast to the behavior of steels, where 
exposure to saltwater greatly reduced the corrosion-fatigue limit below that in fresh water. At 
higher stresses, the corrosion-fatigue curves for Monel were slightly above the air fatigue 
curves. The point at which the corrosion-fatigue curve started to rapidly descend below the 
air-fatigue curve was at about 1 million cycles for cold-rolled Monel and at about 2 million 
cycles for fully annealed Monel. 
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TABLE 17. Nominal Chemical Compositions of the Copper-Nickel Alloys 

Major Alloying Elements, wt % 
Alloy Ni Cu Fe Mn Other Refcrer 

Monel K-500 66 29 1.0 0.7 3AI,0.6Ti 5 

Moncl 68 29 1.5 1.0 - 188 

Monel 67 29 1.8 1.0 - 3 

45Ni-55Cu 45 54 0.5 0.5 188 

48Ni-48Cu 48 48 1.1 1.9 3 

21Ni-78Cu 21 78 0.5 (-.2 3 

20Ni-79Cu 20 79 0.4 0.3 - 4 

29Ni-67Cu 29 67 2.8 1.4 - 4 

40Ni-57Cu 40 57 1.1 1.8 - 4 

63Ni-35Cu 63 35 0.9 0.7 0.7AI 190 

65Ni-30Cu 65 30 1.6 0.8 0.9AI 190 

63Ni-30Cu-2.8Si 63 30 2.3 0.5 2.851,1.5 A! 190 

66Ni-28Cu-3.6Si 66 28 1.5 0.6 3.6Si 190 

CDA 722 16 72 0.9 0.7 0.6Cr 26 
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Three pairs of graphs arranged from left to right with increasing nickel content are shown 
in Figure 1283. The two graphs to the left are for electrolytic copper, the two in the middle are 
for a 21Ni-78Cu alloy, and the two on the right are for a 48Ni-48Cu alloy. The shape of the 
fatigue life (S-N) curves is the same as that observed for nickel and Monel. For the 48Ni-48Cu 
alloy, rapid descent of the corrosion-fatigue curve below the air-fatigue curve did not occur 
until nearly 10 million cycles; however, the corrosion fatigue limits were no higher than those 
for the 21Ni-78Cu alloy or for Monel. For the 21Ni-78Cu alloy, practically no difference was 
observed between corrosion-fatigue behavior in fresh water and that in saltwater, and the 
corrosion-fatigue limit was approximately the same as that for Monel. For the annealed 21Ni- 
78Cu alloy tested in water environments, the corroston-fatigue-data curve did not drop below 
that for in-air test data. Therefore, it was only after strengthening by cold work that an intrinsic 
corrosion-fatigue effect was observed for the alloy. Similar results were observed for cold- 
worked and hot-rolled copper, where the corrosion-fatigue data curves from tests in water 
environments remained on or above that for in-air test data. This behavior did not result from 
a lack of chemical reaction in the corrosion-fatigue tests. The surfaces of copper specimens 
tested in water environments were heavily coated with films of corrosion products. Either the 
copper was not sensitive to localized corrosion or the general corrosion process did not 
produce enough metal loss to significantly increase the actual net-section stress significantly. 
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McAdam's data for several copper-nickel alloys are summarized205 in Table 18. McAdam4 

observed that for the copper-nickel alloys, those fully annealed had a nominal fatigue limit 
above their elastic limit and even above their yield point because the specimen surface layer 
yielded and underwent cyclic plastic deformation. If sufficient cyclic hardening occurred, the 
outer surface would have stabilized with nominally elastic cyclic stress-strain response. 
However, it is possible that some cyclic inelasticity still remained, in which case the nominal 
stress values would be lower than the actual stress at the surface. Thus, care should be taken in 
using the reported stress levels for data on the fully annealed alloys. This cyclic plasticity and 
associated cyclic hardening behavior was characteristic of all fully annealed alloys of only one 
microconstituent (alpha solid solution). 
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TABLE 18. Summary of Corrosion-Fatigue Data for Various Copper-Nickel Alloys'91 

r 

i 

Corrosion-Fatigue Strength, 
Composition of Alloy, percent 

Condition 
ksi (MPa) Number of 

Copper Nickel 

21 

Iron Manganese Air Tap Water Saltwater Cycles x 106 

78 0,51 0.29 Cold drjwn, tempered 35.8 (243) 30 (204) 100 
Annealed 22,6(154) 22.6(154) 22,6(154) 100 

67,11 28,6 2,83 1,35 Cold drawn, tempered 
Annealed 

50,6 (344) 
126,5 (860) 

29 (200) 
29 (200) 

50 
50 

56.6 40,3 1,09 Annealed 42(285.6) 39 (268) 50 

53,5 45 0,38 1.03 Cold drawn, tempered 57,6(391,7) 27(91) 31 (211) 100 
Annealed 42,2(287) 31 (211) 32(218) 100 

29,54 67,5 1,76 0,95 Cold drawn, tempered 73.2(198) 34 (228) 39 (268) 100 
Annealed 50 (340) 37 (249) 50 

For fully annealed alloys, the fatigue limit increased rapidly with nickel content up to 
nickel concentrations of about 45 percent.4 Beyond this concentration, the fatigue limit 
remained essentially constant with increasing nickel. Cold-rolled, nickel-copper alloys in 1- 
inch (25.4 mm) -diameter rods with tensile strengths of 135 to 140 ksi (931 to 965 MPa) had a 
fatigue limit of greater than 50 ksi (345 MPa). To obtain this fatigue limit, a mild anneal was 
required after cold working to relieve internal stresses. 

Stewart and Williams190 reported corrosion-fatigue strengths for two cast Cu-Ni and two 
cast Cu-Ni-Si alloys in seawater. Rotating cantilever beam tests at 1450 rpm (24.2 Hz were run in 
brackish estuary water with one-third to one-sixth the salinity of seawater. Smooth, tapered 
specimens were used. The fatigue and corrosion-fatigue strengths are given in Table 19. The 
data for the cast alloys were more scattered than those typically obtained for wrought alloys. 
The corrosion-fatigue strengths at 5 x 107 cycles ranged from 10 to 13 ksi (69 to 90 MPa). No 
clear effect of silicon was observed. 

TABLE 19. Fatigue and Corrosion-Fatigue Strengths of Cast Cu-Ni and Cu-Ni-Si Alloys 
in Saltwater 190 

Alloy 

Tensile 
Strength, 
ksi (MPa) 

Yield 
Strength, 
ksi (MPa) 

Fatigue 
Strength^), 

ksi (MPa) 

Corrosion-Fatigue 
Strength(a), 
ksi (MPa) 

F.- -. 

-■ 

-  ,        ■ 

63Ni-35Cu 74.0(510) 27.2(188) 18(124) 12.5(86) 

65Ni-3ÜCu 52.4(361) 25.0(172) 12(83) 10(69) 

63Ni-30Cu-2.85 92.3 (636) 72.2 (498) 15(103) 11 (76) 

66Ni-28Cu-3.6Si 137(941) 102(703) 16(110) 13(90) 

(a) Al 5x I07 cycles. 
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The effect of heat treatment on the fatigue and corrosion-fatigue of a Cu-Ni-Cr alloy, CDA 
722, was investigated by Hahn and Duquette.28 Fully reversed cycling fatigue tests of axially 
loaded specimens were performed in air and in 0.5 N NaCl solution. Tests were conducted 
under conditions of free corrosion and with applied anodic currents. The alloy was heat 
treated to produce a solution-treated structure and a precipitation-hardened structure. The 
fatigue-life curves are shown in Figure 129. Exposure to the aqueous solution under free- 
corrosion conditions did not significantly affect the fatigue resistance of the solution treated 
alloy, but the precipitation-hardened alloy showed a significant reduction in fatigue resistance 
when exposed to the sodium chloride solution. However, the precipitation-hardened material 
still had higher corrosion-fatigue strength than the solution-treated material in the range of 
cyclic lives studied (105 to 107 cycles). The difference in behavior between these two heat 
treatments is related to the distribution of slip. In the solution-treated material, slip was 
diffused and not localized where it would be highly sensitive to corrosive attack. In contrast, 
the dispersion-strengthened material exhibited well-defined planar arrays of slip. The localized 
regions where these planar slip bands are exposed at the metal surface were subject to 
localized corrosive action, resulting in the observed reduction in corrosion-fatigue life 
compared to that in air. 

i-i 

Number of Cycles to Failure 

FIGURE 129. Corrosion-Fatigue Strength of Solution-Treated and Age-Hardened Alloy CDA-722 in Laboratory 
Air and In Aerated 0.5 N NaCl Solution Under Free-Corrosion Conditions at 20 Hz26 

Small applied anodic currents decreased the corrosion-fatigue resistance of the alloy in 
either heat-treated condition. Increasing the anodic currents to approximately 600/uA/cm2 

resulted in a further decrease in fatigue resistance. At a current greater than 600//A/cm2, the 
fatigue resistance increased because of blunting of microcracks by anodic dissolution. In both 
heat treatments, fatigue in air resulted in mixed transgranular-intergranular crack initiation 
and propagation. Applied anodic currents increased the relative amount of intergranular 
cracking. 
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Gross and co-workers investigated the low-cycle fatigue behavior of nonferrous alloys for 
submarine heat exchangers and saltwater piping applications.192,194 Low-cycle, flexural fatigue 
tests were carried out using beam specimens subjected to completely reversed bending strain. 
A cycle rate of 5 rpm with essentially a square wave was used. Alloys investigated included 
Monel, Cufenloy 40, Cupro-Nickel 707,70-30 Cupro-Nickel and 90-10 Cupro-Nickel. From the 
limited test results, the authors conclude that saltwater corrosion had little effect on low-cycle 
fatigue life. Wrought Monel and forged Ni-AI bronze had the highest fatigue (air) strengths, 
whereas gun metal and valve bronze had the lowest fatigue strengths. 

Effect of Prior Corrosion on Fatigue Strength 

The effects of prior corrosion on the fatigue strength of Monel and a 45Ni-55Cu alloy 
(Constantan) were investigated by Ellinghausen.188 Prior corrosion was carried out with the 
specimens completely submerged in slowly moving seawater for periods of 60 and 390 days. 
The corroded specimens were tested at various stresses to establish the stress-cycle relation- 
ship up to 108 cycles. All fatigue tests were made at 1780 cpm with rotating cantilever beam 
specimens. The results are summarized in Table 20. The long-life fatigue strength of both 
Monel and the 45Ni-55Cu alloy was lowered after exposure to seawater prior to the fatigue 
tests. 

TABLE 20. Effect of Prior Corrosion in Seawater on Fatigue Properties of Monel and a 45Ni-55Cu Alloy1*8 

Surface Finish and Tensile 
Prior Exposure Strength, Fatigue Strength , ksi (MPa) 

Alloy Condition in Seawater ksi (MPa) 107 Cycles 10» Cycles 

Mund melal Cold drawn, Pülishcd, not exposed 101 (686.8) 14(97) 28(193) 
lempcrcd Polished, 60 days 27(186) 22(152) 
575 F,4hr Polished, 340 days 25(172) 21 (145) 

Mono! mclal Cold drawn, Oxidued, not exposed 91 (619.8) 28 (193) 21 (145) 
tempered Oxidi/cd, 60 days 27(186) 
1000 F, 2 hr Oxidi/cd, 390 days 21 (145) 16(110) 

Monel melal Cold drawn, Polished, not exposed 91 (619.8) 35(241) 31 (214) 
lempcrcd Polished, 60 days 30(207) - 
lOOOF^hr Polished, 390 days 24(166) - 

Monel mclal Hot rolled Smooth machined, 
not exposed 

84(571) 32(221) 31 (214) 

Smooth machined, 30 (207) 29(200) 
60 days 

Smooth machined. 23(159) - 
390 days 

Conslanlan Cold drawn. Smooth machined, 75 (510) 32(221) 31 (214) 
45-55 Ni-Cu tempered not exposed 

800 F, 2 hr Smooth machined, 
60 days 

22(152) 21 (145) 

Smooth machined, 19(131) 17(117) 
390 days 
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Corrosion Fatigue of Welds 

The performance in seawater of several copper-alloy weld fabrications was investigated by 
Newcombe.189 The aim of the work was to support development of welding for maintenance 
and modification of existing copper-alloy cast components. Two precipitation-hardened 
Cupro-Nickel alloys, 90-10 and 70-30 Cu-Ni, were included in the study. These alloys were of 
interest because of their near matching composition with that of wrought Cupro-Nickel alloys 
used for seawater piping. Low-cycle, corrosion-fatigue tests using reverse bend, cantilever 
beam specimens were performed on variations of a 90-10 Cu-Ni cast alloy. No fatigue-life data 
were reported, and the results were described only qualitatively. The Cupro-Nickel alloy 
specimens showed that crack initiation at the free surface was associated essentially with grain 
boundaries. Some selective attack of cored areas from which cracks had developed was 
observed. 
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CHAPTER 6 

CORROSION-FATIGUE DATA FOR 
COPPER-DASE ALLOYS 

Corrosion-fatigue data for copper-base alloys are summarized in Table 21. Data on the 
Cu-Ni alloys are presented in Chapter 5, and are not repeated herein. Examination of the 
entries in Table 21 shows that almost all of the studies listed reported data in terms of 
corrosion-fatigue life—either as fatigue-life (S-N) curves or as corrosion-fatigue strength (CFS). 
Data on corrosion-fatigue-crack growth were reported in only two studies195,196. Therefore, 
the bulk of this chapter concentrates on fatigue-life data, and only a brief section on fatigue- 
crack-growth data is presented. 

Fotigue-Life Data 

General Discussion 

Most of the corrosion-fatigue data for copper alloys are for smooth specimens tested in 
rotating bending or reversed bending (R = -1) at high cyclic frequencies (20 to 50 Hz). The 
objective of the studies has been to obtain an experimental measure of the corrosion-fatigue 
strength in the high-cycle life regime. Typically, the corrosion-fatigue strengths at 108 cycles to 
failure or fatigue-life (S-N) curves from which these values could be determined were 
reported. Data on CFS at 108 cycles to failure for copper-base alloys tested in saline solutions or 
in salt-spray environments are summarized in Table 22. In general, the CFSs for these alloys are 
as high as, or even somewhat higher than, those for carbon and low-alloy steels under free- 
corrosion conditions, but are not as high as those for some of the highly corrosion-resistant 
alloys. The copper-base alloys are fairly easy to fabricate and are used extensively in cast 
components to avoid high fabrication costs. Many of the experimental data on these alloys 
have been developed to aid in their application in ship components, such as shafts and 
propellers. 

