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fatisue Crack Initiation and Propagation in Steels 
Exposed to Inert and Corrosive Environments 

ABSTRACT 

The useful life of structural components subjected to 
cyclic loads is limited by fatigue. In general, a fatigue 
failure involves three phases; crack initiation, crack pro­
pagation, and final failure. Most investigations of fatigue 
have been confined to either the initiation or the propaga­
tion aspects of the probler.i. However, for accurate predic­
tions of life, nethods are needed for predicting both the 
nuraber of cycles to initiate a crack as well as the nuraber 
of cycles to propagate it to some critical length. 

In the present study, the fatigue crack initiation life 
of AISI 1018 steel was investigated using compact tension 
specimens having sharp notch root radii. The data were 
analyzed using two nethods for predicting initiation in 
strain cycling experiments. Also, another approach in which 
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initiation is related to the stress intensity factor was 
developed. The results showed that the nunber of cycles to 
initiate a crack from a notched coipcnent can be predicted 
ouitc sccurately. The results also showed that the nunber 
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of cycles required to initiate a fatigue crack, N^> is 
related to the stress intensity factor ran^e, AK , and the 
notch radius, p, by a Dower law, N i = e (AK/*^)-0 . Expres­
sions were obtained to estinate the material constants 6 and 
a from the yield strength of a steel. 

The next phase, that of proDagation, was studied using 
AISI 1018 steel and a new high strength steel HY-180. The 
crack propagation data obtained for both steels tested in 
air can be described accurately by the power law first sug­
gested by Paris, da/dM = C(AK) n, where a is the crack 
length, N the number of cycles, and C and n are material 
constants. However, the emonent n was found to be two 
times larger for AISI 1018 steel than HY-1B0 steel. This 
was later attributed to the lower fracture toughness associ­
ated with AISI 1018 steel. It was interesting to observe 
that the crack propagation rate of the low yield strength 
1018 steel was lower than that of HY-1R0 steel for 4K values 
less than 30 ksi-in . At the test temoerature of 185*F, the 
crack propagation rate of AISI 1018 steel decreased signifi­
cantly compared to room temDerature values. These observa­
tions indicate that one should be cautious in using the com­
mon federalization that crac'< Dropasation data (da/dN versus 
4K) for all steels fall in a narrow band. It appears that 
this generalization will only anoly to steels with plane-
strain fracture toughness values (K T yJ greater than *50-fi0 



k ksi-in . 

The effects of cyclic frequency and mean stress on 
crack propagation rate were negligible for all tests carried 
out in air. 

In order to design marine structures, an understanding 
of the fatigue behavior of steels in a corrosive environment 
(salt water) is needed, Therefore, in this investigation the 
fatigue crack propagation behavior of AISI 101R and HY-180 
steels in 35 NaCl solution was studied. The investigation 
included the influence of cyclic load frequency and apDlied 
mean stress on the crack propagation rate. In general, the 
crack propagation rate in salt water was found to be higher 
than that in air with the increase depending on the cyclic 
frequency and the aoplied mean stress. As the frequency 

increased, the effect of the salt water on the crack propa­
gation ra.te decreased. Also, as the mean stress increased, 
so did the crack propagation rate. 

Cathodic protection is a traditional procedure for cor­
rosion protection of steel structures in salt water. In some 
cases, it restores the fatigue crack initiation prooerties 
in salt water to the values found in air and this assumption 
is mad'e by many desieners. In the present work the influ­
ence of cathodic protection on crack propagation rate was 
studied for the two steels. Test results showed an adverse 
effect of cathodic protection on crack propagation rate. It 
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is concluded that a high neg 
ficant increase in crack 
minimum potential adequate 
desirable if fatigue crack 
sideration. 
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itive potential can cause signi-
propagation rate. Hence, the 
for corrosion protection is 
propagation is a design con-
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I - INTRODUCTIQH 

Fatigue can be defined as Degressive failure of a 
component under cyolio stresses or strains. Failure occurs 
even when the applied stress or strain is well below the 
value corresponding to failure under rnonotonic loading. 
Since most engineering structures are exposed to fluctuating 
loads, fatigue is the largest single source of failure of 
metals in service. Fatigue failure can be divided into 
three stages - 1) crack initiation, ?) crack propagation, 
and 3) final failure. Many mechanisms have been nrooosed to 
describe fatisue crack initiation and these are reviewed in 
Chanter II. 

A major motivation for the study of fatigue came in the 
mid-nineteenth century when railway axles in Europe failed 
during service. As early as i860, Wohler in Germany and 
Fairbairn in Britain had conducted extensive laboratory 
experiments and presented their results as sraphs of aDDlied 
stress {Si vs. number of cycles to failure (N). Their S-N 
curves were obtained by loading rotating bar specimens with 
? fixe; moment (rotating bendinc). Ever since, similar S-!J 
curves have been used to design narts to avoid fatipiuo 
failures. This traditional approach involves aoplieations, 
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such as axles, where many minions of load cycles may be 
imposed. By contrast in. recent years for applications such 
as nuclear reactors and pressure vessels, "low-cycle" 
fatigue has become of interest. Work on both high and low-
cycle fatigue is reviewed in Chapter III. An essential 
point, which is often overlooked, is that these fatigue stu­
dies are concerned with crack initiation. In high-cycle 
fatigue testing of smooth parts the crack initiation process 
consumes the vast majority of life. In low-cycle fatigue, 
failure is usually defined as the initiation of a cra?k of a 
prescribed length. 

The crack initiation approach to fatigue design becomes 
increasingly unrealistic when the majority of life is spent 
in propagating rather than initiating a crack. This is true, 
for example, in notched members. Although smooth bar crack 
initiation data are used conventionally to predict the life 
of notched members by incorporating a variety of correction 
factors, such an approach can only be empirical. In situa­
tions such as large field-welded structures which inevitably 
contain initial flaws or cracks the initiation aspects of 
fatigue are of little interest and life is determined by the 
rate of crack propagation. For this reason, in recent years 
many investigators have focused their attention on fatigue 
crack propagation rather than the crack initiation o^sse, 
Many empirical laws have been oronosed to relate crack 
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growth rates to stress levels and crack lengths. The 
development of linear elastic fracture mechanics helped 
greatly in understanding and unifying these propagation 
laws. In this approach, the crack growth rate is related to 
the stress intensity factor which, in turn, depends on the 
applied loading, the crack length, and the geometry of the 
part. The stress analysis aspects of crack propagation are 
reviewed at the end of Chapter III and a detailed treatment 
of this topic is given in Chapter IV. 

In lany cases, it is difficult to avoid some form of 
stress raisers (notches) in designing a component. There­
fore both fatigue initiation and propagation lives should be 
considered ideally when a component with a notch is designed 
against fatigue failure. As it stands now, the classical 
S-M curve approach gives no information about the crack pro­
pagation behavior of a material. On the other hand, crack 
propagation laws do not include any information about crack 
initiation. Since different material properties are of 
importance in the high-cycle and low-cycle ranges for craok 
initiation while completely different properties govern 
crack propagation, a unified approach to design against 

fatigue presents major problems, 
t 

With this motivation, in the present work, a series of 
tests was made on sharply notched steel sr>«cimens to measure 
both the initiation and propagation stages of fatigue. 



Another factor which may strongly influence fatigue behavior 
is the presence of a corrosive environment. The one that 
arises the most often in practice is that which covers 
nearly three-quarters of the earth's surface - salt water. 
Initiation and propagation of fatigue cracks can both be 
influenced by salt water. A common technique to control 
corrosion in salt water is cathodic protection. However, 
the influence of this variable on fatigue has been inade­
quately studied. Particularly for the crack propagation 
stase, conflicting results have been reported in the litera­
ture. With this in mind a series of tests was made to study 
the effect of salt water and of cathodic Drotection on the 
crack propagation rate in two steels. The experimental 
variables include the effect of the ratio R of minimum to 
maximum load and the frequency of loading. 

Two widely different steels were selected for the 
experiments. One is a conventional low carbon (1018) steel 
with a yield strength of about '(0,000 psi. The other is the 
recently developed HY-180 steel with a yield strength of 
about 180,000 psi. This material has a high fracture tough­
ness as well as a high yield strength and is known to be 
less susceptible to degradation of fracture toughness in 
salt water than other hi»h strength steels - such as marag-
ing steels. In this sense, the two steels represent the 
ordinary and the optimum available at the Dresent time. The 
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experimental work is described in Chapter V. 

As in other areas of mechanical behavior, in fatigue we 
try to predict behavior based on simple tests such as uniax­
ial tension and empirical correlations. Several different 
approaches are discussed for crack initiation and compared 
with experimental results in Chapter VI. For crack propaga­
tion some generalizations can be offered. However, from the 
present work it appears that too simplified a picture has 
been presented in the literature for crack propagation. At 

the present time it seems desirable to obtain crack propaga­
tion data for the material of interest for the environment 
and cyclic loading speeed expected in practice. This work 
is also treated in Chapter VI which concludes with a discus­
sion of some of the problems of combining initiation and 
propagation into a single model. Some possible approaches 
to this problem are presented. 

Finally Chapter VII summarizes the present work and 
attempts to draw some general conclusions for the design of 
steel members against fatigue in a corrosive environment. 
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II - FATIGUE CRACK INITIATION 

Fatigue failure of materials is basically divided into 
three stages; a) crack nucleation, b) crack propagation, 
and c) final failure. In this chapter, fatigue crack 
nucleation in inert and aggressive environments will be dis­
cussed, 

A - Mechanisms of Fatigue Crack Nucleation 

With few exceptions, in high-cycle life testing fatigue 
cracks nucleate at the surface. However, when a strong sur­
face film is present cracks tend to nucleate at subsurface 
flaws of unusual severity. In instances where subsurface 
crack nucleation was observed the life of the part was still 
governed by cracks that originated at the surface (1). 

1 - The Persistent Slip Band 

Slip occurring in a plastically deformed grain having a 
free surface results in surface steps of varving height 
which,, if the surface is suitably prepared -iietallurgically, 
are visible as lines when viewed under a microscone. 

Slip-line development on the surface of a fatigue 
specimen has been studied by many investigators. As early 
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as 1903, EwinR and Humphrey (?) tested iron specimens in 
rotating bending at stress levels above the endurance limit. 
The test was stopped frequently to examine the surface of 
the specimens. At the early stages of the test they 
observed few slip lines but, as the experiment proceeded, 
new slip lines formed close to existing ones producing bands 
of slip. These bands grew wider and more dense as thft test 
proceeded. About fifty years later, Thompson, Wadsworth, 
and Louat (3) tested nigh-purity copper specimens in alter­
nating stress with zero mean. They also removed the speci­
mens periodically and examined them. Slip bands formed 
early in the test and became more numerous as the test pro­
gressed. The roughness associated with slip bands was 
removed periodically by electropolishins; and most of the 
slip bands disappeared. However, a few of the slip bands 
became accentuated and were called "persistent slip bands" 
and fatigue cracks grew eventually from these bands. The 
persistent slip bands most often start at erain boundaries 
and develop in a transgranular manner as shown in Figure 
2.1. 

2 - The Formation of Intrusions snd Extrusions 

Many slip mechanisms have been proposed to explain the 
occurrence of intrusions and extrusions on the surface of a 
material. Some of these mechanisms will be discussed 
briefly here. 
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All of the crack nucleation mechanisms described below 
require some localized plastic deformation. Mott (4) pro­
posed a slip mechanism that requires for its operation a 
screw dislocation terminating in the surface at one end. 
This process is shown schematically in Figure 2.2. Under 
cyclic loading, the screw dislocation AA* completes a closed 
circuit by cross slipping from one plane to another, extrud­
ing the material within the circuit by one Burgers vector in 
each cycle. In this mechanism it is not easy to see why the 
dislocation does not simply oscillate back and forth. To 
overcome this criticism, Kennedy (5) proposed what he called 
a "gating" mechanism (Figure 2.3). In this model, a group 
of screw dislocations glide on a plane intersected by 
another plane containing a similar group of edge disloca­
tions. The force resulting from the intersection of dislo­
cations is such that the edge dislocations and the associ­
ated Lomer-Cottrell barrier are moved out of the path of the 
screw dislocations, so that they glide past. In the nega­
tive half cycle of stress, edge dislocations of opposite 
signs are generated, the Lomer-Cottrell barrier is 
translated into the path of negative screw dislocations, and 
the screw dislocations then cross slip to avoid the barrier, 
thus providing the essential elements for extrusion-
intrusion formation. This model allows for the large number 
of dislocations required to form extrusions and intrusions 
as fast as they are observed, Kennedy suggests t^at it is 
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not necessary that the same dislocations should go around a 
closed path, but merely that there should exist path 
discrimination between positive and negative dislocation. 
Another attractive feature about this model is that it does 
not require internal voids as does Mott's model. 