Corrosion-fatigue data for electrolytic copper3 provide a baseline for comparison with the 
various copper-base alloys. The fatigue-life (S-N) curves for this type of copper are shown in 
Figure 130. The corrosion-fatigue strength in a salt-water solution is slightly greater than that in 
air. Masuda and Duquette197 found no environmental degradation in fatigue strength when 
high-purity copper was tested in a 0.5 N NaCl solution under free-corrosion conditions. 
However, applied anodic currents ^10 /L/A/cm2 decreased the CFS and caused a shift from 
transgranular to intergranular cracking. Duquette et al199 found that the CFS of a Cu-7.8Al 
alloy was significantly reduced in 0.5 N NaCl solution compared with that in air, as shown in 
Figure 131. Even with this significant reduction, the CFS (at 107 cycles) of the Cu-7.8AI alloy was 
about 70 percent greater than that of pure copper under the same test conditions. The pure 
copper exhibited wavy slip behavior and exposure to NaCl solution did not affect its crack- 
initiation behavior. The Cu-Al alloy exhibited planar as slip behavior because of its lower 
stacking fault energy, and the mode of crack initiation changed from transgranular to 
intergranular when the alloy was exposed to the NaCl solution. Hahn and Duquette26 made 
similar observations for a Cu-Ni alloy. (See Chapter 5 on nickel-base alloys). Thus, alloying 
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TABLE 22. Corrosion-Fatigue Strength of Copper Alloys in Saline Solutions at R = -1 

'!"■ 

\: ! 

Condition Corrosion-Fatigue Strength 
Alloy or Treatment at108Cycl es, ksi (MPa) Reference 

Electrolytic Copper CW 16.5 (114) 3 
Electrolytic Copper FA 10.0 (69.0) 3 
95Cu-5Sn CW 22.0 (152) 4 
92Cu-8Sn CW 19.0 (131) 4 
84Cu-14Zn-1.6Sn Cast 5.5 (37.9) 190 
86Cu-6Zn-7.6Sn Cast 6.0 (41.4) 190 
30% a Brass Cast 11.9 (81.9) 202 
20% a Brass Cast 14.3 (98.8) 202 
5% a Brass Cast 9.6 (66.4) 202 
Mn Bron/c Cast (4 heats) 9.0-12.5 (62-86) 190 
Mn Bron/c Cast (5 heals) 8.0 (55.2) 5,6 
Mn Bronze Cast 7.5 (52) 206 
Mn Bron/c Cast 7.0 (48.3) 208 
Mn Bron/e Cast 10.8 (74.1) 7 
Mn Bron/e Cast 9.0 (61.8) 7 
Mn Bron/e Cast 10.1 (70) 9 
Mn-Ni Bron/e Cast 9.5 (65.5) 190 
LMtsZh Brass 11.4 (78.4) 203 
LMtsZh Brass 12.8 (88.2) 207 
LAMtsZh Brass 15.6 (108) 203 
Gun Metal Cast 7.5 (51.7) 192 
Valve Bron/e Cast 10.0 (69.0) 192 
P Bron/e Rolled and drawn 25.8 (178) 200 
Si Bron/c Cast 13.0 (89.6) 190 
Be Bron/c CW 39.0 (269) 200 
Be Bron/e ST 30.5 (210) 2 
Be Bron/e STA 35.6 (246) 2 
Cu-Bc Bron/e Cast + aged 13.5 (93) 190 
Cu-Bc Bron/e Cast + aged 15.5 (107) 190 
Cu-Ni-Bc Bron/c Cast + aged 7.7 (53.1) 190 
Cu-Ni-Be Bron/c Cast + aged 12.5 (86.2) 190 
Cu-Co-Be Bron/e Cast + aged 7.0 (48.3) 190 
Al Bron/e Extruded and drawn 22.0 (151) 200 
Al Bronze Cast 23.5 (162) 190 
NI-AI Bron/c Forged 32.7 (226) 200 
Al-Ni Bronze Cast (2 heats) 8.0 (55.2) 190 
Al-Ni-Fc Bron/c Cast 20.0 (138) 190 
Ni-AI Bron/e Cast 22.4 (154) 202 
Ni-AI Bron/c Cast (6heats) 12.5 (86.2) 5.6 
Ni-AI Bron/c Cast 15.0 (103) 5 
Ni-AI Bronze Cast 18.0 (124) 192,194 
Ni-AI Bronze Forged 28.0 (193) 192,194 
80Cu-10AI-5Fe-5Ni Extruded 24.2 (167) 204 
80Cu-10AI-5Fe-5Ni Cast 22.8 (157) 204 
86Cu-10AI-2Co-lNi Extruded 24.2 (167) 204 
86Cu-10AI-2Co-1Ni Cast 25.6 (176) 204 
86Cu-10AI-2Co-2Fe Extruded 27.0 (186) 204 
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TABLE 22. (Continued) 

Condition Corrosion-Fatigue Strength 

Alloy or Treatment at 108 Cycles , ksi (MPa) Reference 

86CulOAI-2Co-2Fc Cast 27.0 (186) 204 
Ni-AI Bron/c Cast 12.0 (83) 208 
Ni-AI Bronze Cast 17.9 (124) 7 
Ni-AI Bronze Cast 15.7 (108) 7 
Ni-AI Bron/c Swaged bar 26.1 (180) 210 
Ni-AI Bron/e Cast 12.0 (82.7) 9 
Ni-AI Bronze Cast 15.6 (108) 196 
Al-Mn Bronze Cast (2 heats) 16.0 (no) 190 
CMA-l(Mn-Ni-AI) Bronze Cast 20.2 (139) 202 
Mn-Ni-AI Bronze Cast 9.0 (62.0) 5 
Mn-Ni-AI Bronze Cast 12.0 (82.7) 208 
Mn-Ni-AI Bronze Cast 12.3 (84.9) 7 
Mn-Ni-AI Bronze Cast 13.2 (91.1) 7 
Mn-Ni-AI Bronze Cast 13.0 (89.6) 9 
Br. AZhMts Bronze 14.2 (98.0) 203 
Br. AZhMts Bronze 21.3 (147) 203 
Br. ANZhMts Bronze 15.6 (109) 203 
AZhN Bronze Cast 18.5 (127) 205 
8Mn-8AI-2Ni Bronze Cast 11.4 (78.4) 206 

increases the CFS of copper but not to the point where it equals that observed for these 
copper alloys tested in air, and the alloyed materials are more susceptible to environmental 
effects than pure copper. 

Cold working increased the CFS of copper from 10 to 16.5 ksi3 (69 to 114 MPa). Comparing 
these values with those for other wrought materials listed in Table 22 shows that alloying 
increases the CFS. The CFS values for the wrought copper-based alloys typically ranged from 
20 to 40 ksi (138 to 276 MPa). In contrast, cast materials had lower CFS values, ranging from 5 to 
25 ksi (34 to 172 MPa). Thus, for applications where corrosion fatigue is critical, the wrought 
materials would be superior to the cast ones. However, cast products are often much more 
economical than wrought ones, and if welding of the wrought materials is required, this may 
offset any advantage they have over cast materials. 

Typical examples of corrosion-fatigue curves for four cast copper alloys tested in air and 
saltwater are shown in Figures 132 through 135.192 The ordinate in these plots in psuedo stress 
amplitude which is directly proportional to total strain range and is actually the applied stress, 
only under nominally elastic cyclic stress-strain conditions, as explained earlier in the chapter 
on carbon and low-alloy steels. Within the data scatter, environmental effects are small at short 
lives (<;i05 cycles to failure). At long lives, low-strength alloys (e.g., valve bronze in Figure 133) 
show slightly improved CFS just as with pure copper, but higher strength alloys (e.g., Ni-AI 
bronze in Figures 134 and 135) show somewhat decreased CFS in saltwater compared with that 
in air. Also, the CFS of wrought material (Figure 135) is typically better than that of its cast 
counterpart (Figure 134). 
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Effect of Alloy Composition 

The two Cu-Sn alloys4 listed in Table 22 had CFS values of 22 and 19 ksi (152 and 131 MPa), 
which are about 15 to 30 percent greater than that of the electroytic copper in the cold- 
worked (CW) condition. The two Cu-Zn-Sn alloys (cast) had the lowest CFS of any alloy listed 
in Table 22. 

The high-tensile-strength brasses or manganese bronzes had fairly low CFS values, ranging 
from 7.0 to 15.6 ksi (48.3 to 108 MPa). Gun metal and valve bronze192 had similar CFS values— 
7.5 and 10.0 ksi (51.7 and 69.0 MPa), respectively. The P bronze and Si bronze had moderate 
CFS values for the product forms tested. A Mn-Ni bronze190 had a fairly low CFS, 9.5 ksi (66 
MPa). 

The wrought Be bronzes2,200 had the highest CFS values of all the copper alloys listed in 
Table 21, ranging from 30.5 to 39 ksi (210 to 269 MPa). The cast Be bronzes190 had moderately 
high CFS values, 13.5 and 15.5 ksi (93 and 107 MPa). One of the Cu-Ni-Be alloys190 had good 
CFS, 12.5 ksi (86.2 MPa), but another Cu-Ni-Be alloy and a Cu-Co-Be alloy had fairly low CFS 
values, 7.7 and 7.0 ksi (53.1 and 48.3 MPa^ respectively. 

With the exception of two Al-Ni bronzes190 all of the Al and Ni-AI types of bronzes had 
moderately good to quite good corrosion-fatigue resistance, with CFS values ranging from 12.0 
to 27.0 ksi (82.7 to 186 MPa) for castings and from 22.0 to 32.7 ksi (151 to 226 MPa) for wrought 
products. The two Al-Ni alloys190 with low CFS values, 8 ksi (55.2 MPa), contained only about 1 
weight percent Fe or less and about 4.4 weight percent Al or less. In contrast, the Al and Ni-AI 
bronzes typically contained 8 to 11 weight percent Al and 3 to 5 weight percent Fe. 

The Mn-Ni-Al bronzes (cast) generally had fairly high CFS values, ranging from 12 to 21.3 
ksi (82.7 to 147 MPa), although in one case5 a surprisingly low value of only 9 ksi (62 MPa) was 
reported. In subsequent analyses and discussions6, no good reason for this lower than 
expected value was found. 

The Mn bronzes (or high-tensile-strength brasses), the Ni-AI bronzes, and the Mn-Ni-Al 
bronzes are widely used in propellers. A comparative summary of the corrosion-fatigue 
strength of these three alloys, by Jaske et al9, is shown in Figure 136. This figure shows that at 
108 cycles to failure, the Mn bronze typically had a CFS of about 10 ksi (70 MPa), while the 
Ni-AI and Mn-Ni-Al bronzes had a higher CFS, about 12 ksi (83 MPa). 
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FIGURE 136. Comparative Corrosion-Fatigue Strength of Three Cast 
Bronze Alloys for Fully Reversed Loading (Zero Mean Stress)" 

Effect of Stress Ratio 

The effect of stress ratio (R) on long-life corrosion-fatigue resistance has been evaluated 
for propeller alloys.7,9,206 In general, increased R (above -1) is detrimental to corrosion-fatigue 
life. Jaske el al9 analyzed their data using both the Goodman-type relation and the Smith- 
Watson-Topper (SWT) parameter.211 They found that the SWT parameter provided a better 
correlation of stress ratio (or mean stress) effects than the Goodman relation. The parameter 
defines an equivalent fully reversed strain amplitude. f»q, in terms of the strain amplitude, e», 
the actual maximum stress, Smax, the elastic modulus, E, and a material constant, m: 

£•<, = (e.r (Sm../E)1-m 

For the nominally elastic cyclic stress-strain amplitudes which are observed for these alloys in 
the long-life regime (>10B cycles to failure), the parameter reduces to an equivalent stress 
amplitude, Seq, 
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Seq = (5a)     (jm«K) > 

where Sg is the actual stress amplitude. Using this parameter with m = 1/2, gives 

5>eq = (Ja Jma«) » 

which they found worked quite well, as shown in Figures 137 and 138.9 

... Notch Effects 

The effect of notches on corrosion-fatigue resistance was addressed in four of the 
studies190194"196 listed in Table 21. These were all studies of cast propeller alloys. No results for 
notched specimens of wrought materials were found. For rotating bending specimens with a 
circumferential notch of Kt = 3, Czyryca and Niederberger208 found that the notches had no 
significant influence on the nominal CFS of Mn bronze, Ni-Al bronze, or Mn-Ni-Al bronze 
castings. Their results for these three cast alloys are shown in Figures 139, 140, and 141. For 
specimens with sharp surface notches (Kt = 5.2 and 9.7) tested in plane bending, Tokuda et al198 

found that CFS was reduced about 50 percent below that of unnotched specimens of Ni-Al 
bronze cast material, as shown in Figure 142. The scatter band of Czyryca and Niederberger's208 

data for both smoo'.i and notched specimens is included for comparison. Tokuda et al196 also 
tested unnotched specimens of cast Ni-Al bronze in rotating bending and their results agree 
quite well with the data of Czyryca and Niederberger208, as shown in Figure 143. Thus, the data 
indicate that sharp surface notches will reduce the CFS of these cast propeller alloys under 
plane bending, whereas circumferential notches (Kt ~ 3) have no significant influence on CFS 
in rotating bending. 

Welded Joints 

Welded material was used in two of the studies189,208 listed in Table 21. Newcombe189 

tested specimens of butt-welded Al bronze and Al-Si bronze cast plates under reversed 
cantilever bending at 0.002Ö Hz and in seawater, with temperatures varying (not controlled) 
from 45 F (7 C) to 82 F (28 C). The specimens were cycled under deflection control and cyclic 
lives in the range 104 to 105 were obtained. Welded specimens of Al bronze had about two 
times the cyclic life of base-metal specimens. No failures were obtained for Al-Si specimens, so 
for this alloy no data on effect of welding were obtained. However, all of the Al-Si alloy 
specimens were tested for about twice the number of cycles or more than those of the Al 
bronze under similar test conditions, so the Al-Si bronze had better low-cycle corrosion- 
fatigue resistance than the Al bronze. Czyryca and Niederberger208 conducted corrosion- 
fatigue tests (rotating beam) for weldments of three cast propeller alloys—Mn bronze, Ni-Al 
bronze, and Mn-Ni-Al bronze. As shown by the data in Figures 144,145, and 146, weld-metal 
and weldment specimens had CFS values within the scatter bands of base-metal data. For these 
small specimens, taken from welded plates, stress-relieved material had about the same CFS as 
the as-welded material. However, even with as-welded material there may have been 
signficant stress relief from the fabrication process that would not occur with large as-welded 
components. If tensile residual stresses are present in actual welded hardware, it would be 
expected that these would reduce CFS in the same manner as would imposed tensile mean 
stresses (see earlier discussion of stress-ratio effects). Other than possible reduction in CFS 
because of the residual stress, the results indicate that welding does not degrade the CFS of 
these cast bronze alloys. 
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FIGURE 139.  Rotating Beam Fatigue Data for Mn Bronze Castings208 
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FIGURE 141.  Rotating Cantilever-Beam Fatigue Data for Cast Mn-Ni-AI Bronze141 
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Effect of Cyclic Frequency 

The effect of cycling at low frequencies (<5 Hz) was investigated in four of the 
studies9,189,209,210 listed in Table 21. Newcombe189 showed that decreasing the frequency from 
0.0028 to 0.00028 Hz decreased low-cycle corrosion-fatigue life of a cast Al bronze by about a 
factor of two, as shown in Figure 147. However, when frequency was decreased from 0.17 to 
0.0028 Hz, Cross209 found that there was no significant change in low-cycle corrosion-fatigue 
resistance of Al bronze in seawater, as shown in Figure 147. Cross's data209 at 0.0028 Hz agree 
fairly well with Newcombe's data189 at the same cyclic frequency. 
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1 

Collins and Duquette210 found that decreasing the cyclic frequency significantly decreased 
the corrosion-fatigue resistance of a wrought Ni-AI bronze alloy in 0.5 N NaCI solution. Their 
results are presented in Figure 148. At 108 cycles to failure, CFS decreased from 40 ksi (276 MPa) 
at 20 Hz to 31 ksi (213 MPa) at 2 Hz. When Jaske et al9 tested a cast Ni-AI bronze of the same 
nominal chemical composition, they found that a reduced cyclic frequency of 3.33 Hz 
(compared with 20 to 30 Hz) had little or no effect on CFS at 108 cycles to failure (see Figure 
136).Their data at 108 cycles to failure are biased by the fact that plane bending lowers CFS at 
shorter lives than does rotating bending. For example, compare May's6 data with that of Jaske 
et al9 in Figure 137 or compare the data of Tokuda et al198 for small-size specimens under 
rotating beam bending with that for full-scale specimens under plane bending in Figure 142. 