Another mechanism proposed is by Cottrell and Hull (6). 
They suggested a simple duplex slip mechanism involving 
sequential slipping from two sources S1 and S2 shown in Fig­
ure 2.1. It results in a large separation of the intrusion 
and extrusion. This mechanism was later discounted since it 
could not explain the formation of extrusion-intrusion pairs 
when only one family of sliD planes is operating. 

The intrusion-extrusion model by McEvily and Machlin 
(7) involves two screw dislocations terminating in the sur­
face (Figure 2.5) with a subsurface node where dislocations 
meet. Under a cyclic stress, the screw dislocation pair is 
shifted around a circuit, if cross slip is possible, and a 
collinear extrusion-intrusion pair forms in the slip band. 
This model does not account for the observed rapid formation 
of extrusions. 

Thompson (8) suggests yet another extrusion-intrusion 
model. This mechanism depends on the simple traverse of 
edge dislocations across slip nlanes Denetrated by screw 
dislocations (Figure 3.6). During the tension part of the 
cycle, the edse dislocations interact with the forest 
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dislocations causing a slip step. If, in the compressive 
part of the cycle, edge dislocations of opposite sign exe­
cuted the saite motion with the forest dislocations in the 
same position, the slip step would unslip and the original 
surface would be restored. However, if the forest disloca­
tions move, and there is a good chance that they would, 
exact unslippin^ would not happen and extrusion and intru­
sion would form. This model seems to be most realistic for 
wavy slip materials; it could be expected to operate at both 
high and low strains, and also at grain boundaries. 

3 - Low Strain, Long Life Crack Nucleation 

The intrusion-extrusion mechanisms described in the 
preceding section could be taken as the crack nucleation 
mechanisms. But, intrusion-extrusion formation is not the 
only mechanism for initiation. It seems that persistent 
slip bands are more important since intrusion and extrusion 
depend on persistent slip bands. Therefore, a more general 
mechanism of crack nucleation based on persistent slip bands 
is needed. Attain there have been a number of proposals and 
some of them will be discussed briefly. 

Vacancies can coalesce to form voids thus nucleating a 
crack. It is well known that fatigue cycling produces dislo­
cation interactions which in turn create vacancies. This 
void mechanism can be criticized since it could hardly take 
place at low or ambient temperatures because the process 
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depends on diffusion. However, at hif*h temperatures, where 
creep phenomena bep,in to play a role, a fatigue crack 
nucleation mechanism based on vacancy condensation may be 
valid, 

Fujita (9) showed theoretically that it might be possi­
ble for dislocation dipoles to nucleate cracks. Therefore, 
it is reasonable to suggest that the accumulation of defects 
may destroy crystal coherency across a slip plane and lead 
to cracking. Grosskreutz (10) observed that in aluminum, 
under low amplitude cycling, large numbers of dipoles accu­
mulated near the surface where they tend to be stranded 
because of the weak dipole-surface interaction (11). It was 
then concluded that such an accumulation of ed$e dislocation 
dipoles might form a crack nucleus. 

Wood (12) proposed a mechanism based on the fact that 
if forward and reverse stressing result in different amounts 
of net slip on different planes, then a general roughening 
of the surface would occur. Therefore, the valleys formed in 
such a manner act as stress raisers and promote further 
slip. This mechanism was criticized by Kennedy (5), since 
under cyclic stress it is not clear why the slip should con­
tinue to deepen the valley. Later on, Hay (13) developed a 
statistical formulation showing that, with continued 
cycling, progressively deeper valleys would result from ran­
dom slip. 
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Neuman (11) proposed a model in which cracks are formed 
by coarse slip on alternating parallel slip planes. He 
states that when crack initiation develops from a coarse 
slip steD produced in tension (Figure 2.1), excess disloca­
tions of one sign remain on the activated slip plane 1 shown 
in Figure 2.7. On compression, the situation in (a) is 
reversed to a compressive slip sfceD. The two dashed lines 
in (a) represent the planes through the root of the step 
with maximum shear stress. So, if the stress is high enough 
a second glide system 2 will be activated with results shown 
in (b). At each step the height of the step is limited by 
the work hardening of the activated slip plane. During the 
next compression, the excess dislocations on 1 and 2 run 
back causing configuration (c), essentially a crack nucleus, f 
and the matrix of the surfaces at A hinders slip so that no 
compressive slip steDS are formed. It is reasonable to 
expect that the surfaces at k can be separated again without 
effort. In the next tension stage, slip is also activated 
on the unhardened plane 3, and the process of forming a new 
increment of crack surface is repeated until a substantial 
miorocrack is produced. 

U - Hi*h Strain Crack Nucleation 

In the presence of high strain, crack initiation 
mechanisms differ from what was discussed in Section 3. 
Wood and Bendler (15) investigated the surface damage in 
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copper and observed that the "notch and peak" effects asso­
ciated with Ions life fatigue did not develop in the high 
strain range. This was later confirmed by Kemsley (16) who 
found that persistent slip bands did not occur at high 
stresses. 

Most investigators (16,17) found that the cracks mainly 
nucleated at grain boundaries. It seems that grain boundary 
nucleation takes place in the absence of any inherent grain 

boundary weakness. This mechanism appears to be purely 
geometrical. In high strain fatigue the surface becomes 
severely rumpled and the surface displacements are large. 
The constraints at c,rain boundaries cause mid-grain areas to 
bulge outwards during the compression part of the cycle and 
this process forms a notch. Laird (18) has also shown 
theoretically that the degree of plastic folding could 
increase as the grain size of the material increases. Pure 
aluminum specimens were tested and it was found that the 
number of cycles to nucleate a crack increased as the grain 
size decreased. 

The fact still remains that due to the complicated 
nature of fatigue crack initiation, it is hard to make a 
definite statement on a mechanism that describes the initia­
tion process for all materials. Rut it apoears that most of 
the observations poin'. to Wood or Meuman type mechanisms. 
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B - Role of Aqueous Environment _iri Crack Initiation 

Aqueous environments are known to influence the fatigue 
crack nucleation process. The theories pertaining to the 
role of aqueous environment in the nucleation Drocess will 
be discussed in this section. 

1 - Protective Film Destruction 

The most common film observed on metal surface is an 
oxide film. The thickness of the oxide film is usually 

o 

greater than 1OA, Aluminum, when exposed to dry air, 
obtains an oxide film of thickness 100A as compared to 
stainless steel value of 10-20A. This oxide film is 
cathodic to the metal matrix. Some investigators have sug­
gested that the fatigue slip steps break through this oxide 
film, thus exposing small anodic regions to the large 
cathodic film (Figure 2.8). This results in electrochemical 
cells which in turn cause a raDid dissolution of the metal 
in the vicinity of the emerging slip step and prematurely 
initiate fatigue cracking. This mechanism was oronosed as 
early as 1933 (19). It was also shown that lowering the 
frequency would increase the initiation period presumably 
because lowering the frequency would allow the oxide film tc 
repair itself and reduce anodic dissolution of newly emerg­
ing metal. Simnad and Evans (?0) agreed that a mechanism 
such as described above could take nlace, but they pointed 
out that in acid solutions, where oxide films are soluble, a 
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mechanism of this type can not be accepted. Therefore, it 
can be concluded that even when an oxide film is present, 
either the cyclic stresses are not high enough to rupture 
the cat'nodie film or the stresses happen at a low enough 
rate so that film repair occurs more rapidly than does sig­
nificant corrosion damage due to the formation of electro­
chemical cells. 

? - Pitting 

The mechanism of pit formation is not well understood. 
Most of the proposed mechanisms suggest either an activated 
ion, such as chloride, penetrating the passive film and des­
troying it locally (21) or the activating ion beini; pre­
ferentially absorbed at the metal solution interface 
displacing the absorbed passive layer and thus destroying 
passivity (2?.). But once these pits are formed they act as 
local electrochemical cells. The bottom of the pit is the 
anode and the surrounding walls of the pit and the surface 
of the metal are the cathode. The high ratio of cathodic to 
anodic area , contributes to the hish rate of pit growth. 
McAdam (23) suggested that corrosion-induced pits on the 
surface act as stress concentrators and reduce the fatigue 
life of a metal. 

It is true that pit formation does lead to reduction of 
fatigue life. However, it should be mentioned that the cor­
rosion fatigue phenomenon also occurs in environments where 
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pitting does not occur. This was shown by Simnad and Evans 
(2ii) and also confirmed -by Duquette and Uhlii> (25). They 
tested low carbon steel in the presence of a-jid solution and 
no pits were observed. Conversely, fatigue tests performed 
in 3? NaCl + NaOH solution of pH12, where only a few ran­
domly distributed pits were observed, showed fatigue limits 
identical to those found in air. 

The results of this nature are not altogether unex­
pected since corrosion-induced pits tend to be hemispherical 
and the stress concentration factor associated with 
surface-connected hemispherical defects is not large (26). 
It is possible that pits observed at failure are not the 
cause of corrosion fatigue but rather the result. That is, 
corrosion fatigue cracks are initiated and are then extended 
by the corrosive environment to produce evidence of pits. 

3 - Preferential Dissolution of Deformation-Induced Anodic 

Material 

The deformed areas in metals and alloys, areas of 
intense slip, are anodic to undeformed areas. Investigators 
surest that cyclic deformation of alloys induces slip band 
precipitation of impurities which then increase electrochem­
ical reactivity (?7). To sunport this deformed-undeforrned 
metal galvanic couple theory, many observers have shown a 
shift in electrochemical corrcsion potentials in the active 
direction during early stages of corrosion fatigue tests. 



0 

17 

Simnad and Evans (20) have related this potential shift with 
one or more of three possibilities (Figure 2.9): (a) depo­
larization of cathodic and anodic areas, anodic depolariza-

^ tion being more dominant; (b) a reduction in resistance of 
the electrolyte path between local anodes and cathodes; and 
(c) a shift of the open circuit potential of local anodic 

v' areas in the active direction due to the energy increase of 
plastic deformation. 

Duquette and Uhlig (25), in order to examine the effect 
of dynamically imposed deformation on corrosion behavior, 
applied cathodic potentials to low carbon steel specimens 
under high cycle fatigue tests. In both neutral solution 
and acid solutions of pH 2, 3, f, polarization of the steel 
to its calculated open circuit potential resulted in.obtain­
ing the fatigue curve determined in air. This is a contrad-

C 
iction to the mechanism proposed by Evans and Simnad. If 
deformed metal in fatigue generated slip bands were more 
anodic than undeformed metal, a more active catnodic poten-
tial would have to be applied in order to prevent 
environment-induced crack initiation. This also points 
towards the fact that cathodic protection may be used to 

i, 
increase the crack initiation life in corrosive environment. 

It seems that the effect of plastic deformation on cor­
rosion behavior of metals is still a poorly understood sub­
ject. 