The difference in frequency effect between the wrought Ni-AI bronze alloy and its cast 
counterpart seems to be related to the difference in microstructures developed in processing 
each material. In both cases, the materials contained large equiaxed a grains. In the cast 
material, the region between these a grains was a mixture of well-distributed and a self- 
annealing eutectoid, whereas in the wrought bar this region contained well-defined a 
platelets intermixed with the eutectoid. In the bar, the area between the primary a grains was 
preferentially corroded and the lower frequency enhanced this corrosive attack. 

No such enchancement of localized corrosion was noted with the cast material. However, 
such enhancement was not specifically looked for in the work of Jaske et al9, and they 
conducted no experiments at a higher cyclic frequency. Thus, further work needs to be done 
to confirm whether the above hypothesized microstructural influence is truly an accurate 
explanation of the results. 
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FIGURE 148. Effect of Frequency on Corrosion-Fatigue Resistance of Ni-AI 
Bronze in 0.5 N NaCI Solution at Room Temperature210 

Effect of Environmental Variables 

No systematic comparison of the influence of various types of saline environments on the 
CFS of copper alloys was found in this review. Taken as a whole, the results listed earlier in 
Table 22 indicate that the CFS of these copper alloys is not significantly affected by variations in 
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solution composition, such as ~3 percent NaCl solution, natural seawater, brackish saltwater, 
and synthetic seawater. However, such effects may be masked by variations in data from study 
to study. Jaske et al9 used flowing natural seawater at 45 F (7 C) to 54 F (12 C) in their 
investigation of propeller alloys and obtained results and trends similar to those of studies 
carried out in warmer seawater, brackish saltwater, and 3 percent NaCl solution (see Figure 
136). 

In his study of Al bronze. Cross209 used seawater at temperatures of 50 F (10 C), 90 F (32 C), 
and 135 F (57 C). (See Figure 147 presented earlier.) There was little difference in low-cycle 
corrosion-fatigue resistance between 50 F (10 C) and 135 F (32 C), but it was slightly reduced (by 
about a factor of 2 on cyclic life) at 135 F (57 C). 

No data were found on the effects of pH level, oxygen content, pressure, or water velocity 
on the corrosion-fatigue behavior of copper alloys in marine environments. 

Effect of Cothodic Protecfion 

In three cases197,199,210, it was shown the anodic polarization increased localized attack and 
reduced CFS of copper alloys. In all three cases, anodic polarization enhanced the tendency 
for intergranular cracking as opposed to transgranular cracking normally observed under 
free-corrosion conditions. 

Since anodic polarization decreases CFS, it might be expected that cathodic polarization 
increases it and provides a means of protection from corrosion-fatigue damage. For cycling at 
20 Hz, Collins and Duquette210 found that cathodic protection improved the corrosion-fatigue 
resistance of wrought Ni-AI bronze in 0.5 N NaCl solution, as shown in Figure 149. At 107 

cycles to failure, the CFS under free-corrosion conditions was about 27 ksi (186 MPa) and 
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FIGURE 149. Effect of Applied Cathodic Current on Corrosion-Fatigue 
Resistance of NI-AI Bronze In Q.S N NaCl at Room Temperature^" 
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under cathodic protection it was increased to about 32 ksi (221 MPa), which was still below the 
value of 38 ksi (262 MPa) obtained in air. Thus, cathodic protection improved CFS but not up to 
the levels of fatigue strength measured in air. 

Veingarten et al207 carried out experiemts on a LMtsZh (55Cu-3Mn-1Fe-35Ni) brass 
propeller alloy in seawater. Their results are presented in Figures 150 and 151. Cathodic 
polarization to -0.800 V increased CFS compared with that under free-corrosion conditions 
and gave fatigue resistance slightly above that for tests in air. Polarization to -0.900 and -1.050 V 
gave further improvements in CFS to levels well above those for tests in air. However, at -1.200 
V, the CFS was decreased back to the levels observed for tests in air. Thus, cathodic protection 
appears to enhance resistance to corrosion-fatigue-crack initiation, but overprotection can be 
detrimental. 
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FIGURE 150.  Fatigue Curves for Specimens 
ofBrass LMtsZh 55-3-1M7 
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FIGURE 151. Corrosion-Fatigue Limit (at 2 x 107 cycles) of 
Brass LMtsZh 55-3-1 as a Function of Polarization Potential207) 

Fotigue-Crock-Growth Doto 

Only two of the investigations195,196 listed in Table 21 developed corrosion-fatigue-crack 
growth data for copper alloys. In both cases, the stress ratio was zero. Gatzoulis et al195 tested 
weld-metal specimens of cast Mn bronze in brackish saltwater at a frequency of 16.7 Hz. The 
results of their study are presented in Figure 152. At this high frequency, there was no 
environmental effect on crack growth rate. Weld metal was more resistant to crack growth 
than base metal for tests in air. Tokuda et al196 developed crack-growth data for cast Ni-Al 
bronze in synthetic seawater at lower frequencies of 2.5 and 5 Hz. Their results are shown in 
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FIGURE 152- Fatigue-Crack Growth Results at 16.7 Hz for Manganese Bronze195 

Figures 153 and 154, with weld-metal curves for the Mn bronze195 added for comparison. At 5 
Hz, crack growth rate was increased by a factor of about 3 to 4 in the synthetic seawater 
compared with that in air (see Figure 153). Also, decreased frequency (to 2.5 Hz) gave slightly 
increased crack growth rates (see Figure 154). Crack growth rates for the Ni-AI bronze at these 
lower frequencies were higher than those of the Mn bronze weld metal at a higher frequency. 
It appears that at higher frequencies (^10 Hz), marine environment has little effect on 
corrosion-fatigue-crack growth rate. However, at lower frequences (<^5 Hz), exposure to such 
environments can accelerate crack growth rates. At this point, data on corrosion-fatigue-crack 
growth in copper alloys are quite limited, so these specific results for propeller alloy bronzes 
should not be generalized. 
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CHAPTER 7 

CORROSION-FATIGUE DATA FOR 
ALUMINUM ALLOYS 

a 

Corrosion-fatigue data are presented for aluminum alloys in seawater or saltwater. Four 
series of alloys are covered: the 2XXX, 5XXX, 6XXX, and 7XXX alloys. The 2XXX Al-Cu and 7XXX 
Al-Zn-Mg alloys can be heat treated to high strength levels but have only moderate corrosion 
resistance. They have been used primarily in the aerospace and aircraft industries. The 5XXX 
Al-Mg alloys are nonheat-treatable, medium-strength alloys and are used widely in marine 
applications because of their good resistance to corrosion in a marine atmosphere. Very little 
data was found for the 6XXX series of alloys since they have only limited application in the 
marine and aircraft and aerospace industries. It is observed that, in general, the presence of 
moisture and sodium chloride solutions accelerates corrosion-fatigue-crack growth rates for 
aluminum alloys, especially at low frequencies and low stress intensity factor (AK) levels. 

2XXX Series Aluminum Alloys 

Solution heat treatment or artificial aging is required to impart optimum mechanical 
properties to Al-Cu alloys. These 2XXX-series alloys are used in the aircraft and aerospace 
industries. The alloys reviewed and the corresponding reference numbers of the articles in 
which the data appeared are listed in Table 23. Data for the 2XXX series aluminum alloys are 
summarized in Table 24. RR58 and LM30 are British alloys* and D16T and D16AT are Soviet 
alloys. 

Alloy 

2014 

2020 

2024 

2219 

RR58 

LM30 

D16T 

D16AT 

TABLE 23. 2XXX Series Aluminum Alloys Reviewed 

Alloy Composition, wt % 
SI Cu Mg Mn Fe Nl Li 

0.8 

0.23 

18.0 

0.3 

4.4 

4.5 

4.4 

6.3 

2.64 

4.5 

4.1 

4.2 

0.5 

1.5 

1.6 

1.6 

0.8 

0.6 

0.3 

0.03 

0.3 

0.5 

1.5 

1.3 

1.15 

1.1 

0.4' 

0.1 

0.1 

0,1 

Zn A! References 

- Bal 212,213 

- Bal 212 

- Bal 212,213,215,216 

- Bal 217 

- Bal 218,219 

- Bal 219 

0.24 Bal 220 - 222 

0.5 Bal 220, 222, 223 

•Alloy LM30 should be classified as a 4XXX series alloy but is placed in this chapter for comparison purposes. 
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Alloy 2014 

The effect of prior corrosion on the fatigue behavior of clad and bare Alloy 2014-T6 was 
studied by Person.21Z Tapered repeated-bending specimens of bare 2014-T6 were corroded by 
a continuous fog spray (ASTM-B-368-65) of 5 percent NaCl plus 0.026 percent CaC^ acidified 
to a pH of 3.0 with acetic acid, for 46 and 168 hours. The clad 2014-T6 specimens were corroded 
by continuous immersion in 3.5 percent seasalt plus 10 percent H2O2 in H2O for 96 and 168 
hours. The pH was not adjusted. The two exposure-time periods were used to provide two sets 
of specimens, one with light pitting and one with heavy pitting. Fatigue testing was carried out 
under constant deflection conditions. 

The tensile properties for each alloy were measured after corrosion in the laboratory. The 
unclad 2014-T6 exhibited the greatest decrease in tensile properties. The average tensile 
properties for both materials are given in Table 25. Fatigue-life curves are presented in Figure 
155 for specimens of Ki\o) 2')14-T6 under the following conditions: (1) no prior corrosion and 

TABU 25   Average Tensile Properties for Bare and Clad 2014-T6 Test Materials 

(Transverse Direction) 

1 ^*.-v ■,;::„ 

Ultimate Tensile Yield Strength, Elongation in 1.4 
Material Strength, ksi ksi Inches, % 

0,1 2S-lnch 2014-16 
Unturrodod 69.1 62.3 11.0 
Light 67.5 60.7 8.5 
Heavy 65.3 59.5 5.5 

Decrease Caused by Heavy Pitting 5.5% 4.5% 50.0% 

0.160-Inch Clad 2014-16 
Uncurroded 69.3 62.5 10.0 
Light 68.9 62.3 11.0 
Heavy 68.7 62.4 11.0 

Decrease Caused by Heavy Pitting 0.9% 0.2% 
— - — - - —   — -        — -       - .   _       _ „   .   .—    — 

fatigued in air, (2) prior corrosion to produce light pitting and fatigued in air, and (3) prior 
corrosion to produce heavy pitting and fatigued in air. The presence of corrosion pitting 
lowered the fatigue strength of bare 2014-T6, with the heavily pitted specimens showing the 
greatest decrease in strength. Fatigue-life curves for clad 2014-T6 under the same conditions 
are presented in Figure 156. Again, the presence of corrosion pitting lowered the fatigue 
strength with respect to that of the uncorroded control specimens. For the clad 2014-T6 there 
was not much difference between the strength of the lightly corroded specimens and that of 
the heavily pitted specimens. The bare 2014-T6 exhibited a decrease in fatigue strength of 
about 60 percent for the heavily pitted specimens compared with that of the uncorroded 
control specimens. The clad 2014-T6 exhibited a decrease in fatigue strength of about 25 
percent for the lightly pitted specimens and 33 percent for the heavily pitted specimens 
compared with that of the uncorroded control specimens. All these results are for a fatigue life 
of 10B cycles to failure. It was also reported that the effects of prior corrosion are less in the 
high stress-low cycle range. This is particularly noticeable for the clad 2014-T6 since the data 
points for all conditions seem to lie together until approximately 105 cycles. 
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O Uncorrodcd control 
OLIght pit 
•Heavy pit 

(transverse direction) 

Number ol Cycles to Idilurc 

FIGURE 155.  Effect of Heavy and Light Corrosion 
Pitting on Repeated Bending Fatigue Properties of 
0.125-lnch-Thick Bare 2014-T6 Sheet212 
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FIGURE 156. Effect of Heavy and Light Corrosion 
Pitting on Repeated Bending Fatigue Properties of 
0.160-lnch-Thick Clad 2015-T6 Sheet2'2 

Austin213 examined the rotating bending fatigue behavior of Alloy 2014-T6 in air and 
seawater. His results are plotted in Figure 157. At the stress levels studied, the seawater envi- 
ronment reduced cyclic life by more than an order of magnitude compared with that in air. 

Alloys 2020 and 2024 

Austin213 also studied the corrosion-fatigue resistance of Alloy 2024-T4 (see Figure 157). 
The results were similar to those for Alloy 2014-T6. The artificial seawater environment 
produced more than an order of magnitude reduction in cyclic life compared with that in an 
air environment. 
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FIGURE 157. Rotating Bending Fatigue of Alloys 2014-T6 and 2024-T4 in Air and 
Artificial Seawater213 

The behavior of Alloys 2020-T651, 2024-T851, 2024-T351, 7075-T651, and 7075-T73 was 
evaluated in spectrum fatigue tests by Gruft and Hutcheson.214 The materials are typical 
aircraft wing materials. Because Alloy 7075 is also a typical aircraft wing material, it is 
appropriate to report its behavior in this section for comparison purposes. Other 7XXX series 
alloys are discussed in a later section of the chapter. Axially loaded flat specimens with 
prefretted countersunk holes were tested under a maneuver-type spectrum loading for 
several adverse environmental conditions. Some tests were conducted on specimens with a (1) 
MIL-5541 "Alodine" protective coating in the hole, (2) with "as-is" holes made from actual 
Alloy 2020-T651 wings skins with a 5-year previous exposure, or (3) with holes that had been 
reworked to restore fatigue life. Alodine is a chromate-containing conversion coating used on 
aluminum alloys. The test environment, materials, and results are summarized in Table 26. 
Maneuver spectrum loadings are variable-amplitude-loading spectrums which simulate actual 
service conditions. 