9 
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i* - Surface Energy Reduction by Absorbing Species in the 
Aqueous Environment 

Corrosive environment (liquids), absorbing on solids, 
may lower the surface energy and therefore favor slip step 
formation. This mechanism was proposed by Rebinder and co­
workers (28). They found that surface active compounds 
caused the reduction of resolved shear stress of several 
metals, and also caused the reduction of the fatigue life of 
steel. Benedicks (20) also arrived at the same conclusion. 
He suggested that the wetting of metal surfaces by liquid 
environments could be responsible for some of the environ­
ment sensitive mechanical properties, such as corrosion 
fatigue, the reduction in surface energy of the metal lead­
ing to a dilation of surface atomic bonds thus facilitating 
the slip process. He also stated in his paper that the 
effect should increase with decreasing surface tension of 
the liquid. 

c " Role °£ Gaseous Environments iin Crack Mucleation 

It appears that the opinion of investigators on the 
effect of gaseous environments on fatigue crack initiation 
is divided into two opposing points of view. Some suggest 
thst the gaseous environments play no role in crack initia­
tion and others pronose that the qaseous environment has a 
strong effect on the nucleation process. 
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Thompson (30) suggested that slip bands produced in 
cyclic fatigue in air become regions of high oxygen concen­
tration due to strain induced vacancy generation. Dissolved 
oxygen then serves to prevent the rewelding of developing 
cracks and speeds up the transition from slip band to micro-
crack (Figure 2.10), 

Shen and co-workers (31) expressed the opinion that the 
surface of a metal cyclically stressed in air is 
strengthened with an oxide film. Therefore, dislocations 
are accumulated in surface regions and the formation of 
voids and cavities is enhanced, leading to premature crack 
formation (Figure 2.11). 

It has also been shown that water vapor is important in 
the nucleation process in age hardened aluminum alloys. The 
water vapor either dissociates to form hydrogen which 
embrittles the alloy and causes early cracking or 
accelerates the oxidation of emerging slip steps thus block­
ing reverse slip (32,33). 

Some investigators disagree that gaseous environments 
affect the crack nucleation process. Wadsworth and Hutch-
ings (34) showed that the appearance of microcracks, intru­
sions and extrusions was similar in air and in vacuum for 
the same number of cycles. Hordon (33), testing fatigue 
behavior of aluminum in vacuum, also suggested that not only 
initiation, but the very early stage of propagation is 
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unaffected by environment. He then states that the absorp­
tion of oxygen at the tip of a growing crack increases the 
propagation rate and thus decreases fatigue life. 

It seems that more critical experiments are needed to 
understand the effect of gaseous environments on fatigue 
crack nucleation. However, from available data, the effect 
of gaseous environments (if any) on crack initiation is very 
small compared to the effect on crack propagation. 

D - Remarks 

It has become evident from experimental observations 
discussed in this section that no one mechanism either in 
the presence or absence of corrosive environment can explain 
the crack nucleation process. This is mainly true because 
the initiation process does not occur by the same mechanism 
for different materials. On the other hand, it could be 
stated with some degree of certainty, that fatigue failure 
in many alloys usually nucleates at some weakly constrained 
interface or because of stress concentration associated with 
discontinuities in the structure. And also at high applied 
stresses, fatigue crack initiation occurs at grain boun­
daries by means of the Dlastic folding process. 

It can also be concluded that aqueous environments have 
a more drastic effect on crack initiation than gaseous 
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environments. Therefore, it appears that the exact mechan­
ism of fatigue crack nucleation in the presence or absence 
of corrosive environments remains unknown and more elaborate 
experiments are required before a satisfactory model can be 
developed. Thus, for the present we still have to rely on 
experimental results to evaluate the fatigue crack initia­
tion and propagation behavior of a given material in inert 
or corrosive environments. 



22 

H I - STRESS ANALYSIS ASPECTS OF FATIGUE 

A - Classical Fatigue 

1 - S-N Curve 

Wohler (36), between 185R and 1870, carried out the 
first comprehensive investigation of the fatigue of metals 
and ever since his S-U curves have been the major represen­
tation of fatigue data. S denotes the stress amplitude or 
the maximum cycle stress and N denotes the number of stress 
cycles needed for a complete fracture. 

The most widely used fatigue testing machine is the 
Moore high speed rotating beam machine which subjects the 
specimen to pure bending by means of weights. The standard 
sDecimen used is shown in Figure 3.1. The specimen is care­
fully machined and polished in an axial direction to avoid 
circumferential scratches. The outer surface of the speci­
men is subjected to an alternating stress cr= + r̂- where M 

3 — J . 
is the bending moment, C is the radius and I is the section 

modulus ( T - O - The number of cvcles to failure at a partic­
ular stress is recorded. This information is then plotted 
on log-log paper as shown in Figure "}.?. The ordinate of 
the S-H curve is called the fatigue strength corresponding 
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to the number of cycles needed for failure. In the case of 
steel (in the absence of corrosion or localized loading) 
this curve becomes horizontal indicating that failure does 
not occur if the apDlied stress is below this value. The 
strength represented by the horizontal line is called the 
fatigue limit or endurance limit (S ). It is interesting to 
note that an endurance limit may not exist for nonferrous 
metals and alloys. 

Several attempts have been made to find a mathematical 
model for the S-N curve. Weibull (37) prooosed an equation 
in the form of 

<S - S )(N + B) a = b (3.1) 
e 

where S is the endurance limit and a, b and B are con­
stants. Valluri (38) has also proposed an equation: 

2 lnOyW lnKc-a^/k] { 3 2 ) 

c [(o-o^/El2 [(o-o')/a.l2 

where o- and ff' are maximum and minimum cyclic stress respec-
tively, <r, is ultimate tensile strength, a. is aonroximately 
equal to the endurance limit, and k and c are material con­
stants. 
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In the case of steel it has been shown that the S-N 
curve on log-log paper is a straight line between 10 and 
10 cycles. And from experimental data it has been observed 
that the endurance limit S' coincides with 10 cycle 
strength and its value is about .5S (for polished speci­
mens). The 10 cycle strength is seen to be approximately 
.QS . Therefore, from observations one can obtain an equa­
tion for the straight line and solve for S.,, the strength 
for H cycles. 

s . S ( J L j ^ V ' 9 8 ^ for 103< N< 10 6 (3.3) 
K " e 1 0e 

From a great number of rotatin^-beam test results it has 
become more or less standard practice, when test results are 
not available, to estimate the endurance limit for steels as 

S^ = .5S u for S u < 200,000 psi 
S' = 100,000 osi for S > 200,000 osi 
e u — ' 

This estimation is different for other materials. For exam­
ple, S1 = JlS for cast iron but for aluminum and magnesium 
r e u 
alloys Sg is equal to .^S^ to .US based on 70 R or Sx10 8 

cycles. Titanium and titanium alloys tend to show a true 
£ 7 

endurance limit in the ranse of 10' to 10 cycles, S* is 
e 

usually equal to .W to .65 of th<? ultimate strength. 

? - Endurance Limit Modifying Factors 
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The endurance limit (Sp found as a result of tests 
usins a standard specimen and rotatin^-beam machine may be 
considerably bi?ger than the endurance limit of an actual 
part. There are many reasons for this difference. For 
example, several points of stress concentration may exist, 
the operating temperature nay be high, or the surface may 
not have been oolished. Therefore, the endurance limit S' 

e 
has to be modified to account for these factors. So: 

S = k k. k k,k k.S' (3.4) 
e a t> c d e 1 e 

where 
S = endurance limit of part 
S1 = endurance limit of standard specimen e 
k = surface factor a 
k, = size factor o 
k s reliability factor 
k . = temDerature factor 
k = modifyinR factor for stress concentration e 
k. = miscellaneous effects factor 

The surface finish, at least for steel, has been shown 
to have a significant effect on the endurance limit. Figure 
3.3 shows a plot of k„ vs. tensile strength for steels. The 
data gathered are for hot-rolled and as-forced Darts. The 
surface factor for magnesium and aluminum alloys can be 
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taken as unity since the endurance limits given by manufac­
turers include the effect of the surface finish. 

Experimental data show a reduction in fatigue endurance 
limit for larger diameter parts. The rule-of-thumb to fol­
low for steel is 

1 for d < .3" 
.85 for .3" < d < 2" 
.75 for d > 2" 

k b = < 

k b may be taken as unity for completely reversed axial load­
ing. 

The endurance limit should also be modified by the 
reliability factor k . When many specimens are tested at 
several stress levels, the points will scatter in a band. 
The ' S-N curve is usually drawn as the mean curve which 
represents a 50 per cent probability of survival, k is 
taken as unity for 50 per cent survival rate. It is possi­
ble to achieve a greater survival rate at a somewhat lower 
stress level by introducing the k factor, Stulen et al 
(395 proDOse that the distribution of fatigue strength is 
normal for a fixed number of cycles and furthermore that the 
standard deviation is 8 per cent of the endurance limit when 
test values are not available. Tabl° 3.1 shows tabulated 
values of k for different survival rates. It is important 
to note here that individual cases should be analyzed care­
fully in order to select the proDer survival rate. 
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In general, as temperature increases the fatigue 
strength of a Dart decreases. The temperature factor k. is 
equal to unity for room temperature. For higher tempera­
tures when creep phenomenon also play a role in failure, 
experimental data should be used to obtain kj. 

A measure of severity of stress concentration is <?iven 
by the stress concentration factor K., which is defined as 
the ratio of the maximum stress at a discontinuity to the 
nominal stress. Kfc values for different shapes are Riven in 
the literature in the form of tables and charts (10). 
Although fatigue strength is considerably reduced by the 
geometrical stress concentration factor (K.), the reduction 
is often less than the stress concentration factor. For 
this reason a fatigue stress concentration factor K f is 
introduced. K, is defined as the ratio of the fatigue 
strength of a notch-free specimen to the fatigue strength of 
a notched specimen. Kfc and K f are related by the notch sen­
sitivity factor q, which was first defined by Peterson ('JO): 

Therefore, the fatigue stress concentration factor is 

K f = 1 + q(Kt.- 1) (3-5) 
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and the modifying factor for stress concentration is 

e K f 

Figure 3.H shows the values of q for (liven notch radius and 
tensile strength of a material. 

The miscellaneous factor k. is introduced to account 
for other factors that effect the fatigue strength of a 
material. These factors include corrosion, residual 
stresses, surface treatment (case hardening or plating), 
internal defects (inclusions), anions others. The effect of 
these factors on fatigue strength is usually determined 
experimentally. 

3 - Mean Stress Effect on Fatigue Life 

The stresses produced in the laboratory for fatiaue 
study usually vary sinusoidal about a zero mean stress. The 
stresses are usually expressed in terms of a pair of vari­
ables, such as the mean stress o- and the alternating or 
stress amplitude <y , as shown in Figure 3.5. From Figure 

» a 
3.^ we can write 
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max min o r 

m • 2 

o - 0 . max min 
"a 2 

f 
i 

The values of cr and a correspondine to failure are denoted a m 
by S and S . The value of S corresponding to endurance is 
denoted by S and often the notation S.. is used interchang-
ably with S to denote failure in N cycles. Numerous curves 
of S vs. S have been proposed to predict fatigue life when 
both S„ and S are varied. The three common curves are in a 
shown in Figure 3.5. The straight line joining the alter­
nating fatigue strength to the tensile strength is the modi­
fied Goodman law. Goodman's original law included the 
assumption that the alternating fatigue limit was equal to 
one-third of the tensile strength which has since been modi­
fied. Gerber observed that the experimental data obtained 
by W&'hler fitted closely to a parabolic relation and this is 
known as Gerber's parabola-. The third relation, known as 
Soderberg's law, is given by a straight line from the alter­
nating fatigue strength to the static yield strength. 
Soderberg's line is a very conservative approximation and 
is not recommended for general use. The modified Goodman 
diagram is most widely used in the United States and else­
where. The relationshiDS may be written mathematically as 
follows: 
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Modified Goodman Law o = S (J ~ ^-) a e S u 

Gerber's Law a = S (1 - ( - V ) (3-6) 
a G 5 

U 

0 
Soderberg's Law <Ta = S £ ( l - j 1 ) 

y 

where tr and a are alternating and mean stress respec­
tively, 3 the tensile strength, S the yield strength and 
S the endurance limit, e 

The curves described above are for a tensile mean 
stress. One mip,ht expect sane strengthens for compressive 
mean stresses. However, it is usually assumed b?sed on data 
such as shown in Figure 3.7 that mean compressive stress has 
no effect on the endurance limit. Therefore for design our-
poses, it is recommended that line AF in Figure 3.7 be used. 
One can combine Figures 3-6 and 3.7 and also include a fac­
tor of safety on the strength properties to obtain the 
desif.n diagram shown in Figure 3.ft. 

It was not the purpose of this section to cover the 
entire classical fatigue approach, but to describe briefly 
the "backbone" of classical fatimie. No attemot was made to 
describe many complicated subjects related to this approach. 
For example, in the case of coxbined leading where both tor­
sion and bendin? or tension stresses fluctuate, the failure 
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criterion becomes different and more complicated. Or, in 
structures, most often • a random loading is encountered 
instead of sinusoidal loading. Many accumulative fatigue 
damage rules have been proposed to deal with this situation 
(11,12). 

B - Low Cycle Fatigue 

The S-N curve may be divided into two portions, the 
low-cycle range and the high-cycle range. There is no 
definite dividing line between the two. A good assumption 
might be that the low-cycle range is between 0 to about 10 J 

1 3 1 
or 10 .cycles and the high cycle range is about 10 J or 10 

7 cycles to 10 or higher. Low-cycle fatigue gained attention 
after World War II. It was realized that for some pressure 
vessels, landing gears, pressurized fuselages, spaceship 
launching equipment, etc., only a short fatigue life was 
required. 

In most cases of low-cycle fatigue, parts are subjected 
to cyclic strains rather than cyclic stresses. The distinc­
tion between strain cycling and stress cycling is important 
when olasti.c deformation is involved. Low (1.?) showed that 
within the range 10^ to 1011 cycles, the fatigue life in 
reversed bending for different ductile materials depends on 
the range of strain only. Kooistra ( P ) , testing steels, 
found that for a fatigue life of less than 5x10 cycles the 
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resistance to alternating strain correlated best with th»» 
ductility of the steel, as determined by the elongation in a 
static tensile test. He also observed that for fatigue life 
between 5x10 to 2x10 cycles the resistance to alternating 
strain was almost independent of the tensile properties, 
while above 2x10 cycles the resistance was more closely 
proportional to tensile strength. This implies that the 
fatigue life of a material when cyclic plastic strain is 
involved depends on its ductility. On the other hand, when 
cyclic elastic strain is involved, the fatigue life pri­
marily depends on the tensile strength of the material. 
Therefore, the fatigue life for total alternating strain 
deDends primarily on ductility at high stresses when plastic 
strain predominates and primarily on strength at low 
stresses when elastic strain predominates. 

The importance of the Dlastic strain range, Ae , on 
P 

low-cycle fatigue of a smooth specimen is demonstrated by 
the empirical Coffin-Manson Law (45,46), In its general 
form, the relationship is given by: 

c! 
U M = C, (3.7) 

i 

where i f is the plastic strain range, N is the number of 
P 

cycles to failure, and C. and C, are constants. The value 
of C. i«. very close to 1/? for a wide variety of materials 
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(Figure 3.9). 

Coffin made the empirical observation that the constant 
C ? could be determined by takintr the plastic strain range 
for 1/4 cycle as the true strain at fracture, e , obtained 
in a tension test. Therefore, for C 1 = 1/2 

and 

ct = IMf) 

where A is the original area, and A is the area of frac-o 
ture. There have been other oroposals made to relate Ae to 

P 

e, such as fie = 2e or Ae = 1.6e , but Coffin's t p t p t ' 

approach is simple and conservative. 

For application in design, the plastic strain range is 
converted to total strain range. The difference between the 
total and plastic strain ranr?e is the elastic strain ranp;e, 
AE , which can be approximated by the expression 2S /E, e ' y ' 
where S is the yield stress. Since it is customary to use 
0,2 per cent offset yield strenRth, and this value is usu­
ally greater than the endurance limit, the fatigue curve 
obtained usinf* ?S /F. for elastic strain range becomes uncon-
servative in low stress-hish cycle ran^e. Therefore, it has 
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been suggested that a better result can be obtained if the 
elastic strain ranee is taken as 2S /E, where S„ is the 

e e 
endurance limit and E is the modulus of elasticity. Combin­
ing these expressions, one can write 

EAe EAE 
Ec = —z-2- + —r— since fle . * 2e 

a 1 2 total a 

E , £t, . E S 

*.-fyi + iitf 

EE = — r + S (3.8) 
a 4H* 

A rule of thumb established by Peterson is that at +1? 
strain (Ae = .02) the failure occurs at about 1000 cycles. 

The influence of unknown meaij stress, such as residual 
stress, has to be considered in design. It is understood 
that at the high cycle end of the curve, the addition of a 
nean stress decreases the endurance limit. The amount of 
reduction can be determined from the Goodman diagram. But 
it is not easy to evaluate the mean stress accurately since 
niean stresses could be produced by welding or an accidental 
overload. Therefore, it would be advisable to adjust the 
fatigue curve downward at the hii>h cvcle end to allow for 
the maximum possible effect of "iean stress. The Goodman 
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diagram with the yield line drawn is shown in Figure 3.10. 
As the mean stress increases alon^ OA' the allowable value 
of alternating stress decreases along the line S S . If the 
mean stress is increased beyond A' yielding occurs. Since 
we cannot allow failure by p,ross yielding, then A' 
represents the highest value of mean stress that has any 
effect on fatigue life. This approach to fatigue design is 
a conservative one since the actual value of the mean stress 
in a specific case might well be considerably lower than the 
value given by point A'. S" is the alternating stress 
required to produce failure when the mean stress is equal to 
A'. Therefore S" is the value at which the high cycle end 
of the curve (stress or strain vs nurnber of cycles tc 
failure) has to be reduced in order to safely ignore the 
effect of mean stress. From Figure 3.10 we can write 

S - S 
S" = S [— ^ ] for S < S e e lS - S ' a y u e 

and, for a f in i te number of cycles: 

S - S 
S" = S [~—=* for S < S 

a l s

u - V a y 

Mo correction will be necessary if S > S since the yield 
line then lies inside the Goodman line. 
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The notch effect is different in high cycle fatigue 
than in low cycle fatigue. In low cycle fatigue the stress 
and strain concentration factors are no longer the same 
(K < K J. Two approximate methods are in common use to 
account for notch effect. They are 

K? = K K (3.9) 
t O E 

K = 1 + (K - 1) - S - 1 (5-10) 
0 t E 

(T. and e. represent stress and strain at the notch. These a d 
approximations agree reasonably well with experimental data. 

K can be estimated by using either aoproach and a 
stress-strain curve. But this method leads to a very con­
servative life Drediction because it ignores the fact that 
after initiation in notched parts much of life is spent in 
crack propagation. So it hss been a coiraon practice to 
apoly K. over the wnole ranee of N to strain cycling data. 
This would eliminate the need to apply K f to the high cycle 
end of the curve and K to the low cycle end of the curve. 
Therefore, the Coffin-Manson Law (eq. 3.8) becomes 

e. S 
Va = "1 + E 5 a i l ) 
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The correction for the unknown mean stress is the same as 
before. 

C - Fatigue Crack Propagation Behavior 

The traditional approach in design against fatigue 
failure was described in the previous sections. The defini­
tion of the crack length that initiates the transition from 
the nucleation stage to the propagation stage is still a 
controversial subject. But the fact still remains that 80 to 
90? of the fatigue life of a smooth part consists of nuclea-
tion when the total life is between 10 to 10 cycle. On the 
other hand the nucleation life is about 30 to 60% of total 
life when the smooth part fails between 10" to 10 cycles. 

Until recently little attempt had been made to deter­
mine the laws governing the rate of growth of a fatigue 
crack. This was mainly due to the fact that most investiga­
tors based their design on endurance limits of materials 
obtained from smooth laboratory specimens. Naturally the 
purpose was to prevent the initiation of any cracks under 
cyclic loading by keeping the design stresses below some 
critical value. However, it has been realized that situa­
tions may exist where fatigue stresses operate on structures 
containing large stress concentration. These may be defects 
in welds or structui-al design features. Therefore, more 
attention is now being paid to crack propagation phenomena 
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rather than crack initiation. Many apparently different 
empirical laws have been proposed to relate crack growth 
rate to stress levels and crack length. Recent developnents 
of linear elastic fracture mechanics have improved the 
understanding of crack propagation behavior, For this rea­
son a brief review of this topic will be presented, 

1 - Linear Elastic Fracture Mechanics - A Brief Review 

1.1 - Griffith Energy Concept 

Griffith (17) used an energy concept in dealing with 
infinite stresses at the tip of a crack. He supposed that a 
test sample minftt contain small flaws which then would 
enable the stress to be concentrated sufficiently for the 
theoretical strength to be attained locally at a relatively 
low overall stress. Griffith then stated that for this pre­
existing crack to erow, the work done by external forces 
less the increase in strain energy has to be greater than 
the energy required to create fresh surface. Using Inglis* 
(«R) solution for an elliptical crack and assuming a center 
crack of length 2a situated in an infinite plate of unit 
thickness Griffith's energy criteria can be raatheTnatically 
f omul's ted: 

$X-i— strain energy increase due to the introduc-
tion of a crack of length 2a. 
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p , work done by external load when crack is 
introduced under load, 

Hay corresponding increase in surface energy. 
Therefore the Griffith's criterion is: 

fc ^ - ^ 

and for the critical stress, cr . we have 
o 

/IE a = . ^ - L (3.12) 
c \i ira 

,2 where E' = E, for plane stress and E'=E/{1- v ), for plane 
strain. 

The difficulty with Griffith's criteron is the tern y. 
The surface energy, /, is a thermodynamic value that can be 
measured by a variety of tests unrelated to fracture. For 
most materials the values of surface energy found from frac­
ture tests are much greater than the thermodynamic values. 
This discrepancy is due to the fact that localized plastic 
deformation occurs during fracture testing. Later on, Irwin 
<i4<5) modified Griffith's theory by sui^estins that a surface 
energy characteristic of fracture can be measured in a frac­
ture test. He defined (3 as the work required to create a 
unit increase in the crack area by fracture. G then could 

c 
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be ccnnareri to the energy released by unit crack extension, 
G, (i.e. work done by external forces - increase in strain 
enerey) G, to reach a conclusion as to the behavior of the 
crack. If G<Ci the crack is stable, if G>G the crack is c c 
unstable and should Dropa^ate, and if G=G the crack is in 
metastable equilibrium. 

G can be determined experimentally by what is commonly 
known as the compliance method. By referring to Figure 3.11 
one can obtain the expression for the enerqy released by an 
increase in crack length 5a. 

G-B-5a = (P +-=r)5u - AW (3.13) 
2 e 

where B is the thickness of the plate and AW is the elastic 
e 

energy due to crack length increase of 5a . The compliance is 
defined as the reciprocal of the slope of the load-
deflection curve (C = p). The elastic strain energy is 

CP Riven by W =-y . In the limit, equation (3.13) becomes 

dW 
G. B = P^i-—& 

da da 

Substituting for u and W their corresponding values in 

t e n s of C and p we have: 

r.R * r d C C P ) d(CP2) 
da 2da 
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That is, 

G = f i S (3-^ 

Therefore the problem is reduced to measuring the compliance 
of the specimen as a function of crack length and obtaining 
the quantity dC/da. 