There was no significant difference between the results for specimens with the counter- 
sunk holes and those for specimens made with "as-is" holes from actual wing skins. Also, 
reworking of specimens with cracks did not restore the fatigue life to the level of that for 
control specimens. All visible fatigue cracks and corrosion damage could be removed, but this 
did not remove all corrosion-fatigue damage. The Alodine protection of Alloy 2020-T651 was 
beneficial, although total fatigue life was still considerably reduced. 

The effect of prior corrosion pitting on the fatigue life of Alloy 2024-T4 was investigated by 
Harmsworth.215 Pits can act either as stress raisers, accelerating fatigue damage in a manner 
similar to that for notched fatigue specimens, or as cavities of corrosion concentration where 
stress-corrosion cracks may form. Rotating beam specimens were drilled to simulate a 
theoretical stress concentration of corrosion pits, Ki = 1.8 to 2.8, and were suspended in a 20 
percent NaCI salt-spray environment at 95 ± 2 F for periods of 2 hours to 32 days. The 
specimens were then tested at 60 Hz in laboratory air. The fatigue-life curves for Alloy 2024-T4 
specimens subjected to prior corrosion are plotted in Figure 158. Results from specimens with 
no prior corrosion exposure are shown for reference. The fatigue lives decreased as a result of 
corrosion exposure of the specimens prior to testing. Metallographic analysis indicated all 
cracks initiated from areas of corrosion which branched off from the main corrosion pits. 

Fatigue-crack growth tests on flat specimens of Alloy 2024-T3 in air and seawater were 
performed by Figge and Hudson.218 These specimens were axially loaded, R = 0, either at 0.67 
Hz for maximum stress levels of 50, 40, 30 and 25 ksi (346, 276, 206, and 173 MPa) or at 20 Hz for 
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Z,r^ ^i ■:■-:"" r.«v»y 

- - 

-; ip M ^ M i -i 

^rf;   JC^"" V     ■ 

■ i -   ^..ateAlJl. 



163 

TABLE 26. Summary of Corrosion-F ~tiaue Results for Alloys 2020, 2024: and 7075214 

Tnt Enwnnmetll Group Allovs T nted Dlltuaion and RIIUIII 

Nonfretted , non· A 2020-T651, 2024-T851, Reference Group - f1tip life of ~imens in 1ir If they 
exposed, 1nd test- 2024-T351 , 1015- were not prefretted. Order of de~:reui111 f1tiaue lives 
ed in 1ir T651, 7075-T WIS : 1015-1651,2020-1651, 7075-T73, 2024-T351, 

2024-T851 . 

Fretted, nonexposed , B 2020-T651 , 2020-T651A(1) , Control Group - represenlltive of 1ircr1ft l01ded hole 
and tested in air 2024-T351 , 7075-T73, conditions with no torrosive d1fN8e. Rel1tive order 

7075-T651, 1015- of f1tiaue life rern1ined the yme 1s th1t for Group A. 
T65 1 A, 2024-T85 1 

Fretted, nonexposed, c S1me ~imens IS T olll f1tiaue life reduted to 66 to 89 percent of that for 
and tested in 3.5 per- Group B Group B. Alloy 7075-T651 hid hiahest f1tiaue life. 
tent NaCI solution Alloy 2024-T851 hid lowest f1tlaue life. 

Fretted, alternately 0 Same m1terials IS Totlllife reduted to 39 to 73 pertent of th1t for Group B. 
immersed in 3.5 per- Group A Alloy 7075-T651 hid hi&hest f1tiaue life. Alloy 2024-
tent N.10 solution T851 hid the lowest f1tiaue life. 
for SO d.1ys, tested 
in 1ir 

Fretted , .11tern.1tely E 2020-T651 , 7075-T651 Sli&htly less dqrid.1tion th1n for Group F. Results imply 
immersed in 3.5 per· th.1t presence of Silt durin& tytlilll is necesSiry for 
tent NaCI solution si&nific:.lnt depid1tion when moist conditions exist . 
for 30 days, tested 
in distilled w.1ter 

Fretted, .11tern.1tely F Swe specimens IS Totlllife reduced to 21 to 55 percent of th.1t for Group B. 
immersed in 3.5 per- Group B htiaue life of Alloys 7075-T651 .1nd 7075-T13 reduced 
cent NaCI solution to 20 percent of th.1t for Group B. Alloy 2024-T351 
for 30 days, tested hid arutest resiSllnte, ret.1inina 55 percent of the 
in 3.5 percent NaCI Group B life. Relative order of fatiaue life w.1s 2024-
solution T351, 7075-T651, 2020-T651, 2024-T851, 7075-T73. 

(a) An Alodlne protective coat in& was ;opplied to the hole aru before tnllna. 
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maximum stress levels of 20 and 16 ksi (138 and 110 MPa). Fatigue-crack growth rates at these 
stress levels for 2024-T3 in air and in seawater are shown in Figure 159. The fatigue-crack 
growth rate in seawater was approximately one and one-half times higher than that in air at the 
lowest stress level, 16 ksi (110 MPa). At the higher stress levels, seawater had a less deleterious 
effect, and at the highest stress level, 50 ksi (346 MPa), the fatigue-crack growth rate in air was 
approximately twice as high as that in seawater, which indicates that the corrosion caused 
crack blunting. 
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FIGURE 159. Fatigue-Crack Growth Rates for 2024-T3, R = 0, Tested in Air or in Seawater216 
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Alloy 2219 

Crooker217 found that the high-strength, low-toughness alloy, 2219-T87, was completely 
unaffected by flowing 3.5 percent NaCI solution under high-amplitude nominally elastic 
loading conditions. Single-edge-notched cantilever specimens were cycled at R = 0 under 
constant amplitude loading at 0.1 Hz. The fatigue-crack growth data for Alloy 2219-T87 in air 
and saltwater are plotted in Figure 160. This alloy is insensitive to the saltwater environment 
under these conditions. 

Soviet Alloys—D16T and D16AT 

Corrosion-fatigue tests were performed221 on deformed and undeformed specimens of 
D16 Duralumin (Al-3.8Cu-1.23Mg), in 3.0 percent NaCI solution. Notched and smooth 
specimens were pulled in a standard tensile machine to a stress equal to 80 percent of the 
ultimate tensile strength before fatigue testing. Corrosion-fatigue results for these specimens 
are compared (Figure 161) with those for specimens exposed in the same environment which 
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FIGURE 160. Fatigue-Crack Growth Rate as a 
Function of Stress Intensity Factor Range for 
2219T87 Aluminum in an Ambient Room Air 
Environment and in 3.5 Percent NaCI Saltwater217 
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did not receive any prestressing. For the entire range of applied stresses, fatigue lives of all the 
previously deformed specimens were lower than those of the corresponding undeformed 
specimens. The prior tensile deformation reduced the fatigue life in air and in 3 percent NaCl 
solution. Based upon 107 cycles to failure, the decrease in fatigue strength between the 
undeformed and deformed specimens was greater for the smooth specimens than for the 
notched specimens. The authors attributed this reduced influence of notch sensitivity to 
corrosion at the notch root, which reduced the stress concentration at that location. 

The protection of Alloys D16T and D16AT (clad D16T) by anodizing and cladding was 
studied by Karlashov et al.220 Specimens were tested under conditions of fully reversed flexure 
at 8.33 Hz in air, tap water, condensate, and 3.0 percent NaCl solution. The condensate 
solution was used to simulate typical solutions found under the floor in an aircraft fuselage 
during operation. Cladding slightly increased corrosion-fatigue resistance in 3.0 percent NaCl 
solution but decreased resistance in air. Fatigue-life curves for specimens of clad Alloy D16AT 
and unclad Alloy Dlbl are plotted in Figure 162. In tap water, the fatigue resistance of Alloy 
D16AT was found to be the same as that of Alloy D16T. In the condensate, the fatigue 
resistance of Alloy D16AT was slightly better than that of Alloy D16T. 

E 
_E 

FIGURE 162. Fatigue Life for Unclad and 
Clad D16 Alloy Specimens220 
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in a more recent paper, Karlashov et al"2 discussed the effects of cladding and 
subsequent anodizing of Alloy D16T specimens, both smooth and with rivet holes. Results for 
the smooth specimens are shown in Figure 163. From this figure it can be seen that the unclad, 
anodized D16T had the best fatigue resistance in both the air and the saltwater environments. 
In the saltwater, the unclad, uncoated D16T exhibited the worst fatigue resistance. Anodizing 
did raise the corrosion-fatigue resistance of this alloy, whereas cladding proved to be 
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1 No coating 
2 Anodic film 
I Clad layer 

II Cladding plus anodic film 

106      5 x IÜ6 105 I06       5xlü6 I05 

Number ol Cycles to Failure Number of Cycles to Failure 

FIGURE 163. Fatigue Life for Alloy D16T Specimens222 

detrimental. Results of corrosion-fatigue tests performed on specimens containing rivet holes 
simulating actual component fabrication are shown in Figure 164. In air, the fatigue lives for 
both the clad and the clad plus anodized specimens are shorter than those for both the 
uncoated and the anodized specimens. The presence of an anodic film appears to be 
beneficial, especially in the low-stress, high-cycle range. In the 3.0 percent NaCI solution, the 
anodized Alloy D16T specimens, clad and unclad, were superior to the untreated clad 
specimens and the bare specimens. The test results are qualitatively summarized in Table 27. 

Shavyrin et al223 found that polymer adhesive coatings on single and double-seam lap- 
welded joints of Alloy D16AT alloy and on butt-jointed welds of Alloy D20 increased the 
fatigue strength in air and in a 3.0 percent NaCI solution containing 0.1 percent HjC^. Fatigue- 
life curves for each type of weld, coated and uncoated, in each environment, are shown in 
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TABLE 27. Relative Order of Fatigue Strengths for Alloys D16T and D16AT at S x 106 Cycles 

Smooth Specimens Specimens With Rivet Holes 
In Air In 3.0% NaCI Solution In Air In 3.0% NaCI Solution 

D16i anodi/ed 

D16T 

D16AT anodi/cd 

D16At 

D16T anodi/ed 

Ü16AT anodi/cd 

D16AT 

D16T 

D16T 

D16T anodi/ed 

D16AT anodi/ed 

D16AT 

D16T anodi/cd 

D16AT anodi/cd 

D16AT 

D16T 

Figure 165. The relative order of fatigue strengths of these welds at 107 cycles to failure is 
shown in Table 28. The coating creates a continuous film on the metallic surface by filling in all 
the macroscopic and microscopic surface irregularities, which reduces the effect of such 
surface stress raisers on crack initiation and at the same time acts as a barrier against the 
environment. Also, the curing of the polymer on the metallic surface could create compressive 
stresses at the metallic surface, which could be a possible factor in the increased corrosion- 
fatigue strength. 

■ Ill Mill 
2   105       106 

■ ■ LJmuD "ll111 

2-105       106 

Number of Cycles to Failure 

a. Single-Seam Lap joints   b. Double-Seam Lap Joints 

LtGEND 

2   105       106 107 

Number of Cycles to Failure 

c. Butt-jointed, Welded 

• 1     With polymer coatings, in air 
© 2 - With polymer coatings, in corrosion medium 
• 3 - Without coating, in air 
O 4 -  Without coating, in corrosive medium 

FIGURE 165. Fatigue and Corrosion-Fatigue Curves for Welded Specimens of Alloys D16AT and D20223 
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TABLE 28.  Relative Order of Fatigue Strengths for Alloy D16AT Lap 
Joints and Alloy D20 Welds223 

Alloy D16AT 
Single-Seam 

Lap Joints 

Specimens with polymer 

coatings in air 

Specimens with polymer 
coatings in saltwater 

Specimens with no coatings 

in air 

Specimens with no coatings 

in saltwater 

Double-Scam 
Lap Joints 

Specimens with polymer 

coatings in air 

Specimens with polymer 

coatings in saltwater 

Specimens with no coatings 

in air 

Specimens with no coatings 

in saltwater 

Alloy D20 Butt-Jointed 

Welds 

Specimens with polymer 

coatings in air 

Specimens with polymer 

coatings in saltwater 

Specimens with no coatings 

in air 

Specimens with no coatings 

in saltwater 

British Alloys 

The fatigue-crack-growth rates of RR58, a Cu-Al alloy which is nominally the same as Alloy 
2618AI, were investigated by Branco et al.218 Contoured double-cantilever-beam specimens of 
Alloy RR58 were tested in laboratory air, in air with 50 percent relative humidity, and in a 3.5 
percent NaCI solution at 0.15 Hz with a tensile sinusoidal wave. Results of these tests at a 
constant mean stress intensity are shown in Figure 166. Since the stress intensity factor (AK) 
was constant, a linear dependence of crack growth on number of cycles was observed. Crack 
growth rates inci eased in the 3.5 percent NaCI solution compared with those in air at the same 
mean sfiess intensity and AK values. Crack growth rates for RR58 as a function of AK for 
different levels of constant mean stress intensity are shown in Figure 167. At intermediate AK 
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2 5        10      20 

io-4 

1.25 

1.0 

0.75 - 

0.5 - 

0.25 

0 

l- j*              J 

[- 
y^K 1 x lü41.4x 104psi\Ain1 

J*      Air   O           •                    A 
^          NdCID           ■ 

\/äS^ i             i            i       l 

3.0 

25 E 

2.0 I 
o 

1.5 O 

1.0 2 

-{0.5 

>■ 

2-10 

«a 
-a 

a 10°- 

o 

5 10 15 20 

Number of Cyck's to Failure x 10^ 

FIGURE 166. Crack Growth in RRS8 for a Constant Mean Stress 

Intensity of 7500 psi v/irv in Air and in 3.5 Percent NaCI Solution 

at 0.15 Hz218 

1             1          1 
VKm = 5.0 ksiv/lrT    f T 

-3 
TKm = 7.5 ksiv/liT   , 

~0Km = n ksiVlrT 
♦ Km = 15 ksi spm. $ J f. 

-4 ♦ o/ 
♦ oy —j 

)-5 
- .«:/ 

-6 - * "7 
# o     r~R = o -\ 

-7 

1        Mli jj 

-lio-5 J 

- 10' 

10-b - 

io-'- 

- io- 

- IO"8 

r6^ 

1 

7^ 

o 
u 

- 10 ,-9 

2 5       10       20 

Stress Intensity Factor Range (AK), ksi \J in. 

FIGURE 167. Crack Growth Rate Versus AK 

for RRS8 In 3.5 Percent NaCI Solution at 
0.15Hz218 

To compare data points in the curve for R = 0, 

note that at R = 0, AK = 2Km. 

f-- .. 

- 

■   ■ 

^ . ■ . i      .       n    I        , ._ ^m 

—  ..w*.-.^^..^ 



mm 

170 

levels, crack growth rates decreased with increased constant mean stress intensity. It was 
shown that the saltwater environment lowered the threshold value for crack growth and 
caused an increase in crack growth rates. The threshold AK level decreased as the mean levels 
of AK increased. 