1.2 - Stress Intensity Factor 

The surfaces of cracks are stress free boundaries adja­
cent to the crack tip and therefore dominate the distribu­
tion of stresses in that area. The stress field distribu­
tion depends on the mode of crack surface displacement. 
There are basically three different modes of crack surface 
displacement (Figure 3.12). The opening mode I is character­
ized by the crack surfaces moving directly apart. The edge 
sliding mode II is characterized by the crack surfaces mov­
ing normal to the crack front and remaining in the crack 
plane as opposed to the shear mode III where the crack sur­
faces move parallel to the crack front in the crack plane. 
The na^nitude and distribution of the stress field near a 
fatigue crack tip can be related to the nominal stress 
applied, to the geometry and crack length, and to the 
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material properties by usins the concepts of linear elastic 

fracture mechanics (LEFM). This approach to fracture makes 

use of elastic solutions for stresses near sharp cracKs, 

These solutions are only valid if the plastic zone in the 

crack tip region is of limited size. The elastic-stress 

field, for mode I deformation, near a sharp crack (that is, 

tip radius, p , anproaches zero) is represented by the fol­

lowing equations ^50). 

a - \ cos | [1 - sin | sin |*] (3.15) 
X (2™)* 2 2 2 

K 
l— cos | [1 -i- sin £ sin 3 9 , 

(2«r)' 

KI , 9 8 38 
X y (2ir)* 2 2 2 

0 = T = T = 0 
z xz yz 

where the stress components and the coordinates r and e are 

as shown in Figure 3.1?. It should be noted that these 

equations apply to olane stress conditions. For plane 

strain conditions one has to set a equal to Poisson's ratio 

times the suni of cr and cr. " y 
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The elastic-stress field near a sharp elliptical or 
hyperbolic notch is different from that of a sharp crack. 
For mode I and plane stress condition we can write (51): 

KI e n • 9 4„ 3 6i KI P r r n- 36 a = r cos -=11 - sin -~ sin T-J r «rcos •=-
* (fcr)* 2 <2«)* Z 

K T ° B . , . 36 , ^ K I P „ _ 39 
y ( 2 ^cos|l l + s i n f 5 i n f ] + - ^ f r c o s f ( 3 . 1 6 ) 

KI , 8 6 36 K I 0 , 36 T = ^-r sin TJ cos 7 cos -r r -j rsin — 
V (2^f 2 2 2 (2,1)* 2 2 

where the stress components, coordinates r, 6, and p sre 

defined in Figure 3.U. In these equations the second term 
represents the effect of notch radius, p , on the stresses 
around the notch. Similar equations for stresses near the 
crack tip can be written for mode II and mode III. 

These equations show that the stresses near the crack 
tip can be described by a sinele parameter Kj called the 
stress intensity factor. Relationships between the stress 
intensity factor and various body configurations, crack 
sizes,' and loading conditions have been documerted in the 
literature (52). 

For example, for a compact tension specimen (see appen­
dix) K can he determined usin? the boundary collocation 
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method and is found to be 

KI = | ^ [29.6-185.5(§)+655.7(f)2-1017.0(§)3+638.9^)lt] 

where P is the aoplied load, B is the thickness of the 
snecimen, and a and W are the crack length and width of the 
specimen measured from the location of the applied load as 
shown in Figure A.I. 

As was mentioned above, many solutions for the stress 
intensity factor, Kj, at the tip of tne crack exist. How­
ever, it is important to note that most K T equations relate 
to the 'Ion? crack' or 'pure crack' cases. It is assumed 
that the crack has propagated away from the crack starter 
making it unnecessary to regard the influence of such a 
crack starter on K.. Therefore, in dealing with short crack 
Droblems one has to ';now the depth beyond which a notch 
(crack starter) with an emanating crack can be treated as a 
crack of equivalent lenqth. Novak and Barsom (53) studied 
the brittle fracture behavior of cracks starting from 
notches. They concluded that the Reometry of the starter 
notch could be neglected when the crack had thrown a distance 
Aa„ r.iven by 
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*aF 

"V 
where a,, and p are the length and radius of a notch respec-
tively. 

Since the stress intensity factor approach to fracture 
deals with the conditions at the crack tip, it is expected 
that fracture will occur when K reaches a critical value, 
K . This is considered a material procerty and is obtained c 
in a laboratory test. 

The validity of this approach depends on the plastic 
zone size, as compared to the crack length and the geometry 
of the specimen. Therefore, it is important to estimate the 
size of the plastic zone. Conventionally, the expressions 
used are: 

1 KI 2 r = -r- ( ) for plane stress (3.17) 
' ys 

1 K I 2 r = -7- ( ) for plane strain (3.18) 
y OTi o 
' ys 

where <r is the yield strength of the material. 

It is interesting to note that the energy concept and 
stress intensity aoproach to fracture can be related. Irwin 
(50), using virtual work arguments, unified these two 
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approaches and showed that: 

K 2 

G E' 

where E' = E for Diane stress and E's E/ (1- v z) for plane 
strain. 

The outline of LEFM which has been presented is a 
highly simplified one but should be adequate for the subse-
auent discussion. It should be mentioned that K and G are 

c c 
functions of thickness. The values they approach for lar^e 
thicknesses are referred to as the "plane strain fracture 
toughness". 
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_IV - FATIGUE CRACK PROPAGATION 

A - Mechanisms of Crack Propagation 

1 - Introduction 

It is now known that crack propagation in fatigue takes 
place in two stap.es (Figure t.1). Stage I is characterized 
by propagation of the crack on a plane oriented at approxi­
mately 45 degrees to the tensile stress axis. In stage II 
propagation, the plane of crack propagation shifts to 90 
degrees to the axis and the fracture surface is often 
covered by striations running parallel to the crack propaga­
tion front. Failure in high strain fatigue takes place 
mainly in stage II propagation, whereas, at lower strains, 
at least 90? of the fatigue life of an unnotched specimen is 
spent in stage I propagation (54). Rates of crack propaga­
tion in stage I are of the order of angstroms per cycle 
which makes this stage very difficult to study. On the 
other hand, crack propagation rates in stage II can reach 
values of microns per cycles and the phenomena associated 
with growth mechanisms are fairly large and relatively easy 
to observe. Crack propsgation in stage II appears to take 
place by a plastic blunting mechanism. 

2 - Plastic Blunting Process of Crack Growth 

http://stap.es
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The plastic blunting mechanism was first proposed by 
Laird and Smith (55). The process involves shear decohesion 
of material at the tip of the crack during tensile loading. 
The amount of decohesion is actually the amount of new crack 
surface created at each cycle. The mechanism is shown 
schematically in Figure 4.2. . As the stress is increased 
from maximum compression, flow bands extend in the maximum 
shear directions at the tip of the crack to relax the high 
stress concentration developed. As the tensile stress 
approaches the maximum value, the flow band width increases 
and shear decohesion occurs at th° inner edge of the flow 
band and therefore creates new crack surface. Under high 
plastic strain, the flow bands can spread inwards leading to 
a crack tip of the form shown in Figure 1.2 (f). 

Although this mechanism has been described for 
tension-compression loading, crack propagation by shear 
decohesion could obviously take place under other modes of 
applied stress such as tension-tension and alternating 
shear. 

In stage I crack propagation illustrated in Figure 1.3, 
the increase in crack length r>er cycle is achieved by 
spreading of the crack tip width of the slip zone (b). 
Presumably, the required component of deformation normal to 
the slip band can occur by duplex slip within the band, 
rather than by speration of a second slip band, ss is the 
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case in stage II crack propagation. There have been other 
mechanisms proposed for stace I crack propagation. However, 
all of these mechanisms involve crack growth by localized 
deformation, therefore they are basically the nlastic blunt­
ing process. The main difference between stage I and II of 
crack propagation lies in the different types of dislocation 
motion in the two cases. 

The appearance of striations on the fracture surface is 
attributed to the plastic blunting process. However it is 
possible for the fatieue failure to occur in the absence of 
striations on the fracture surface. The work hardening 
characteristics of a material appear to dictate the clarity 
of the striations. This is consistent with the observation 
that striations are very clear in Aluminum alloys and low 
strength steels as opposed to high strength steels. 

3 - Growth by Non-Striation Mechanisms 

Lindley, Richards and Ritchie (56) proposed that the 
mechanism of fatigue crack propagation could include contri­
bution from fracture modes ("static" modes) other than stri-
ation formation. These "static" fracture modes may include 
cleavage, microvoid coalescence and intergranular cracking. 
Richards (57), testing silicon-iron, observed thst fatigue 
crack propagation occurred by combined striation formation 
and cleavage cracking. Microcleavase may also occur during 
fatigue crack growth in a material containing brittle second 
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phase particles. 

A void coalescence mechanism for fatigue crack propaga­
tion has been proposed by Ryder and Forsyth (58). In this 
mechanism, voids form ahead of the crack and eventually 
coalesce during the cyclic loading. However, it appears 
that this mode of growth is only significant when propaga­
tion rates are high and the specimen is approaching final 
failure. 

An intergranular mode of fatigue crack propagation has 
been observed for quenched and tempered high strength steels 
where fatigue cracks tend to follow prior austenite grain 
boundaries. Again, the intergranular mode of propagation is 
usually accompanied by higher growth rates (59,60). 

4 - Effect of Testing Variables on Fatigue Crack Propagation 

Ritchie and Knott (5Q) studied the effect of mean 
stress on crack propagation rate in stage II crack growth. 
An unembrittled low alloy steel (En 30A) was tested at 

a- , 
stress ratios, R = - — , between .05 to .6. They showed 

max 
clearly that when the striation mechanise of fatigue is 
involved, the influence of mean stress is negligible. On 
the other hand, in the presence of "static" fracture modes, 
we might expect a strong dependence of the propagation rate 
on mean stress. 



SI 

Cooke and colleagues (61) have shown noticeable 

accelerated crack propagation in a Ttiedium carbon steel as 

the stress ratio, R, is increased from .1 to .72, causing 

increasing amounts of cleavage cracking to occur during the 

striation growth. On the other hand, crack growth rate was 

observed to be independent of stress ratio in a similar 

steel when cleavage cracking did not occur. Microcleavage 

of particles also plays an important role on the effective­

ness of mean stress on crack propagation rate. It has been 

observed in high strength aluminum alloys (62) that the 

increase in crack irowth rates with an increase in mean 

stress were the result of microcleavage of particles. Pear­

son (63) has shown that the mean stress dependence is 

removed in lower strength aluminum alloys vn&re such frac­

tures cannot occur. 

In general, this sensitivity of crack propagation rate 

to mean stress seems to be almost entirely due to a change 

in mechanism from purely striation formation to striation 

and "static" modes of fatigue failure. Therefore, by chang­

ing the microstructure to prevent the occurrence of "static" 

modes of fracture during striation growth, the dependence of 

fatigue crack propagation rate on mean stress can be greatly 

minimized. 

The influence of specimen thickness on fatigue crack 

propagation by the striation mechanise appears to be s'nall. 
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A slight variation in crack erowth rates between thin and 
thick specimens can occur from a difference in specimen 
geometry and the accompanying displacement restraints, For 
examDle, the propagation rate has been found to be faster in 
thick specimens tested in bending, whereas, the reverse has 
been observed when the same material is tested in tension 
(64,65). However, it has been stated that the fatigue crack 
propagation rate is higher in thin specimens as compared to 
a thick specimen due to the earlier onset of general yield­
ing in thinner test specimens (65). 

The "static" mode of fracture has an influence on the 
effect of thickness on crack oropagation rate. Richards and 
Lindlev (67) observed that an increase in thickness caused a 
marked increase in crack growth rate which was in contrast 
to the result for striation mechanisms. They proposed that 
the increase in growth rate was caused by the occurrence of 
miorocleavage in the mechanism of growth. 

Faster crack propagation rates with increasing thick­
ness have also been observed in a coarse grained high nitro­
gen mild steel (61,65) where cleavage cracking added to the 
striation mechanism of growth. Garrett (6ft) observed that 
the growth rates in aluminum allovs were faster in 13mm 
thick specimens than in ?.5mii thick, but only when K 

' ' max 
anproaches the value for final failure. Under these condi­
tions, the failure mechanisms in such materials become 
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dependent on void coalescence and hence on the triaxiality 
of stress. 

From available data it appears that the cyclic stress 
frequency has little effect on crack propagation rate. It 
is also well understood that the shape of the waveform 
(i.e., sinusoidal, triangular, square, etc.) does not influ­
ence the crack propagation rate (69) in an inert environ­
ment. 