The effect of a 3.5 percent NaCl solution on the corrosion-fatigue-crack growth in RR58 
and LM30 aluminum alloys was investigated by Radon.219 LM30 is a chill cast Al-Si alloy. 
Double-cantilever beams of the materials were tested at 0.15 and 35 Hz with (1) R = 0 at various 
AK and mean stress intensity levels, (2) specific mean stress intensity levels, and (3) specific AK 
values. Crack growth rates for Alloy RR58 specimens in laboratory air and in 3.5 percent NaCl 
solution at four AK levels are shown in Figure 168. In the NaCl solution, the cyclic crack growth 
rates increased by a factor of about 2.5 (compared with those in air) at AK levels of 12.49 ksi 
\/in7(13.73/MN/m3 2) and 16.56 ksi v^ (18.03 MN/m3 2). But at AK levels of 17.89 ksi v/Tn". 
(19.66 MN/m32) and higher, the crack growth rates remained nearly the same in both 
environments. The crack growth rates for LM30 tested in air and in 3.5 percent NaCl solution 
are plotted in Figure 169. In region III, LM30 experienced very high crack growth rates. 
Otherwise, the investigator observed that the cyclic crack growth of LM30 was comparable to 
that of RR58. The authors support the theory that the environment can corrode and embrittle 
the material at the crack tip and subsequently increase the rate of crack growth. 
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5XXX Series Aluminum Alloys 

The 5XXX series of aluminum alloys are nonheat-treatable alloys used extensively for 
marine applications, particularly in the shipbuilding industry. These alloys are known for high 
resistance to stress cos rosion and general corrosion attack, high strength, high toughness, and 
good fabricability. The alloys reviewed in this section and the corresponding reference 
numbers of the articles m which the data appeared are listed in Table 29. Alloys 5086 and 5456 
are the most commonly used alloys, with -H32, -H321, -H117, and -H116 being the most 
common tempers. The corrosion-fatigue data reviewed for these alloys are summarized in 
Table 30. 

Alloy 

TABLE 29.  5XXX Series Aluminum Alloys Reviewed 

Nominal Alloy 
Compositions, wt % References 

Al Mn Mg Cr 

5456 93.9 0.8 5.1 0.12 10,17,132, 151,217,228-232 

5086 95.4 0.4 4.0 0.15 10,73,132,213,230,233 

5083 94.7 0.7 4.4 0.15 230 

5052 97.5 2.5 213 

Alloys 5456, 5066, end 5052 

The effect of notch depth on the corrosion-fatigue life of Alloy 5456-H343 in 3.5 percent 
NaCl solution was investigated by Tinkel.232 Tests were performed on cantilever beam 
specimens, either smooth or notched. The notches were semielliptical surface cracks with 
depths of approximately 0.002 in. (0.05 mm), 0.0115 in. (0.292 mm), and 0.025 in. (0.635 mm) 
with a root radius of 0.0015 in. (0.038 mm) to 0.002 in. (0.05 mm). The results of these tests are 
shown in Figure 170. Sensitivity to 3.5 percent NaCl increased in the higher (106 to 107) cyclic 
range. At 107 cycles, the smooth specimens had the best fatigue strength in both air and 3.5 
percent NaCl. The effects of notches on the average fatigue limit (or fatigue strength) at 107 

cycles are summarized in Table 31. it can be seen that Alloy 5456-H343 is notch sensitive to the 
corrosive effects of 3.5 percent NaCl solution under deflection-controlled loading. 

Results of high-cycle fatigue tests of rotating tapered cantilever beams for Alloy 5456-H117 
in air and in Severn River water at three stress ratios (R) are shown in Figure 171.10 For R = 0, 
data from tests on Alloy 5086-H116 were incorporated into the curves. These curves indicate 
that the two alloys have similar corrosion-fatigue behavior at this ratio. The saltwater exposure 
caused a dramatic reduction in fatigue strength in the cyclic range above about 108 cycles to 
failure for all stress ratios. The authors constucted a modified Goodman diagram for Alloy 
5456-H116, as shown in Figure 172. The fatigue strengths at 108 cycles to failure for this alloy in 
air and in saltwater at each stress ratio are given in Table 32. The fatigue lives in air and 
saltwater at 2 x 104 to 2 x 105 cycles are shown in Figure 173. Data for both environments lie 
within a scatterband because the effect of saltwater on fatigue life is negligible at high stress 
corrosion. The low and high-cycle 2 x 104 to 108 cycles-to-failure data are incorporated into a 
single plot in Figure 174. There appeared to be a fatigue limit in the air environment, but there 
was no indication of one in saltwater. 
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FIGURE 170. Fatigue-Life Curves for Cantilever Bend Specimens of Alloy 5456-H343231 
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FIGURE 171. High-Cycle Corrosion-Fatigue-Life 
Curves for Alloys 5456-H116 and 5456-H117™ 
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TABLE 31. Average Fatigue Limit at 107 Cycles for Alloy 5456-H343 
Specimens^" 

Average Fatigue Limit, ksi (MPa) 

Environment 
Smooth 

Specimen 

Specimens 
0.002 in. 

(0.050 mm) 

With Notches of Indicated Depths 
0.0115 In.               0.025 In. 
(2.921mm)            (0.635 mm) 

Air 

3.5% NdCI 

19.2(1.32) 

15.2(105) 

18.5(128) 

13.7(94) 

15.3(a)(105) 

11.3(78) 

13.2(91) 

loW (69) 

(j) Cakuldtt'd viluc. 

TABLE 32  Fatigue Strength of 5456-H117 
at 106 Cycles to Failurel0 

Stress Ratio (R) 

Fatigue Strength 
(Maximum Stress), 

ksi (MPa) 
In Air In Saltwater 

-1 
0 

1/3 

14   (96.6) 
24(165.6) 
34 (234.6) 

4(27.6) 
5(34.5) 
7(48.3) 

Minimum Strcy>, MPd 
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FIGURE 172. Modified Goodman Diagram for Alloy 5456-Hn7 in Air and In 
Saltwater 
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FIGURE 174. Broad Life Corrosion-Fatigue Curves (R = 0) for Alloy 5456H117 

ChuZZ8 studied the corrosion-fatigue-crack growth of Alloy 5456-H117 in air and in natural 
seawater. Compact-tension and contoured double-cantilever-beam specimens were tested at 
30 Hz in both environments. The fatigue-crack growth rates as a function of AK are plotted in 
Figure 175. Five stress ratios (R) were employed in this study. At all AK levels, the fatigue-crack 
growth rates were higher in seawater than in air. The effect of stress ratio (R) on the crack 
growth rates was the same for both environments, that is, an increase in R caused a 
corresponding increase in crack growth rate, \pparently, the presence of seawater did not 
enhance this effect, since the distances between the fatigue-data scatterbands for seawater 
and for air were approximately the same. 

Crooker et al17 studied the effects of flowing natural seawater and two applied potentials on 
the fatigue-crack growth rates of Alloy 5456-H116. The crack growth rate for this alloy as a 
function of stress intensity factor range is plotted in Figure 176. The application of an anodic 
potential of-0.750 VSCE and a cathodic potential of-1.300 V SCE to the specimen while it was 
undergoing testing was beneficial. The crack growth rates of the freely corroding specimen, 
-0.950 V SCE, were higher than those of specimens in the ambient air with applied potentials. 
The author found that the applied potentials lessened the detrimental effects of the seawater. 

Crooker and Bogar229 have determined the effects of applied potentials on the corrosion- 
fatigue-crack growth of Alloy 5456-H117 in seawater. The crack growth rate for this alloy in this 
environment as a function of stress intensity factor range is shown in Figure 177. Between -1.3 
and -1.4 V SCE, the crack growth rate was suppressed at AK levels below about 22.75 ksi sfJn. 
(25 MPa v/M). 

The effect of the dissolved oxygen content in natural seawater on the corrosion-fatigue- 
crack growth rates of Alloy 5456-H116 was studied by Bogar and Fujii.231 They found that the 
fatigue-crack growth rates were higher in flowing natural seawater than in air, as shown in 
Figure 178. Testing of this alloy in seawater deoxygenated with helium produced crack growth 
rates similar to those produced when testing in air. Because the corrosion rates were often 
limited by the cathodic reaction, and because oxygen is an effective depolarizer, the authors 
concluded that higher oxygen concentrations lead to higher corrosion rates. 

Crooker217 found that Alloy 5456-H321 was moderately sensitive to 2.5 percent NaCI 
solution. The fatigue-crack growth rates in air and saltwater environments are plotted in Figure 
179. This figure shows that the environment was less detrimental in the higher stress intensity 
factor range. 
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FIGURE 176. Corrosion-Fatigue-Crack Growth 
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Results from high-cycle fatigue tests on welded specimens of Alloys 5086-H116 and 5456- 
H117 in air and in seawater are shown in Figure 180.132 Tests were conducted on specimens 
made of base plate and on specimens with butt and tee welds. The effects of the seawater 
overrode any effects the different welding processes might have had on the fatigue strength. 
At 108 cycles to failure, no significant differences were observed among the fatigue strengths 
of the base metal and the weldments. 

Corrosion-fatigue properties of plate and welded specimens of Alloys 5456-H117 and CS19 
were evaluated by Rogers et al.234 Axial fatigue tests in substitute ocean water (ASTM D1141- 
52) were conducted at 18.3 Hz. For plate specimens at 106 cycles to failure, the fatigue strength 
of Alloy 5456-H117 was approximately 15.52 ksi (97 MPa), or 75 percent of that in air, and the 
fatigue strength of CS19 was approximately 11 to 12 ksi (76 to 83 MPa). 

Transverse butt welds of Alloys 5456-H117 and CS19 were subjected to corrosion-fatigue 
testing in the as-welded condition and with the weld bead dressed.234 Testing also was 
performed in air for comparison. At all stress levels, the specimen fatigue lives were reduced in 
the synthetic seawater (compared with those in air). The dressing of the weld bead increased 
the fatigue strength in air and in seawater. The dressing of the weldment decreased the stress 
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FIGURE 180. Corrosion-Fatigue-Life Curves for Alloys 5086-mi6 and 5456-H117132 

concentration at the weld, so the increased fatigue strength was expected. There were no 
significant differences between the fatigue strengths of the two alloys. 

Czyryca230 evaluated the high-cycle fatigue properties of Alloys 5083, 5086, and 5456, with 
a variety of tempers and weldments, in air, Severn River water, and natural seawater. Both 
saltwater environments produced the same reduction in fatigue strengths. It was noted that 
the surface corrosion appearance differed for each environment. Samples taken from 1-inch- 
thick butt weldments of Alloy 5086-H116 and 5456-H117 in the single-vee joint design and of 
Alloy 5456-H321 in the modified double-U joint design were tested as rotating cantilever-beam 
specimens at 24.2 Hz. 

The fatigue-life curves for the Alloy 5086 and Alloy 5456 base metal tempers are shown in 
Figures 181 and 182, respectively. Results for Alloy 5086-H116 weldments in air and saltwater 
are shown in Figure 183; those for Alloy 5456-H117 weldments in air, seawater, and Severn 
River water are shown in Figure 184; and those for Alloy 5456-H321 base metal in air and Alloy 
5456-H321 weldments in air and Severn River water are shown in Figure 185. The specimens 
containing welds were tested with the weld crown ground flush to the base-metal plate. The 
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The shaded scatlerband region is roprodutcd from air environment data. 
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FIGURE 182. Corrosion-Fatigue-Test Results for 5456 Base Metal Tempers in Saltwater Environments230 

The shaded scatlerband region is reproduced from air environment data. 

seawater and Severn River water are both detrimental to the fatigue lives of the base metal and 
the base metal containing weldments. The presence of saltwater decreases the fatigue 
resistance of the base metal compared with that in air, and the presence of welds further 
decreases the resistance. 

In addition to the results for Alloy 5086 discussed above, the influence of hydrostatic 
pressure on the corrosion-fatigue properties of Alloy 5086 in the H116 and H117 tempers was 
studied by Jolliff and Thiruvengadam.73 This aspect of corrosion fatigue is important for deep- 
ocean structural applications. High-frequency (20 kHz) tests were performed on smooth 
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FIGURE 183. Corrosion-Fatigue-Test Results for Alloy 5086-H116 
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cylindrical specimens in synthetic seawater at atmospheric pressure and at a pressure of 2000 
psi (13.8 MPa). The high-pressure testing simulated conditions at 4500 ft (1372 m). 

Results for both materials are shown in Figures 186 and 187. The effect of the hydrostatic 
pressure on the fatigue strength of Alloy 5086-H117 is shown by the fatigue-life for this alloy in 
saltwater at 2000 psi (see Figure 186). The fatigue-life curve obtained at hydrostatic pressure lies 
below that obtained in saltwater at atmospheric pressure over the entire range of data. This is 
not true for Alloy 5086-H116; instead there was a crossover in curves at approximately 2 x 106 

cycles (Figure 187). The influence on fatigue strength hydrostatic pressure was considered to 
be primarily chemical in nature. The author believes that the seawater is forced to be in more 
intimate contact with the material's surface (i.e., cracks and microcracks), which results in a 
more intensive chemical reaction. 

Austin213 evaluated the corrosion-fatigue resistance of Alloys 5052-H32, 5052-H34, and 
5086-H34 in air and in artificial seawater. His results are plotted in Figure 188. Alloy 5086-H34 
showed the best corrosion-fatigue resistance and Alloy 5052-H32 displayed the worst. Although 
the corrosive environment did cause a significant reduction in cyclic life, this reduction was 
not quite as large as that found for Alloys 2014-T6 and 2024-T4 in similar tests (see Figure 157, 
discussed earlier). At higher stress levels 29.41 ksi (near 200 MPa), all three 5000-series alloys 
showed inferior corrosion-fatigue resistance to the two 2000-series alloys. However, at lower 
stress levels near 17.65 ksi (120 MPa), the corrosion-fatigue resistance for the 5000-series alloys 
was as good as or slightly better than that of the 2000-series alloys. 
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FIGURE 186. Fatigue-Life Curves for Alloy 5086-H117 
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FIGURE 187. Fatigue-Life Curves for Alloy S086-H116 
Tested in Saltwater at High Frequency and High Pressure" 
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FIGURE 188. Corrosion-Fatigue Resistance of Alloys 50S2-H32, 5052-H34, and 5086-H34 in Air 
and in Artificial Seawater213 

6XXX Series Aluminum Alloys 

A limited amount of data was available for the 6XXX series aluminum alloys because these 
alloys have only limited use in the marine and aircraft/aerospace industries. Alloy 6061 is used 
for both marine and aircraft storage tanks. 
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Crooker217 included Alloy 6061-T651 in his corrosion-fatigue-crack growth studies. The 
data for single-edge-notched specimens in air and 3.5 percent NaCl solution are plotted in 
Figure 189 in terms of crack growth rate as a function of the stress intensity factor range. At the 
lower AK levels, Alloy 6061-T651 was found to be somewhat sensitive to the saltwater solution, 
but at AK values greater than 25 ksi \/~\r\., this sensitivity decreased. 
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FIGURE 189. Corrosion-Fatigue-Crack Growth for 
Alloy 6061-T651 in Air and in Saltwater217 

7XXX Series Aluminum Alloys 

The 7XXX series aluminum alloys are popular in the aircraft and aerospace industries 
because of their high strength-to-weight ratios. The most popular alloy is 7075 in the overaged 
condition. 

The alloys reviewed in this section and the corresponding reference numbers of the 
articles in which the data appeared are listed in Table 33. The data for the 7XXX series 
aluminum alloys are summarized in Table 34. 

Alloy 7075 

Results from tests by Stoltz and Pelloux237 indicated that for Alloy 7075-T6 in a 3.5 percent 
NaCl solution, a cathodic potential of -1.400 V SCE reduced corrosion-fatigue-crack growth 
rates to a level observed in dry argon. Open-circuit potential for this system was -0.820 V SCE. 
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TABLE 33. 7XXX Series Aluminum Alloys Reviewed 

i 

■■■ 

I 

All oy Compo sition, wt% 
Alloy Cu Mg Cr Zn Si Mn Ti Zr Reference 

7075 1.6 2.5 0.23 5.6 212,216,235-240 

ZK41 0.03 1.89 3.97 0.05 0.3 0.16 241 

7475 2.3 0.22 5.7 1,5 126 

7079 0.4 2.9 0.1 3.8 0.3 0.1 0.1 151 

7005 1.4 0.13 4.5 0.45 0.04 0.14 217 

XI66 1.7 2.3 6.0 0.08 0.02 0.02 0.1 242 

7175 1.6 2.5 0.23 5.6 -- 243 

The authors ran a series of tests to obtain the crack growth rates at stress intensity factors of 10, 
15, 20, and 25 ksi s/Jn. and plottedjhem against the applied potential. Their results are shown 
in Figure 190. For AK = 10 ksi \J in., there was a noticeable drop in crack growth rate at the 
more negative cathodic potentials. At higher AK's, there is no such drop. 

Smith and Duquette239 performed corrosion-fatigue tests on axially loaded specimens of a 
high-purity alloy (Al-Zn-Mg-Cu) similar to Alloy 7075 in a 3.0 percent NaCl environment. Their 
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FIGURE 190. Corrosion-Fatigue-Crack-Growth Rates as a 
Function of Spiled Potential for Alloy 7075 Peak Aged237 
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results are shown in Figure 191, with air and open-circuit-potential curves for reference. They 
found that polarization to -1.30 V SCE produced fatigue behavior similar to that under free 
corrosion conditions, but that potentials of -1.50 and -1.75 V SCE were extremely detrimental. 
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FIGURE 191.   Fatigue-Life Curves for Cathodically Polarized Specimens 
of AI-5.5Zn-2.5Mg-1.5Cu in Saltwater239 

The addition of sodium nitrate as an inhibitor has been shown to reduce the corrosion- 
fatigue-crack growth rates for a high-purity Al-Zn-Mg alloy (7075 type) in distilled water and 
0.2 M NaCl solution.244 Center-notched specimens were cycled at 1 Hz and the results of tests 
in the different environments are shown in Figure 192. The shaded area represents the 
scatterband of results using inhibitor solutions plus 1.7 M NaNOa in distilled water. The 
reduction in fatigue-crack growth rates in the inhibitor solutions is apparent. 

The effects of prior corrosion on the fatigue life of Alloys 7075-T6 and 7075-T73 were 
investigated by Person.Z1Z Tapered repeated-bending specimens made from these alloys were 
exposed to a continuous salt fog spray (CASS-ASTM B-369-65). The form of prior corrosion was 
moderate intergranular attack for the Alloy 7075-T6 specimens exposed to the fog spray for 
120 hours and pitting with slight intergranular attack for specimens exposed 278 hours. For 
specimens of Alloy 7075-T73, the form of prior corrosion was pitting after exposure to the 
continuous salt fog. Specimens exposed for 120 hours developed pitting attack on 25 percent 
of the surface while specimens exposed for 240 hours developed pitting attack on 50 to 70 
percent of the surface. 

Tensile properties of Alloys 7075-T6 and 7075-T73 were measured and compared with 
those of uncorroded test materials. The average tensile properties are given in Table 35. 
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FIGURE 192. Corrosion-Fatigue-Crack-Growth Behavior of 
a High-Purity Al-Zn-Mg Alloy (7075 Type)244 

TABLE 35. Average Tensile Properties of 7075-T6 and 7075-T73 Materials 212 

Ultimate Tensile 
Strength, Yield Strength, Elongation, 

Material ksi (MPa) ksi (MPa) % 

0.125 in. (3.18 mm) 7075-16 
Uiicorroded 86.8 (590.2) 77.3 (525.6) 11.5 
Intergranular Attack 82.7 (562.4) 73.0 (496.4) 11.0 
Decrease Caused by Intergranular Attack, % 4.7 5.6 4.5 

0.125in. (3.18mm)7075-T6 
Uncorroded 85.9 (584.1) 74.5 (506.6) 13.0 
Heavy Pitting 80.2 (545.4) 71.0 (482.8) 6.5 
Decrease Caused by Pitting, % 6.6 5.8 50.0 

0.125 in. (3.18 mm) 7075-T73 
Uncorroded 80.4 (546.7) 69.7 (473.9) 12.5 
Light Pitting 76.6 (520.8) 65.6 (446.0) 11.5 
Heavy Pitting 75.4 (512.7) 65.4 (444.7) 7.5 
Decrease Caused by Heavy Pitting, % 6.2 6.2 40.0 

(a) Based on original thickness of uncorroded sheet. 

Note: Average values are result of three tests on uncorroded sheet and at least ten tests on corroded sheet. 
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Corrosion data for each material are plotted in Figures 193 through 195. Uncorroded 
specimens fatigued in air serve as controls in each figure. The fatigue strengths at 105 and 108 

cycles, along with the reductions in fatigue strength caused by the prior corrosion, are 
summarized in Table 36. 
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FIGURE 193. Effect of Intergranular Corrosion on 
Repeated Bending Fatigue Properties of 0.125-lnch- 
Thick 7075-T6 Sheet212 

FIGURE 194. Effect of Corrosion Pitting on Repeated Bending 
Fatigue Properties of 0.125-lnch-Thick 7075-T6 Sheet212 
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FIGURE 195. Effect of Corrosion Pitting on Repeated Bending 
Fatigue Properties of 0.125-lnch-Thick 7075-T73 Sheet212 

For all materials, the previously corroded specimens had lower strengths for the entire 
cyclic ranges studied. The effect of the prior corrosion was greatest in the low-stress, high- 
cycle range for all materials, with the heavily pitted 7075-T6 material having the largest 
reduction in fatigue strength at 108 cycles to failure. 

The decrease in fatigue strength between Alloy 7075-T73 specimens with light pitting and 
those with heavy pitting was small compared with that between specimens with no prior 
corrosion and those with light pitting. This indicates that the initial damage resulting from 
prior corrosion pitting caused most of the decrease in fatigue strength, 
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TABLE 36. Effect of Prior Corrosion on Repeated Bending Fatigue Properties of 7075-T6 and 

7075-T73 Materials212 

Surface 
Condition 

Pit Depth, 
in. (mm) 

Fatigue StrengthW, 
ksi (MPa) 

Red 
Fatigue 

105 

uction in 
Strength!»). 

Alloy 105 108 10« 

7075-T6 
(Lot A) 

Uncorroded 
Moderate inter- 

granular attack 

30    (204) 
20    (136) 

18    (122.4) 
7.5(51) 33 58 

7075-T6 
(Lot B) 

Uncorroded 
Heavy pitting 6-11   (40.8-74.8) 

31    (210.8) 
17.5(119) 

17    (115.6) 
6.5 (44.2) 44 62 

7075-T73 Uncorroded 
Light pitting 
Heavy pitting 

3-4.5 (20.4-30.6) 
8-13 (54.4-88.4) 

28.5(193.8) 
21.5(146.2) 
18.0(122.4) 

16    (108.8) 
9.5 (64.6) 
7.5(51) 

25 
37 

41 
53 

(a)   For indicated number of cycles. 

Smith et al235 found that the effects produced by corrosion of Alloy 7075-T6 specimens in 
0.5 N NaCI solution for 24 hours prior to testing in air were similar to those produced by 
simultaneous corrosion and testing in saltwater. These tests were conducted at 30 Hz. The 
investigators also found that the effects of prior corrosion could be partially reversed by a heat 
treatment consisting of variable resolution treatment for three hours and peak aging of the 
precorroded specimens before testing in air. Their results are presented in Figure 196. Fatigue 
lives of the precorroded and air-fatigued specimens were shorter than those of the free- 
corrosion fatigue specimens in the high stress range, but in the low stress range the lives of the 
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FIGURE 1%. Fatigue-Life Curves for Alloy 7075-T6 in Air, 
in 0.5 N NaCI, Precorroded in 0.5 N NaCI and Cyclically Stressed 
in Air, and Precorroded, Heat-Treated, and Cyclically Stressed 
in Air235 
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free-corrosion specimens were longer. The fatigue lives for Alloy 7075-T6 specimens with no 
prior corrosion and tested in air are longer than those for the precorroded/heat-treated/air- 
fatigued specimens. 

Smith et a!235 also investigated effects of cathodic polarization on a high-purity analogue 
of Alloy 7075-T6, AI-5.5Zn-2.5Mg-1.5 Cu. The results are shown in Figure 197. The fatigue life of 
this alloy is significantly decreased by the saltwater environment. Cathodic charging at -1.3 V 
SCE did not further reduce fatigue life, while cathodic charging at -1.5 V SCE reduced fatigue 
life considerably. 
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Al S.S/n 2.')MK-I.SCIIü.5MNJCI 

McinSiri'v, «)ksi (207 Ml'.i) 

i       i     i    i   i i i i I I I     I    I   I I I U 

VSCI 

J I      1    I   I  1 I ilO 

-'■4 

- 20 

1(, 

12 

in) I «5 io(. 

Numhrr ill Cytlcs lo I .illuic 

107 

FIGURE 197. Fatigue-Life Curves for AI-5.SZn-2.5Mg-1.5Cu In Air, 
in 0.5 N NaCI. in 0.5 N NaCI at -1.30 V SCE, and in 0.5 N NaCI at 
-1.7SVSCE235 

Craig238 found that the effects of synthetic seawater without heavy metals on the fatigue 
lives of center-notched 7075-T6 and 7075-T76 specimens were longer under high-cycle, low- 
stress conditions than under low-cycle, high-stress conditions. In the high-stress, low-cycle 
range, the fatigue lives of these specimens was nearly the same. In the low-stress, high-cycle 
range, the fatigue life of the 7075-T6 material was longer than that of the 7075-T76 material. 

Axial fatigue tests were performed on Alloy 7075-T6 in dry air and in 0.5 N NaCI solution by 
Corsetti and Duquette.236 Cylindrical specimens with an hourglass-shaped gage section were 
electropolished prior to testing at 30 Hz under conditions of 0,25, and 40-ksi mean stress. The 
results are shown in Figure 198. For each mean stress, there was a reduction in fatigue life at all 
applied cyclic stress levels. 

Data from fatigue-life curves for 105, 106, and 107 cycles to failure were replotted on a 
Goodman diagram to show fatigue life as a function of stress amplitude and mean stress 
(Figure 199). The Goodman diagram showed that the reduction in the fatigue limit associated 
with the corrosive environment is independent of mean stress. The 0.5 N NaCI solution 
severely attacked material around nonmetallic inclusions, thereby creating deep longitudi- 
nally oriented pits which acted as stress raisers. The authors attributed the accelerated 
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FIGURE 198. Fatigue-Life Curves for Alloy 7075-T6 
in Air and in Aerated 0.5 N NaCI Solution236 

FIGURE 199. Goodman Plot Showing Fatigue Life 
as a Function of Stress Amplitude and Mean Stress"*' 
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noncrystallographic corrosion-fatigue behavior as experienced in their testing to a localized 
hydrogen embrittlement phenomenon. 

Fatigue-crack-propagation tests on flat specimens of Alloy 7075-T6 in air and seawater 
were performed by Figge and Hudson.216 These specimens were axially loaded, R = 0, either at 
0.67 Hz for maximum stress levels of 50, 40, 30, and 25 ksi (346, 276, 206, and 173 MPa) or at 20 
Hz for maximum stress levels of 20 and 16 ksi (138 and 110 MPa). Fatigue-crack growth for Alloy 
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7075-T6 in air and in seawater at those stress levels is shown in Figure 200. The fatigue cracks 
grew approximately twice as fast in seawater as in air at ail stress levels. 

Fatigue-crack growth rates for Alloy 7075 were studied as a function of environment, 
frequency, composition, and thermomechanical treatment by Seiines et al.247 This alloy was 
tested in the peak aged condition, in the T6 temper, and in the overaged condition. An alloy 
similar to Alloy 7075 was also tested in grain size conditions. In this alloy, the chromium addition 
which is found in 7075 alloys was replaced by zirconium. Samples labled ZC had a final grain 
size comparable to that of 7075 alloys, while samples labled ZF had a grain size approximately 
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one-third that of the ZC alloy and the 7075 alloys. Center-notched specimens were tested at 
0.1,1, and 10 Hz using stress fluctuations in the form of a simusoidal wave, a square wave, a 
positive-sawtooth wave, and negative-sawtooth wave. Tests were performed in dry argon 
containing 20 ppm by volume of H2O, in air containing 225 ppm by volume of H2O, and in 
aerated 3.5 percent NaCI solution. 

The effect of cyclic frequency on crack growth rates is shown in Figure 201 for Alloy 
7075-T6 in saltwater, with test results in argon included as reference. The effect of the corrosive 
environment was more detrimental in the low stress intensity factor range than at AK >20 ksi 
v/Tn., which corresponds to Ki,cc where the effects of the environment became minimal. The 
crack-growth rate as a function of AK for the 7075 alloys and modified alloys is shown in 
Figure 202. Neither the small changes in composition nor changes in thermomechanical 
processing or aging treatment significantly improved the corrosion fatigue resistance of the 
7075-type alloys in a saltwater environment below Kt,cc. However, overaging 7075-type alloys 
to a T773 temper was found to be slightly beneficial. The effects of stress wave forms on the 
corrosion-fatigue-crack growth rate of Alloy 7075 in saltwater at 0.1 Hz are shown in Figure 203. 
As can be seen, varying the stress wave form did not significantly alter the detrimental effects 
of the saltwater. 
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FIGURE 203. Effect of Stress Wave Form on Crack Growth 

Rate of Alloy 7075-T6 in Saltwater at 0.1 Hz247 

Alloy ZK 41 

Endo et al241 studied the effects of cathodic protection on the corrosion-fatigue life of 
Alloy ZK41-T6, which is similar to the 7XXX series alloys. Fatigue tests were conducted in 
rotating bending at 30 Hz in a 1 percent NaCI-oxygen saturated environment. Fatigue-life 
curves for ZK41-T6 in saltwater for applied potentials ranging from -0.8 to -1.75 V SCE are shown 
in Figure 204. The points for E = Ec denote open-circuit potential. The fatigue lives for the 
anodic potential, 0.80 V SCE, and for the cathodic potential, 1.75 V SCE, are shorter than those 
under open-circuit potential for the entire cyclic range. The highest increase in corrosion- 
fatigue life occurred for the applied potential of -1.3 V SCE, with maximum life occurring 
between-1.3 and-1.4 V SCE. 