B - Crack Propagation Laws 

In th3 early years of crack growth studies, crack pro­
pagation laws Droposed usually related the crack length, a, 
to the number of cycles of load applied, N, the stress 
ranf>e, ff, and a material constant, C. Therefore, in general 
one can write: 

The first crack propagation law that attracted some atten­
tion was given by Head (70). After extensive calculations 
based on rather idealized assumptions about material 
behavior, Head's law can be written: 

W 2 

where Cj deoends on the rnodulus of e last ic i ty , the fracture 
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stress and yield stress, <r , of the material, and the 
strain-hardening modulus.' w is defined as the clastic zone 
size ahead of the crack tip, remaining constant during crack 
propagation. However, Frost and Dugdale (71) observed that 
the plastic zone size did not stay constant during crack 
propagation but actually increased in direct proportion to 
crack length. Later on Irwin (72) pointed out from analyti­
cal considerations that: 

w = c 2a (A-.2) 

Therefore, Head's law can be modified by introducing equa­

t i on (1.2) in to ( 1 . 1 ) : 

, C7o2a 
**. = - (4.3) 
dK (o -o) ^ ' 

Frost and Dugdale (71) suggested a new approach to 
crack oropagation. They aereed with equation (1.3) that the 
growth rate depends linearly on the crack length. But they 
also showed, by dimensional analysis, that da/dN should be 
directly proportional to the crack length a, therefore: 

where B is a function of applied stress. Later on, to fit 
their experimental data they obtained: 
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3 

and 

da e o^a 
dN = C3 

(Frost and Dugdale's Law) (4.5) 

Liu (73) using a model of crack extension employing an 

ideal ized e l a s t i c - p l a s t i c s t ra in -s t ress diagram and a con­

cept of t o t a l hysteresis energy absorption to f a i l u r e 

obtained d i f f e ren t resu l ts for the funct ion B. 

B(<r) * Ct,a2 

and 

3§ = 0,0*4 (Liu's Law) (4.6) 
an 

Many crack propagation laws of this form have been proDosed 
and they all can be generalized in the form of: 

~ ' (CONSTANDaV dN 

The discrepancy here appears to arise from the fact 
that the investigators have comDared predictions with exper­
iments over a small range of variables. 

the stress intensity factor combines the effect of 
applied stress, crack length, and the specimen geometry into 
a single parameter K. Therefore, it is reasonable to sug­
gest that the stress intensity factor should control the 
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rate of crack propagation. That is: 

if - f(AK> (4.7) 
ON 

where AK = K - K • is the range of the stress intensity max m m 
factor. Moreover, this stress intensity factor approach 

allows the convenience of representing crack propagation 

rates for various types of specimen geometry on a single 

graph. 

Equation 4.7 was first suggested by Paris (74) who 

chose a specific form. Paris1 Law in a general form can be 

written: 

^ = C(AK)n (4.8) 

where c and n are material constants. Generally, AK is 

taken as K when K . is negative since crack growth would 
max Bin 

not be expected if the crack faces are touching. However, in 
welded construction with residual stresses present AK is 

usually taken as K-„„-Km<_ even when K . is negative. J max m m m m 

Crack propagation rate da/dN vs. AK , where a is the 

crack length, N is the number of cycles and AK is the range 

of the stress intensity factor is best presented on a log-

log plot by separating it into three parts (Figure 4.4). 

Part A exhibits a AK -threshold value (AK£h ranging from 2-7 
h ksi-in ) , below which crack proDagation does not occur. 

Part B is usually a straight line and is governed by Paris' 
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law da/dN = C(AK) , where C and n are material properties (n 

ranging from 2-6). In part C, where K_a„ is approaching the 

fracture toughness K , crack propagation accelerates 

greatly. Figure 4.4 also shows a summary of the effect of 

mean stress, microstructure and thickness on different 

stages of crack propagation. 

Numerous experiments have been performed on different 

materials to evaluate the values of C and n. For example, 

Barsom (75) as a result of extensive studies proposed two 

forms of equation 1.8 for steels. For tempered-martensite 

steels equation 4.8 becomes: 

|§ = 0.66xi0"8(&K)2-25 

dN 

For ferrite-pearlite steels equation H.8 takes the form of: 

^ = 3.6*l<f10(AK)3 

dN 
k 

where da/dN is in inches per cycle and AK is in ksi-in . 

Frost and Dixon (76) stated that the geometry of the 

crack tip profile could be determined to a first approxima­

tion by the elastic opening of the crack. They proposed that 

under cyclic strt-s a crack in an elastic sheet opens up 

into an ellipse and the stress distribution around this 

ellipse can be calculated usini* the elastic solution for an 

elliptical hole. Later on, Frost and Pook (77) re-expressed 

this theory and proposed that the crack tip opens up into a 
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parabola. It was a.1 so assumed that the part of the crack 
tiD which is subjected to a tensile stress greater then 
yield stress retains its length when the load is removed. 
Their results, for high fracture toughness materials, can be 
written 

| = cf}« (4.9) 

On this basis the crack propagation rate for typical values 

of E/S , can be generalized as follows: 

& = 1 (|S)2 ( f o r p i a n e stress) 
d!J ir E 

and 

4£ = I M)2 (for plane strain) 
dN n E 

Paris' law has been modified to include the effect of 
test variables, such as mean stress and complex load 
sequence. For example, Forman et al (78) developed an equa­
tion providing a means for comparing crack growth data 
obtained at different stress ran^e ratios. The relationship 
has the form: 

da „ C(flK)n
 ( 4_ 1 0 ) 

dH (l-R)K - AK V ; 

where R is the ratio of minimum to maximum stress and K is 
c 

the critical stress intensity factor in olane stress. 
Forman's equation, while accurate for 2024-T3 aluminum 
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alloy, is unsuccessful in predicting the effect of R on the 
crack propagation rate for titanium alloys. 

In order to study the effect of random loading on crack 
propagation rate Barsom (79) performed experiments on vari­
ous bridge steels and arrived at the following equation: 

where AK is the root-mean-square stress intensity factor, rms 
Paris' law basically describes the crack propagation 

behavior in region B. This law has to be modified to 
account for the very low and very high rates of crack propa­
gation which occur in region .A and C respectively. Heald et 
al (80) have proposed an expression for region C where crack 
growth enhancement is associated with a non-striation 
mechanism: 

£ - A [ * | (4.12) 
d N L?(K2-K2 ) i .<j*(K 2 -K 2 ) 1 c max 

where ft i s a material constant, K „ the maximum s t ress 
max 

intensity factor, K Q the fracture toughness of the material, 
and <r. a strength parameter. 

It appears now that a crack will not grow under cyclic 
loading unless the range of stress intensity factor during a 
fatigue cycle &K exceeds a critical value (region A in Fig­
ure 1.4). This critical value is known as AK -threshold. 
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The values of AK , for a wide range of materials have been tn 
obtained experimentally. The values of AK. decrease as the 

tn 
mean stress is increased and are approximately proportional 

^at to (—) . In general, environment has a greater effect on 
m 

AK. than on the crack propagation rate. More work is 
tn 

necessary to obtain a satisfactory crack propagation law 
describing region A. 

C - Role of Environment in Crack Propagation 

A corrosive environment has an influence on both the 
fatigue crack propagation rate and crack initiation. The 
magnitude of the effect in either case depends on many fac­
tors such as the nature of the environment, the type of 
material used and the testing variables (frequency, stress, 
geometry, etc.). 

1 - Aqueous Environment 

The effect of aqueous environment on the crack growth 
rate has been the subject of many studies and a number of 
mechanisms have been proposed to explain the increase in 
crack growth rate in the presence of a corrosive environ-
ment. These include anodic dissolution, hydrogen embrittle-
ment and surface layer stresses, among others. 

Once a crack has been nucleated, the region in the tip 
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of the crack becomes highly anodic, due to plastic deforma­
tion at the tip, compared to the remaining cathodic region. 
Thus, a rapid dissolution of the crack tip takes place. 
Hoar and West (81) confirmed this model by observing the 
dissolution effects during plastic deformation of stainless 
steel. 

Hydrogen induced cracking of steel in an aqueous 
environment is believed to be caused by absorption of hydro­
gen atoms formed on the surface of the steel. These combine 
to the molecular fc i which builds up pressure in raicro-
cracks and leads to eabrittlement. When a sharp crack is 
already present, suc'.i as a fatigue crack, the hydrogen 
cracking may initiate at the tip of the pre-existing crack. 
Hydrogen embrittlement effects on steels decrease as the 
strength level of the steel decreases. 

Kramer (82,fl^) suggests that the surface layer which is 
formed as a rei'ait of plastic deformation exerts a major 
influence on the fatigue crack initiation and propagation. 
He further proposes that the surface layer stress, which he 
defines as the additional resistance to deformation imposed 
by the presence of the surface layer, is affected by the 
environment. The experimental results show that crack 
growth rate is higher in a hostile environment as compared 
to air. Correspondingly, the surface layer strength 
decreases for specimens tested in air and increases for 
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specimens tested in a corrosive environment. Therefore, the 
increase in crack propagation rate in corrosion fatigue may 
be explained in terras of the increase in the surface layer 
stress. 

2 - Gaseous Environment 

Early work by Wadsworth and Hutchings (RU) showed that 
the fatigue life of 2021-T3 aluminum alloy in a vacuum of 
10" 5 Torr was about 5 times the life in air. They suggested 
that crack initiation occurred after about the same number 
of cycles in air and in vacuum and that the effect of the 
moisture in air was to accelerate propagation. Dahlberg 
(85) reported that the rate of fatigue crack propagation of 
1310 steel was increased by an order of magnitude when water 
vapor was added to dry air. Mantel et al (86) observed that 
the fatigue life of steel in hardened condition was almost 
ten times longer in dry argon than in moist argon. 

The effect of hydrogen on corrosion fatigue has been 
studied by Spitzig and co-workers (87). They tested 18Ni 
maraging steel in both dry hydrogen and hydrogen saturated 
with moisture. A dramatic reduction in the crack propaga­
tion rate was observed when moisture was added. 

From the experimental results presented in the litera­
ture, it appears that hydrogen has a severe effect on the 
fatigue crack propagation of many alloys used in structures. 
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These include nickel and titanium based alloys and ordinary 

steels. On the other hand, the fatigue life of aluminum and 

copper based alloys and austenite steels seems to be unaf­

fected by hydrogen. 

It is important to point out that striations are not 

formed in most fatigue tests performed in vacuum, whereas 

very distinct striations are formed in air. Pelloux points 

out that this observation of the fracture surface shows the 

inadequacy of the plastic blunting theory to explain the 

formation of striations. He suggests that the freshly 

exposed crack surface is immediately oxidized in air and 

therefore limits the amount of reversibility of deformation 

at the crack tip. 

D - Corrosion Fatigue 

Corrosion fatigue is the combined action of cyclic 

stress and a corrosive environment. Usually, an aggressive 

environment has a great effect on the fatigue life of a 

material. It causes a part to fail in fewer stress cycles 

than would be required in an inert environment. The micros­

copic process by which crack initiation and propagation are 

affected by the environment is not completely understood. 

As has been discussed in Chapter II and previous sections, 

many mechanisms have been proposed to explain the micros­

copic behavior of corrosion fatigue. Mo single model can 
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explain all of the fractographic observations that have been 
made in different combinations of material and environment. 
On the other hand, the behavior patterns of the crack growth 
in the presence of a corrosive environment can be general­
ized. 

The environment enhanced fatigue crack propagation 
response of high strength metals could be generalized into 
the three categories shown in Figure 4.5. The first type of 
behavior (a) represents the material-environment systems 
where the synergistic actions of fatigue and corrosion take 
place, resulting in an acceleration of the crack growth 
rate. The best example for this type of behavior is when 
water reacts with aluminum (88) - the threshold for crack 
growth is reduced and the environmental influence is dimin­
ished as K approaches K,„ or K . 

Ic c 
The second type of behavior (b) represents a typical 

effect of hydrogen on steel. The environmental effects are 
strong above some threshold for stress corrosion cracking 
(K, ) and are negligible below this level. K T is iscc iscc 
defined as the highest stress intensity factor value at 
which crack growth does not occur in a material loaded stat­
ically, in a corrosive environment. A broad range of 
material-environment systems show a behavior that falls 
between these two extremes (c). 
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Test frequency plays an important role in the effec­

tiveness of the environment on corrosion fatigue crack 

growth. The data available to date suggest that the effect 

of the environment on crack propagation .is reduced as the 

frequency of applied cyclic stress is increased. This could 

be attributed to the fact that at higher frequencies there 

is not enough time for the environment to attack the crack 

tip. 