Alloy 7475 

Bogar and Crooker126 studied the influence of the bulk solution chemistry on the 
corrosion-fatigue-crack growth rate of several high-strength alloys. The solutions investigated 
were: (1) fresh natural seawater; (2) 2.5 percent NaCI solution; (3) ASTM D-1141-75, substitute 
ocean water with heavy metal additions; and (4) ASTM D-1141-75, substitute ocean water 
without heavy metal additions. The effects of each solution in the quiescent and flowing 
conditions were taken into consideration. All the above-mentioned solutions and conditions 
are frequently employed in marine corrosion studies. Crack growth rates as a function of stress 
intensity factor range for single-edge-notched cantilever specimens of Alloy 7475-T7351 at 
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FIGURE 204. Fatigue-Life Curves for ZK41-T6 Under Various 

Applied Potentials, Where E = Ec is the Open-Circuit Corrosion 
Potentia|241 

Potential was measured against a saturated calomel electrode 
(SCE). 

a frequency of 0.167 Hz are plotted in Figure 205. This figure shows that the variation in growth 
rates is minimal for Alloy 7475-T7351 in natural seawater and in either of the ASTM artificial 
seawaters under quiescent or flowing conditions. Test results plotted in Figure 206 reveal a 
noticeable difference between fatigue-crack growth rates in natural seawater and those in 3.5 
percent NaCl solution. The aqueous 3.5 percent NaCI solution was much more detrimental, 
with crack growth rates being almost double those in natural seawater in the lowe stiess 
intensity range. The flow rate had no effect on crack growth rate. In many experiments a 3.5 
percent NaCI solution is used to duplicate natural seawater. It is believed that for this particular 
alloy/condition (7475-T7351) NaCI solutions were more severe than natural seawater. 

Alloy 7079 

Fatigue lives (pseudo stress amplitude* versus number of cycles to failure) for smooth and 
notched specimens of Alloy 7079-T6 in air and in aerated Severn River water are shown in 
Figure 207.151 At intermediate stress levels, the smooth specimens exhibited longer fatigue 
lives in air and in saltwater. However, at approximately 106 cycles, there was a crossover in the 
curves for the notched and smooth specimens in saltwater, showing that the notched 
specimens had longer fatigue lives at the lower stress amplitudes. In air, the presence of 
notches decreased the fatigue strength of Alloy 7079-T6. 

•See explanation in earlier section on ship steels (Chapter J). 
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FIGURE 205. Crack Growth Ra^ for 7475-T7351 
in Natural Seawater and in ASTM D 1141-75 
Substitute Ocean Water, With and Without Heavy 
Metals, Under Flowing and Quiescent Conditions^ 26 
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FIGURE 206. Crack Growth Rate for 7475-T7351 in 
Natural Seawater and in 3.5 Percent NaCI Solution 
Under Flowing and Quiescent Conditions! 26 

Alloy 7005 

Of the aluminum alloys included in Crooker's217 study of corrosion-fatigue-crack growth. 
Alloy 7005-T63 exhibited the highest degree of sensitivity to 3.5 percent NaCI solution. The 
other aluminum alloys included in this study were: 221^-T87, 5456-H321, and 6061-T651 
(discussed previously). The results of tests conducted on single-edge-notched specimens of 
Alloy 7005 cycled at 0.1 Hz in ambient room air and in 3.5 percent NaCI solution are shown in 
Figure 208. The amount of displacement of the saltwater data above the baseline air data was 
the largest observed for any of the aluminum alloys studied. Alloy 7005-T63 was the only alloy 
found to be sensitive to saltwater stress-corrosion cracking. 
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FIGURE 207. Corrosion Fatigue Strength for Alloy 7079-T6151 

R.C. = rotating cantilever; high-cycle testing 
A.B. = Low-cycle testing. 

Alloy X166 

The corrosion-fatigue resistance of an experimental Al-Zn-Cu alloy, X166, in a salt-fog 
environment was evaluated by Gunn and Bullett.242 Dogbone-shaped specimens with a 0.098- 
in. (2.5-mm) hole in the center of the gage area were tested in fluctuating tension, R = 0.1, at 
130 Hz in a spray of 3.5 percent NaCI solution. High-strength X166 was aged for 6 hours at 338 F 
(170 C) for a T7651 temper, and low-strength X166 was aged for 10 hours at the same 
temperature for a T73651 temper. Results for a high-strength plate specimen show a reduction 
of approximately 60 percent in fatigue strength [from 23.82 ksi (162 MPa) to 8.53 ksi (58 MPa)] at 
2 x 107 cycles in the fog spray compared with that in laboratory air. For a low-strength X166 
plate specimen under the same conditions, the reduction in fatigue strength was 40 percent, or 
from 19.49 ksi (132.5 MPa) to 11.40 ksi (77.5 MPa). 

Alloy 7175 

The effect of 30 g/l NaCI solution on the crack-tip opening of Alloy 7175-T651 specimens 
was studied L-y Clerivet and Bathias.248 Compact-tension specimens were tested at 0.2 Hz to 
determine crack growth rate as a function of maximum crack-opening-displacement. The 
results are presented in Figure 209. As can be seen in the figure, for the same displacement, the 
crack growth rate in the salt solution is 3 to 4 times higher than that in air. 
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FIGURE 208. Corrosion-Fatigue-Crack Growth Behavior 
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CHAPTER ö 

CORROSION-FATIGUE DATA FOR 
TITANIUM ALLOYS 

The corrosion-fatigue data for titanium alloys are reviewed in this section. The alloys 
covered and the corresponding reference numbers of the articles in which the data appeared 
are listed in Table 37. The corrosion-fatigue data for titanium alloys are summarized in Table 
38. The alloy and types of corrosion-fatigue data are described along with the mechanical 
properties, types of specimen loading conditions, and environment. Titanium alloys have a 
high strength-to-weight ratio and excellent corrosion resistance so they are considered for 
many critical aircraft and marine structure applications. 

I i 

Ti-6AI-4V 

Ti-6Al-4V is the most widely used structural titanium alloy. Changes in fatigue-cracking 
resistance often can be altered through variations in heat treatments and microstructures. 

TABLE 37. Titanium Alloys Reviewed and the References in Which Data Appeared 

Alloy References 

Ti-6AI-4V 

Ti-6AI-6V-2Sn 

Ti-8AI-lMo-1V 

Ti-6AI-2Cb-1Ta-0.8Mo 

Ti-7AI-2.5Mo 

Ti-4AI-3Mo-lV 

Ti-8AI-2Cb-lTa 

Ti-8AI 

Ti-4AI 

Ti-6.5AI-3.8Sn-2.5V-2.5Zr 

Ti-6AI-4V carbon-epoxy laminate 

WH"   I 

132,151, 209, 215, 240, 245, 249, 250-253 

208, 249, 254, 255 

249, 256-258 

17,132,259 

132, 209 / 

249 

240 

260 

261 

261 

262 
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Dose Metal Data 

In 3.5 percent NaCl solution, mill-annealed and beta-STA-1250 Ti-6AI-4V material have 
shown approximately the same crack growth rates at a stress intensity factor range (AK) of 45 to 
70 ksi /itrT, whereas a duplex-annealed Ti-6AI-4V exhibited lower crack growth rates at similar 
Ak levels.2« This behavior is shown in Figure 210 together with the results for Ti-4AI-3Mo-1V. 
The effect of aging temperature on corrosion-fatigue-crack growth rate of Ti-6AI-4V materials 
is shown in Figure 211. These data show lowere fatigue-crack growth rates for beta-STA-1250 
than for beta-STA-1000 in room air, distilled water, and 3.5 percent NaCl solution. 

The corrosion-fatigue properties of Ti-6AI-4V in the mill-annealed condition and in the 
solution-treated (900 C) and water-quenched condition were compared by Iman et al.253 The 
microstructure of the mill-annealed material consisted mainly of cr-Ti with a small amount of 
intergranular /J-Ti. The heat-treated material had a microstructure containing large a-Ti grains 
and martensitic areas of a'-Ti and /3-Ti which surrounded areas of a-Ti. The additional heat 
treating and quenching of mill-annealed Ti-6AI-4V improved the corrosion-fatigue behavior in 
a saline environment. The mill-annealed material had a corrosion-fatigue life about one-half 
(2.9 X 104 cycles compared with 5.3 X 104 cycles) that of the solution-treated and quenched 
material. The corrosion-fatigue life data for each heat treatment are summarized in Table 39. 

These authors253 also monitored the potential during their corrosion-fatigue tests 
(reversible torsion) of Ti-6AI-4V in a saline solution [Hanks' solution, pH = 7.4 at 98.6 F (37 C)] to 
gain information relating the formation of protective films on the metal in solution with the 
cracking of the oxide film and the metal specimen. The open-circuit potential versus time 
curves for this alloy in the mill-annealed condition and in a solution-treated [1652 F (900 Q], 
water-quenched condition are shown in Figure 212. When the fatigue tests began, the 
electrode potential became more negative. The magnitude of this drop was dependent upon 
the applied load of the test. This more negative potential indicated dissolution of the film or 
other film breakdown which led to cracking. As the test progressed, some of the cracks 
became passivated with an oxide film. This repassivation of some of the cracks under the 
environmental and mechanical conditions accounted for the positive rise in the potential time 
curve.253 

Smooth and notched specimens of Ti-6AI-4V were subjected to low- and high-cycle 
fatigue testing in air and Severn River water.151 Fatigue-life curves, plotted in terms of pseudo 
stress amplitude*, are shown in Figure 213. 
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FIGURE 210. Corrosion-Fatigue-Crack Growth Rate for TI-6AI-4V 
and Ti-4AI-3Mo-l R In 3.5 Percent NaCl Solution249 

•Psuedo siress amplitude, as explained in the section on ship steels (Chapter 3), is directly proportional to strain range. 
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FIGURE 211. Corrosion-Fatigue-Crack Growth Behavior of Ti-6AI-4V 
Beta STA-1000 and Beta STA-1250249 

TABLE 39. Corrosion-Fatigue Life of Ti-6AI-4V 
for a Shear Strain of ~0.018253 

Heat Treatment 
Fatigue Life, 

Average 
JO4 

cycles to failure 
Minimum 

Mill Annealed 

1300 (704C) 
1400 (760 C) 

Total 

2.3283(a) 
3.5476(a) 

2.938(b) 

1.7130 
3.2463 

1.7130 

Solution Treated 

1652 F(900C) 5.2504(b) 4.229 

(a) Two specimens tested. 
(b) Four specimens tested. 
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FIGURE 212. Open Circuit Potential Versus Time Curves for Ti-6AI-4V Specimens During 
Corrosion-Fatigue Testing (Reversible Torsion) in Hanks' Solution (pH = 7.4) at 98.6 F253 

The presence of notches decreased the fatigue strength over almost the entire cyclic 
range, but the notch effect was small at ^5 x 103 cycles to failure. The saltwater environment 
did not decrease the fatigue lives or fatigue strengths for either the smooth or notched 
specimens. 

Results of corrosion-fatigue-crack-growth tests by Crooker and Lange254 (at a frequency 
of 0.083 Hz) on notched specimens of Ti-6AI-4V) Ti-6Al-6V-2Sn-1Cu-0.5Fe, Ti-6AI-3V-1Mo, and 
Ti-7Al-2.5Mo are shown in Figure 214 along with scatterband limits from air-environment tests 
for reference. These results showed no degradation in fatigue-crack-growth resistance in 3.5 
percent NaCl solution as compared with results of tests in air. Crooker and Lange noted that 
the test conditions of sinusoidal loading patterns and laboratory salt solution are possibly not 
as severe as many actual loading service situations. 

Dawson and Pelloux250 studied the general form of the log da/dN versus log AK behavior 
of many titanium alloys in aqueous halide solutions. These results were compared with those 
in air and in other inert environments. The effect of frequency is shown schematically in Figure 
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215. The inert-environment fatigue behavior was frequency independent for titanium alloys in 
air, argon, vacuum, and an aqueous solution containing a corrosion inhibitor (Na2S04). The 
effect of frequency on the corrosion-fatigue-crack growth of mill-annealed Ti-6AI-4V in 
aqueous 0.6 M NaCI solution is shown in Figure 216. The salt-solution curves were unique for 
titanium alloys in aqueous solutions containing halide ions, C!" and Br~. The curves show 
frequency dependence (da/dN increasing with decreasing frequency), at high stress-intensity 
factors (AK) and a reverse frequency dependence at low AK levels. At frequencies of less than 
10 Hz, an abrupt increase in the fatigue-crack growth rates with increasing AK marked the 
apparent onset of cyclic stress corrosion cracking (SCC). This particular AK value where a rapid 
increase in da/dN was observed is often referred to AKacc, and many times its associated Kma, 
level corresponds to Ki,cc of that material. This frequency effect is also shown for recrystallized 
annealed Ti-6AI-4V in 3.5 percent NaCI solution251 in Figure 217. From these figures, it can be 
seen that the two alloys exhibited similar frequency effect behavior. That is, for both alloys, as 
the frequency was lowered from 10 Hz, the crack growth rate increased. The crossing over of 
the higher frequency curves by the lowest frequency curve at mid-stress-intensity range is very 
pronounced for both materials. 

Crooker and Lange283 studied accelerated crack-growth behavior for Ti-6AI-4V when 
exposed to a marine environment. Results of tests at a frequency of 0.083 Hz show that 
Ti-6AI-4V is insensitive to saltwater up to a AK of approximately 50 ksi \/~\n., but at higher AK's 
crack growth rates accelerated rapidly as K(,cc was approached (see Figure 218). Because Ki,cc is 
an approximate stress-intensity level for the onset of SCC under static conditions, Ki,cc for 
Ti-6AI-4V in saltwater at this frequency can also be a limiting factor for corrosion fatigue. 

Summer and Creagen252 investigated the effect of dissolved hydrogen on the corrosion- 
fatigue-crack-growth behavior of Ti-6AI-4V. The results for furnace-cooled material containing 
20 ppm hydrogen and helium-cooled material containing 8 ppm hydrogen are shown in 
Figures 219 and 220. The difference in hydrogen content of the two materials had no influence 
on the corrosion-fatigue resistance of Ti-6AI-4V in either saltwater or seawater. 