The wave form of the applied cyclic stress may also 

have an effect on corrosion fatigue crack growth. Barsom 

(69) tested 12Ni-5C-3Mo steel in room temperature and $% 

sodium chloride under sinusoidal, triangular, and square 

loading at 6 cpm. He observed that the increase in crack 

growth rate due to salt water under sinusoidal and triangu­

lar stress fluctuations were almost identical. But the cor­

rosion fatigue crack growth rate under square wave loading 

was very close to that in air. On the other hand, experi­

ments by Bradshaw et al (89) on an aluminum alloy, using 

different wave forms, indicates no effect of wave form. 

Therefore it appears that the effect of wave form depends on 

the material-environment system. 

The effect of <nean stress is not the same for different 

material-environment systems. For type (a), the influence 

of stress ratio on crack growth in an aggressive environment 

is comparable with that of an inert environment. On the 
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other hand, for types (b) and (c), the effect of the stress 
ratio can be large since it affects the period for which K 
is above some threshold level during a given load cycle. 

Gallagher (90) suggest that the corrosion fatigue 
behavior of steels falls into two categories: above K j _ c c 

and below K T . The corrosion fatigue crack growth rates 
ISCC 

in steels tested with K „ above K,„„ have been observed to 
be governed either by fatigue cracking mechanisms, the 
environmental cracking mechanism, or by a combination of 
these two mechanisms. At low frequencies, the crack propa­
gation mechanism is the environmental cracking mechanism 
while at high frequency, the fatigue cracking mechanism 
seems to play a dominant role. In steels tested with K 
below K- the fatigue cracking mechanism is the control­
ling mechanism. The environment appears to enhance the 
fatigue cracking rate only when the fresh surfaces generated 
by the fatigue mechanism are produced slowly. To explain 
this behavior it has been suggested that the fatigue crack 
advances during the loading part of the cycle and the 
environmental attack process requires a sufficient amount of 
time to act. 

E - Cathodic Protection 

In an aqueous environment, corrosion usually takes 
place by an electrochemical mechanism. In this type of 
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attack, numerous local galvanic couples form on the surface 
of a corroding snetal in which the metal is spontaneously 
oxidized and some substance is reduced. Each couple acts as 
a simple cell (battery) and the corrosion reaction proceeds 
with current flowing from the anodic to the cathodic regions 
on the metal. 

At the anodes on a corroding surface, metal is oxidized 
to positive ions. In the case of iron we have 

Fe — > F e + + + 2e~ (electrons) 
Away from the surface, the metal ions react with hydroxyl 
ions in the surrounding electrolyte to form precipitates of 
corrosion products. With iron the reaction is 

F e + + + 20H" --> Fe(0H) 2 + 2e" (1) 
Depending on exposure conditions, the precipitate is slowly 
oxidized to ferric hydroxide and eventually dehydrated to 
the iron oxides commonly observed in rust. 

At the cathode, the reduction reactions that occur 
depend on the environmental conditions. In the absence of 
air, hydrogen generation takes place. This attack, known as 
hydrogen-type corrosion, occurs by one of these reactions: 

2H + + 2e" --> H 2 ( 0 (2) 
2H 20 + 2e" --> H 2 ( R ) + 20H" (3) 

In acid media, reaction (2) dominates. 

In the presence of air, the reduction of oxygen is more 
spontaneous than hydrogen evolution. Several reactions are 
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possible: 
0 2 + « H + + 4e --> 2H 20 (4) 
0 2 + 2H 20 + «e --> KOH" (5) 
0 2 + 2H 20 + 2e --> K 2 0 2 + 20H" (6);, 

Reaction (6) usually does not occur to any appreciable 
extent. Under acid conditions, reaction (4) is dominant and 
in neutral or alkaline environments, reaction (5) predom­
inates. 

To prevent corrosion there must be no anodic reaction; 
that is the anodic current should be zero or negative. The 
anodic current can be reduced to zero or negative by exter­
nally impressed current. To achieve this, the positive ter­
minal of the source of direct current is connected to the 
auxiliary electrode (anode) and the negative terminal to the 
metal to be protected (cathode). Current then flow* from 
the electrode through electrolyte to the metal. The cathode 
of the cell still acts as a normal cell cathode though with 
an increased reaction rate. This means that the former 
anodic area is now itself acting as a cathode and no corro­
sion will occur. This method of corrosion control is known 
as cathodie protection. 

In applying cathodic protection, it is essential to 
determine the current requirement established by the proper­
ties of the surface to be protected and the environment. 
Table 1.1 shows the approximate protective currents for 
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steel in various environments. As a general rule, a shift 
of 150 to 200 millivolts in surface potential is desired for 
safe protection. 
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V - EXPERIMENTAL WORK 

The exDerimental work was performed using two types of 

steels - 1018 and HY-180 steel. The experiments carried out 

included testing both steels in air and salt water environ­

ments. Different frequencies and load ratios (P„.t„/P„, = „) 
min max 

were employed to study the crack propagation behavior of the 

steels mentioned above. In addition to crack propagation, 

crack initiation was also studied using 1018 steel speci­

mens. Cathodic protection was imposed on some of the speci­

mens during the corrosion testing to observe its effect on 

the crack propagation rate. 

A - Materials 

The materials involved in this investigation were 1018 

steel with yield strength of uo ksi and HY-180 steel with 

yield strength of 180 ksi. The 101R steel was supplied as 

0.5 inch by 6.0 inch by 10 foot long hot-rolled plate. The 

1018 specimens were machined from the as-received stock with 

no heat treatment in\ ved, The HY-180 specimens were 

obtained from 0.F inch thick date stock and were machined 

before any heat treatment. The HY-180 specimens were then 

austenitized at 1500°F snd quenched and aged at 950°F for 5 
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hours. The chemical compositions and mechanical properties 
of 1018 and HY-180 steels are summarized in Tables 5.1 and 
5.2 respectively. 

B - Specimens 

All of the fatigue initiation and propagation testing 
involved in this investigation was performed using 1M 
inch-thick compact tension specimens. The standard compact 
tension specimen was modified for crack initiation studies. 
Instead of precracking the specimen, a single notch of a 
certain radius was machined at the end of the slot, Sin^e 
the number of cycles required to initiate a fatigue crack 
was determined by examination of the notch radius on the 
surface of the specimen the thickness of the specimen was 
chosen as 1/4 inch. In this way, the crack will propagate 
rapidly to the side of the specimen once it has initiated 
inside the notch. The geometry of the specimens involved in 
this investigation included a notch with a radius of 0.015 
inch for 1018 steel and 0,01 to 0.05 inch for HY-180 steel. 
A drawing of the compact tension specimen is shown in Figure 
5.1. Note that the total notch depth is measured from the 
center,line of loading to the notch tip and is 1.0 inch. The 
compact tension specimens with a notch were used to develop 
both crack initiation and propagation data. The appendix 
shows the procedure to follow (or calculating the stress 
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intensity factjr for a compact tension specimen. 

C - Equipment and Testing apparatus 

1 - Equipment 

Viost of the fatigue :rack initiation and propagation 
testing was conducted on a closed loop hydraulic fatigue 
machine (MTS) with load capacity of 50,000 lbs. An oscillo­
scope was used to monitor the load variations during test­
ing;, A few experiments were carried out on an Instron 
fa'_ ,je machine (20,000 lbs) due to the unavailability of 
the MTS machine at the start of this investigation. 

2 - Loading Assembly 

A specific fixture was designed so that the compact 
tension specimen could be mounted on both the Instron and 
MTS fatigue machines. Figure 5.2 shows a sketch of the fix­
ture used in this investigation. The fixture was designed 
in such a way that it would not interfere with the mounting 
of the corrosion chamber on the specimen. The fixture is 
made of heat treated 11340 steel and is designed to withstand 
an infinite number of cycles. To complete the loading 
assembly, a 2 1/2 inch long threaded bar is used to attach 
the fixture to the existing setjp on the fatigue testing 
machines. 

3 - Corrosion Chamber 
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The corrosion chamber used consists of two identical 
units made of stainless steel. Figure 5.3 shows the drawing 
for each unit. The units were mounted on both sides of the 
specimen covering the notch and the crack propagation path. 
The two units were fastened together (with the specimen in 
between) by two bolts on the outside of the specimen and a 
third bolt passing through the slot of the compact tension 
specimen. Figure 5." shows a photograph of the corrosion 
chamber mounted on the compact tension specimen. A window 
was cut in each unit and a clear plastic sheet clued to the 
window so that the crack would be visible through the salt 
water solution. In order to avoid leakage, an 0-ring was 
used between each unit and the specimen. To further guard 
against leaks, a silicone sealing compound was us"!d around 
the corrosion chamber and inside the specimen slot. 

D - Crack Detection Method - Visual Technique 

The visual technique of crack detection and growth was 
used in this investigation due to its simplicity and low 
cost. The technique used consisted of printing prepared 
lines photographically on the surface of the specimen per­
pendicular to the cracking direction and spaced at 0.02 inch 
(Figure 5.5). This technique involves applying a photo­
graphic emulsion to the surface of the specimen, exposing 
the emulsion through a negative with carefully prepared 



lines, and rinsinp, off the unexposed emulsion with water 
leaving only the lines on the specimen. Then a 20 power 
microscope can be used to view these lines. For best 
results, the surface of the specimen should be polished and 
a strobe light used for viewing the crack as it propagates 
through the grid lines. An advantage of this method is that 
the experiment does not have to be stopped to record meas­
urements. Moreover, viewing the cracks against the grid 
lines on the surface of the specimen is sufficiently easy 
through water, salt water and clear oil, as well as air, 
without having to account for optical distortion, since the 
crack is referenced against the grid lines. For more accu­
rate results in detecting the crack initiation length on the 
side of the specimen, the test should be performed at a 
relatively high AIL. level so that the number of cycles 
required for the first crack, initiated inside the notch, to 
grow to the surface is relatively small. 

E - Experimental Procedure and Results 

1 - Air Environment Tests 

The 1018 steel specimens were tested to generate crack 
initiation and propagation data, whereas the HY-180 speci­
mens were used to obtain only propagation data. All of the 
crack initiation and propagation testing conducted on the 
fatigue machines was performed under constant amplitude 
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sinusoidal tension-tension loading corditions. The testing 

apparatus used in this investigation is shown in Figure 5.6. 

Table 5-3 presents the crack initiation data obtained 

for 1018 steel. The number of cycles to initiate a crack 

was obtained assuming a .01 inch crack length measured on 

the side of the specimen. The applied stress was varied 

from 15,000 to 3?>000 psi. All of the initiation tests were 

carried out at the frequency of 2 HZ. It is interesting to 

note that crack initiation is dependent on the applied mean 

stress. As the mean stress increases, the number of cycles 

to initiate a crack decreases. The crack initiation data 

will be used in the next chapter to examine the accuracy of 

methods for predicting the number of cycles needed to ini­

tiate a crack from a notch. 

Figures 5.7 and 5.8 show th:.> experimental results of 

the crack propagation for the 1018 and HY-180 steels respec­

tively. Figure 5.7 presents the plot of the crack growth 

rate (da/dN) versus the stress intensity factor range (AK) 

on log-loR paper for 1018 steel. The data were obtained 

using a load ratio of 0.1 (R = min load/max load) and a fre­

quency of 20 HZ. A similar plot was also obtained for the 

HY-180 steel (Figure 5.8). The load ratio and frequency 

used to determine the da/dM vs. aK curve for the HY-180 

steel were 0.1 and 10 HZ. The Aa/AN values were obtained by 

dividing the erid line spacing (0.02 inch) by the number of 
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cycles required to propagate the crack 0.02 inch. The 

corresponding AK values- were calculated using the average 

crack length in equation A.1 (see appendix). From Figures 

5.7 and 5.^, Paris' expression describing crack propagation 

behavior for stage B can be obtained for both 1018 and HY-

180 steels. 

|j} = 2.3U10" 1 2 (AK) 4 , 1* 5 for 1018 steel 

j[j} = 9.8x10"9(AK)? for HY-180 steel 

h where da/dN is in inches per cycle and AK in ksi-in . 