FIGURE 215. Schematic Showing the Reversal 
of Frequency Effect on Titanium Alloys in an 
Aqueous NaCI Environment Above and 
Below AKscc250 
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FIGURE 216. Effect of Frequency on Corrosion-Fatigue-Crack 
Growth Behavior of Ti-6 AI-4V in Aqueous 0.6 M NaC|250 

I : Weldment Dato 

Piper et al249 investigated the effects of 3.5 percent NaCI solution on the corrosion-fatigue 
resistance of welded Ti-6Al-4V panels. The results for fusion weldments of mill-annealed 
Ti-6AI-4V are shown in Figures 221 and 222. The welds were produced by the opposed-arc 
method and stress relieved at 1250 F for 30 minutes. The data showed that the welds did not 
decrease the resistance of the base metal to corrosion fatigue in 3.5 percent NaCI solution. 
However, in general, welding decreases the fatigue strength of titanium alloys if the 
appropriate heat treatment or stress relief is not employed. 

In actual failures, cast propellers of Ti-6AI-4V have failed by corrosion fatigue or stress 
corrosion cracking, or a combination of the two, at weld repairs. Macco132 compared the 
corrosion-fatigue resistance of butt welds and tee welds of Ti-6Al-4V. Fatigue-life curves for 
these two types of Ti-6AI-4V alloys are shown in Figure 223. The author concluded that 
differences in performance due to the effects of welding processes were not as significant as 
the detrimental effect of seawater on the reduction of fatigue strength. Constant-life diagrams 
comparing these titanium welds with welds of other high-strength materials used in marine 
structures are shown in Figures 224 and 225. These constant-life diagrams provide a composite 
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FIGURE 218. Crack Growth Rate as a Function 
of Stress Intensity for a Ti-6AI-4V Alloy in Air 
and in Saltwater^ 

1Ü 20 5Ü 100       200 

Stress Intensity Factor Range (AK), ksi V in. 

representation of the fatigue properties for Ti-6AI-4V and other marine structure materials 
investigated. Notice that the titanium alloy had the highest corrosion-fatigue strength of the 
materials evaluated by Macco. 

Ti-6AI-6V-2Sn 

Crooker and Lange254 found no effect of environment on fatigue-crack-growth rate for 
specimens of Ti-6Al-6V-2Sn tested in 3.5 percent NaCI solution at a frequency of 0.083 Hz. 
Their results for Ti-6AI-6V-2Sn are included in Figure 214 (presented earlier). 

Piper et al249 studied the effect of stress ratio (R) on the fatigue-crack-growth rate of 
Ti-6AI-6V-2Sn. Tests were performed on center-cracked panels at a frequency of 2 Hz. The 
authors found that a high mean stress level or R ratio and low cyclic stress amplitude produce 
higher fatigue-crack growth rates in 3.5 percent NaCI than in air. The crack length versus 
number of cycles to failure for Ti-6Al-6V-2Sn for R = 0.05 and 0.67 is shown in Figure 226. For 
both ratios, the crack growth rate was higher in 3.5 percent NaCI solution than in air, and the 
fatigue life was longer for the higher stress ratio. 

Dawson and Pelloux250 studied the effect of frequency on crack growth rates for Ti-6AI- 
6V-2Sn using SEN specimens in 0.6 M NaCI solution. Their results are shown in Figure 227. At 
low AK levels, the fatigue-crack growth rate decreased with decreasing frequency. At high AK 
levels, the fatigue crack growth rate increased with decreasing frequency. At the transition 
stress intensity range, AK,cc, which marked the onset of stress corrosion cracking (SCC) under 
cyclic loading, an increase in crack growth rate occurred. The magnitude of this increase was 
greater with decreasing frequency. This crossover type of frequency effect is unique to 
titanium alloys in aqueous solutions containing halide ions. 
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FIGURE 219. Effect of Dissolved Hydrogen on Corrosion-Fatigue-Crack Growth of 
Basal Transverse Texture Ti-6AI-4V E 252 

Krupp et al255 evaluated the corrosion-fatigue properties of Ti-6Al-6V-2Sn in the solution- 
treated and aged condition. A frequency effect was found for this alloy. The general trend was 
increasing fatigue-crack growth rate with decreasing frequency. Aggressive environ- 
ments such as 3.5 percent NaCI solution enhanced this frequency effect. This is the same 
corrosion-fatigue behavior described by Dawson and Pelloux250 and shown earlier in the 
schematic log crack growth rate versus log stress intensity factor curves in Figure 215. 

Ti-ÖAMMo-lV 

Cullen and Stonesifer257 determined the fatigue-crack-growth rates of Ti-8Al-1Mo-1V at 
ambient temperatures in both room air and 3.5 percent NaCI solution for compact-tension 
specimens made from forged first-stage-turbine fan blades. The blades had been removed 
from service because of foreign-object damage. The specimens were cut from the blades in 
such a manner as to simulate the suspected in-service failure path and primary stress. The 
authors' results are shown in Figure 228. The crack growth rate versus stress intensity factor 
curves shown were derived by using a version of the tensile-ligament instability model for 
mathematically characterizing corrosion-fatigue-crack-growth behavior. For further details, 
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FIGURE 220. Effect of Dissolved Hydrogen on the Corrosion-Fatigue Crack Growth 
of Basal Transverse Textured Ti-6AI.4V in Seawater252 
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FIGURE 222. Corrosion-Fatigue-Crack Growth Rate 
in Ti-6AI-4V Fusion Weldments249 

see the discussion of this model in Chapter 2, or refer to the work of Krafft et al.33,264 

Environment/lower frequency had little effect at low and high AK levels but caused a 
significant increase in crack growth rate at intermediate AK levels. The authors compared their 
data with results for conventionally rolled Ti-8Al-1Mo-1V material and concluded that the 
fatigue-crack growth rates for their forged specimens were nearly the same as those for the 
conventionally rolled specimens. 

Yoder, Cooley, and Crooker258,285 studied the fatigue-crack-growth behavior of Ti-8AI- 
IMo-IV which had been microstructurally modified through various heat treatments. This 
commonly used duplex-annealed alloy was altered by 14 different heat treatments. Corrosion- 
fatigue tests were performed on a duplex-annealed Ti-8Al-1Mo-1V alloy and a beta-annealed 
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FIGURE 223. Fatigue-Life Curves for Ti-6AI-4V Weldments and Base 
Metal in Air and Seawater132 

Ti-8Al-1Mo-1 V alloy. The former alloy was selected because it is the one commonly used, and 
the latter alloy was chosen because it had good resistance to stress-corrosion-crack growth. 
Compact-type specimens of each material were tested in circulating 3.5 percent NaCl solution 
and in air. The results of these tests are shown in Figure 229. Growth rates for the beta- 
annealed material in 3.5 percent NaCl solution were an order of magnitude less than those for 
the duplex-annealed material in saltwater and were fourfold less than those for the duplex- 
annealed material in air. In both environments, resistance of the beta-annealed material with a 
Widmanstätten microstructure to corrosion-fatigue-crack growth was superior to that of the 
duplex-annealed alloy with an a/ß duplex microstructure. 

Meyn256 studied the frequency and amplitude effects on the crack growth behavior in 
Ti-8Al-1Mo-lV, which exemplifies the group of high-strength alloys susceptible to stress 
corrosion cracking (SCC). A three-dimensional sketch of crack growth rate, stress intensity 
factor range, and frequency for Ti-8AI-lMo-1V in a stress-corrosion-inducing environment 
such as 3.5 percent NaCl solution is shown in Figure 230. The curve for 30 Hz is considered the 
base-line curve and is representative of behavior not dependent on cyclic stress corrosion 
cracking. At 5 Hz, a small hump appeared in the curve for AK > Ki»ec. This hump became larger 
and more dominant as the frequency was lowered. At frequencies less than 0.01 Hz, the hump 
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FIGURE 228. Fatigue-Crack Growth Data for Forged-Fan-Blade Specimens 
Tested in Room Air and in Saltwater258 

disappeared and SCC controlled the crack growth rate. At Kic, mechanical fast-fracture 
controlled the crack growth rate. 

Piper et al249 compared the crack growth rate of Ti-8Al-1Mo-1V duplex-annealed alloy to 
a commercially pure titanium alloy CP75A, using center-cracked specimens. Both alloys were 
found to be sensitive to corrosion fatigue, as shown in Figure 231. The Ti-8Al-1Mo-1V alloy 
exhibited better fatigue-crack growth resistance in both air and 3.5 percent NaCI solution. 

Ti-6AI-2Cb-1To-0.flMo 

Schwab and Czyryca151 studied the effects of notches and Severn River water on the 
fatigue behavior of high-strength structural alloys. Fatigue-life curves*, which incorporate 
high- and low-cycle fatigue data, for smooth and notched specimens of Ti-6Al-2Cb-1Ta-0.8Mo 
tested in air and in saltwater are shown in Figure 232. Notches decreased the fatigue strength 

•These curves are plotted in terms of pseudo stress amplitude which Is directly proportional to strain range (see section on ship 
steels in Chapter 3). 
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FIGURE 229. Corrosion-Fatigue Crack Growth Rates in 3.5 Percent NaCI 
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Microstructures258 

Data trend lines (dahscd) for the respective microstructures are shown for 
growth rates in ambient air. 

of this alloy at all cyclic lives, but the Severn River saltwater had no significant detrimental 
effect. The notch effect was much smaller in the low-cycle fatigue range (near 103 cycles to 
failure) than in the higher cyclic range. 

The effects of cathodic polarization on corrosion-fatigue-crack growth for Ti-6Al-2Cb- 
1Ta-0.8Mo in air and in natural seawater were reported in two studies.231,259 The experiments 
were conducted on side-grooved SEN cantilever samples at 0.167 Hz under constant-load 
amplitude. The results of this study are presented in Figure 233. The corrosion-fatigue-crack- 
growth rate was not affected by the two applied cathodic potentials of -0.80 and -1.05 V SCE in 
flowing natural seawater. The free-corrosion electrochemical potential of Ti-6Al-2Cb-1Ta- 
O.8M0 in natural seawater was -0.30 V SCE. Neither the seawater environments nor the 
cathodic potential had a detrimental influence on corrosion-fatigue-crack growth for this 
alloy. 
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FIGURE 230. Effects of Frequency and AK Range on the 
Cyclic Crack Growth Rate of Ti-8AI-1Mo-1V in a Stress- 
Corrosion-Inducing Environment256 

The vertical portions of the lines at 0.005 Hi and less 
represent complete fracture within the first tensile 
quarter cycle. 
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FIGURE 232. Corrosion-Fatigue Curves for Alloy 6AI-2Cb-1Ta-0.8Mo151 

T1-7AI-2.5MO 

Data from Crooker and Lange254 indicated that the corrosion-fatigue-crack-growth 
behavior of Ti-7Al-2.5Mo was between the scatterband limits found in tests of this same alloy 
performed in air. The test specimens were cantilever-loaded, center-notched-plate bend 
specimens cycled at approximately 0.083 Hz, and the environment was a 3.5 percent NaCl 
solution. These test results, plotted in terms of pseudo stress amplitudes, are shown in Figure 
216 presented earlier." 

Schwab and Czyryca151 studied the effects of notches and saltwater on corrosion-fatigue 
properties of Ti-7Al-2.5Mo. High-cycle fatigue testing in Severn River saltwater at a frequency 
of 24.2 Hz was performed using rotating cantilever beams. Fatigue-life curves for smooth and 
notched specimens in air and seawater are presented in Figure 234. The notched specimens 
had lower fatigue strengths in the range greater than 5 x ID3 cycles. The saltwater had no 
detrimental effects on the fatigue life of either the smooth or notched specimens under these 
conditions. 

n-4AI-3Mo-1V 

Piper, Smith, and Carter248 used center-cracked panels to determine the fatigue-crack- 
growth behavior in Ti-6AI-4V specimens which had received three different heat treatments. 
Ti-4Al-3Mo-1 V was included as a reference alloy in tests conducted in three environments (air, 
distilled water, and 3 percent NaCl solution). The test results are shown in Figure 235. In room 
air and distilled water, Ti-4Al-3Mo-1V and Ti-6AI-4V beta STA-1250 had similar crack growth 
behavior and both exhibited behavior superior to that of Ti-6AI-4V in either the mill-annealed 

• Psuedo stress amplitude Is directly proportional to strain range (see section on ship steels in Chapter 3). 
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FIGURE 233. Fatigue-Crack Growth Rate for Ti-6AI-2Cb-1Ta-0.8Mo 
in Air and Seawater at 0.167 H/259 

or duplex-annealed condition. In the 3.5 percent NaCl solution, the crack growth resistance of 
the reference alloy, Ti-4Al-3Mo-1V, was slightly better than that for the Ti-6AI-4V in all three 
heat-treated conditions. 

Ti-6AI-2Cb-1TQ 

The corrosion-fatigue properties of welded Ti-8Al-2Cb-lTa and Ti-6AI-4V were compared 
by Hoffman and Kennedy.240 From corrosion fatigue tests in seawater at a frequency of 24.2 Hz 
they determined that the reduction in fatigue strength for the Ti-8Al-2Cb-1Ta specimens was 
greater than that for the Ti-6Al-4V specimens. 
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Ti-ÖAi 

Wanhill260 determined the fatigue lives of Ti-8AI in both the solution-treated and aged 
conditions. Unnotched specimens tested in air and 3.0 percent NaCl solution behaved 
similarly, as shown in Figure 236. The specimens were tested at a frequency of 30 Hz in 
fluctuating tension. 

TI-4AI 

The effect of saltwater (3.0 percent NaCl solution) on the fatigue strength of smooth and 
notched specimens of Ti-4AI was determined by Glikman and Shekhovtsev.261 The saltwater 
had no detrimental effect on the smooth specimens, but did have an adverse effect on the 
notched specimens. Low-cycle fatigue curves for both the smooth and notched specimens 
from plate material tested in air, distilled water, and 3.0 percent NaCl solution are shown in 
Figure 237. As shown by Curve 2c, the notched specimens tested in 3.0 percent NaCl solution 
had the lowest fatigue strength for the entire stress range. Curves for notched specimens cut 
from rod material tested in air and saltwater, shown in Figure 238, also reveal a reduction in 
fatigue resistance of the notched specimens due to saltwater exposure. 

Ti-6.5AI-3.ÖSn-2.5V-5Zr 

The effect of 3.0 percent NaCl solution on the fatigue life of notched specimens of 
Ti-6.5Al-3.8Sn-2.5V-2.5Zr is shown in Figure 239.260 The presence of saltwater significantly 
reduced the fatigue endurance of the notched specimens. 
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Ti-6AI-4V Corbon-Epoxy Laminate 

The fatigue-crack-growth behavior of Ti-6Al-4V/carbon-epoxy laminate was investigated 
by Wanhill.262 The tests were carried out on notched specimens under a gust spectrum loading 
in air and in an air plus saltwater (0.35 percent NaCI) spray environment. The gust spectrum is 
an average of the scatterband loading spectra for the nine commercial aircraft types. Changing 
from an air environment to an air/saltwater environment was found to be detrimental. Visible 
cracking of the carbon-epoxy cores took place in the presence of the saltwater spray. 
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