It is interesting to compare the above expressions for 

crack propagation rate to Barsom's results given in Chapter 

IV. For convenience, Barsom's generalized equations for 

crack propagation rates in steels are given below 

~ = 6.6x10" 9(AK) 2" 2 5 for tempered-martensite steels an 

P = 1.6x10"10(AK )3 for ferrite-pearlite steels an 

Note that the crack propagation rate of HY-180 steel agrees 

reasonably well with the results obtained by Barsom for 

tempered-martensite steels. However, the crack propagation 

rate of 1018 steel obtained in this investigation is not in 

agreement with his results for ferrite-pearlite steels. 

Therefore, one should be cautioned against such generaliza­

tions of crack propagation rates given in the literature, 
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especially in dealing with low strength steels. 

For comparison purposes, Figures 5.7 and 5.8 were 

superimposed and this is shown in Figure 5.9. It appears 

that the crack growth rate is higher in the higher strength 

steel CHY-180) than in lower strength steel (1018) when the 
u AK values fall below 30 ksi-in . On the other hand, as the 
u value of AK exceeds 30 ksi-in , the situation is reversed. 

It is unexpected and one of the interesting aspects of crack 

propagation that a material with about four and a half times 

the yield strength of ordinary steel (1018) shows higher 

crack propagation rates for the low range of flK values. 

As pointed out by Lindley et al (56), the eponent n 

decreases as the fracture toughness increases. F jre 5.10 

shows the results from several authors on the variation of n 

with K, in different materials. Note that the c /nent n Ic 
is approximately constant (n = ?) for materials th frac­

ture toughness higher than 100 MNm"3'2 (91 ksi- i'5). The 

steep slopes (n > 3) occur in materials with 1 iracture 

toughness (K J c < 50 M M m _ 3 / 2 ) . 

It is understood that as the temperature increases, so 

does the ability of a material to absorb energy (impact 

Charpy energy), which in turn results in higher K T values. 

Therefore, to further study the variation of n with L , an 

experiment was conducted on 1018 steel at a eTip'-irature 

higher than room temperature. The high test temperature was 
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achieved by mounting a heat lamp close to the specimen. The 
temperature measured on the surface varied by 20°F from one 

side to the other. A test temperature of 185°F was con­
sidered as the average temperature. Figure 5.11 shows the 
effect of temperature on the crack growth rate of 1018 steel 
with applied load ratio of 0.1 and cyclic frequency of 120 
cprn. The powtr law for the crack growth rate can be writ­
ten: 

| = 1.88*10- 1 CW- 9 3 

The crack growth rate is lower at 185°F temperature than at 
room temperature for 1018 steel. Also, note that the 
exponent n has dropped from 1.45 at room temperature to 2.93 
at 185°F temperature. The improvement of the crack propaga­
tion rate of 1018 steel at 185°F temperature can be attri 
luted partially to the reduction of moisture due to the hi?h 
temperature. However, the increase in fracture toughness 
should be considered as the main factor in decreasing the 
crack propagation rate. This confirms Lindley and co­
workers' conclusion that the exponent n decreases as the 
fracture toughness increases. It is interesting to note 
that the crack propagation rate obtained at 185°F for 1018 
steel agrees reasonably well with Barscn's results for 
ferrite-pearlite steels. This leads one to believe that the 
generalization of crack propagation rate offered by Barsom 
holds true for steels with relatively high fracture 
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toughness (K I c > 50 MNm- 3 / z ). 

Scanning electron microscopy (SEM) was used to examine 
the fracture surfaces of 1018 steel at different test tem­
peratures (70CF and 185°F) and HY-180 s„eel at room tempera­
ture. The photographs of the fracture surfaces for 1018 
steel are shown in Figures 5.12 and 5-13. Examination of 
the fracture surfaces of the 1018 steel specimen tested at 
room temperature (Figure 5.1?) and 185"F temperature (Figure 
5.13) revealed regions of ductile striation growth during 
fatigue. However, it was not possible to determine the 
fraction of the surface over which striations occurred. The 
change in the crack growth rates of 1018 steel at room tem­
perature and 1856F may be due to the increase in fracture 
toughness with temperature with a consequent decrease in 

static fracture modes. 

Figure 5.1 ** shows photographs of the fracture surface 
of HY-180 steel. The striation patterns are not easily 
visible. However, at higher magnification, local regions of 
striations are observed (Figure 5.11b). 

To study the effect of the applied load frequency, 
tests were conducted at different cyclic frequencies with 
the same load ratio. Figure 5.15a shows the plot of the 
crack propagation rate vs. the stress intensity factor range 
for 1018 steel obtained using three different frequencies of 
10, 1?0 and 1200 cycles per minute (cpm) with the applied 
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load ratio kept constant (0.1) for the three tests. Figure 
5.15b shows the same plot for 9Y-180 steel at cyclic fre­
quencies of 15, 60 and 600 cpm with an applied load ratio of 
0.2. It appears from Figure 5.15 that the cyclic frequency 
has little effect on the crack propagation rate of the 
steels used in this investigation. In fact, other investi­
gators have also shown this ineffectiveness of cyclic fre­
quency variation on growth rate for numerous steels. The 
fact that the experimental results show that the cyclic fre­
quency has little effect on crack growth rate is not 
surprising since at low and hiqh frequencies the crack tip 
opening for a given external load is the same. In other 
words, the length of the fresh surface created at each cycle 
is the same assuming that the environment is non-corrosive. 
And, since the crack propagation mechanism involves shear 
decohesion of the material at the tip of the crack during 
the tension part of the cycle (Chapter III), which depends 
on the amount of fresh surface created at each cycle, one 
should expect little effect of frequency on crack g>owth 
rate. 

The effect of. mean stress on the fatigue crack propaga­
tion rate was also studied. Figures 5.16a and b sho« the 
experimental results obtained using different mean stresses 
for 1018 and HY-180 steels resoectively. The tests were 
performed using both 101R and HY-180 specimens, with apDlied 
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load ratio of 0.1, 0.2, and 0.1. The test results for both 
steels fall within a very small scatter band, thus indicat­
ing that the effect of mean stress on crack propagation can 
be considered negligible in an air environment. The results 
could be attributed to the fact that the mechanist) of crack 
propagation was governed only by the striation mode of 
fatigue failure. In other words, there was no contribution 
from the static modes of fatigue failure (cleavage, inter-
granular, etc.). 

2 - Salt Water Environment Tests 

For the corrosion fatigue experiments a solution of 3$ 
NaCl dissolved in distilled water was used. A rotary punp 
was used to circulate the salt water solution around the 
crack. During the experiments the corrosive solution was 
periodically circulated through the chamber from a 1.5 gal­
lon reservoir in order to minimize the variation in test 
conditions. As was the case in the air environment experi­
ments, the corrosion tests were performed under a constant 
amplitude load of sinusoidal shape in tension-tension condi­
tions. Mo difficulty was encountered in observing the crack 
and grid lines through the salt water solution. 

Figures 5.17a and b present the experimental results of 
crack growth rate in corrosive environment applying dif­
ferent cyclic frequencies. Figure 5.17a shows the growth 
rate data obtained for HY-110 steel at frequencies of 500, 
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6n, and IS cycles per minute. Mote that at the hi^h fre­
quency of 600 cpra there is no difference between the crack 
growth rate in air and salt water environment. But as the 
frequency of the applied load decreases, the effect of cor­
rosion on fatigue growth rate becomes more pronounced. At 
IS cpr« the crack growth rate in salt water is about 1.5 to 2 

tines that in an air environment. A similar plot for the 
crack growth rate of 1018 steel in corrosive environment is 
shown in Figure 5.17b. The tests were performed under 
applied cyclic frequencies of 600, 120, and 10 cycles per 
minute. A^ain it appears that the growth rate approaches 
that of air as the frequency increases. The crack growth law 
for both materials can be written as follows: 

||! = «.15x10" 1 ?(iK) J J'' 4 2 for 1018 steel in salt 
water, f=10 cpm 

jjjj = s.53x10" 8(iK) 1' 7 2 for HY-lRf) steel in salt 
water, f=15 cpm 

It is reasonable to assume that the electrochemical reaction 
that takes place at the tip of the crack is similar for dif­
ferent frequencies. However, the corrosion reaction has 
lessen effect for hi^h frequencies than low due to the lack 
of interaction time. 

Since the slope of the crack growth rate (in salt 
water} remains aporoximatelv constant and the constant C 
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varies with different frequencies, the crack growth law can 
be formulated as: 

| * C(f,<AK)n 

where Cff) is a function of cyclic frequency. Figures 5.18 
and 1.19 show the plot of CCf) vs. test frequency on lo*-lo<? 
paper for 1018 and HY-180 steels respectively. The linear 
behavior suc^ests that the data in Figures 5.18 and 5.19 can 
be used to predict the value of C(f) for any frequency 
between 10 to 600 cpm providing that the same environment-
material system is studied. It is interesting to note that 
the slope of the graphs presented in Figures 5.18 and 5.19 
are the same. It would be interesting to study if the slope 
of the olot of C(f) vs. test frequency, which shows the 
effect of frequency on crack growth rate in salt water solu--
tion, regains constant for steels regardless of the yield 
streneth. 

Also studied in this investigation was the effect of 
mean stress on fatigue crack growth rate in a corrosive 
environment. The 1018 steel specimens were tested in 3S 
solution of sodium chloride with a frequency of 10 cpm and 
an applied load ratio of 0.1 and O.K. The HY-180 steel 
soecimens were also tested in 3* solution of sodium chloride 
but with a cyclic frequency of fiO cpm and an applied load 
ratio of 0.? and 0.4. The experimental results are shown in 
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Figures S.POa and b. In the case of both steels, the crack 

propagation rate increased as the mean stress increased. 

This behavior could be attributed to the fact that at the 

higher load ratio, the region around the crack tip becomes 

more anodic due to the Dlastic deformation. Thus, a higher 

dissolution rate of metal takes place at the crack tip 

resulting in a higher crack Dropagation rate. 

Aside from the cyclic frequency and mean stress, other 

factors, such a" cyclic load wave-form and metallurgical 

variables to name a few, also influence the crack propaga­

tion rate of a steel in a corrosive environment. Therefore, 

due to the complexity of the situation, one cannot include 

the effect of all the variables in the power law expression 

to describe the fatigue crack growth behavior of steels in 

an aggressive environment. However, one can state that the 

crack growth rate increases as the frequency decreases and 

stress ratio increases. The worst case being when a speci­

men is tested in a corrosive environment with a high load 

ratio and a low applied cyclic frequency. 

3 - Cathodic Protection Tests 

Cathodic protection was achieved by impressing an 

external current through the specimen. Steels immersed in 

salt water usually require a current densitv of about 1*? mA 

per sq. ft. for cathodio protection (Table U.1), Using this 

knowledge, the current needed to sufficiently protect the 



specimen was calculated to be 0.21 mA. The positive termi­
nal of the 1,<i volt dry cell battery was connected to the 
corrosion chamber (used as anode) and the negative terminal 
connected to the specimen (cathode) through a variable 
resistor. Care was taken so that no part of the chamber 
would come in contact with the specimen. The chamber was 
separated from the specimen by the 0-rings and insulating 
paint was used on the bottom of the chamber. The bolts were 
jacketed in plastic tubes to further assure that no connec­
tion between the chamber and the specimen was made. The 
freely corroding potentials were measured to be 610+20 mV 
and 300+20 11V for 1018 and HY-180 steels resDectively, 
After applying the external current, the potentials were 
measured to be W0+10 mV and 650+20 mV for 1018 and HY-180 
steels. The current and the potential were controlled by 
the variable resistor in the circuit. Figures 5.21a and b 
show the experimental results obtained for cathodically pro­
tected specimens. The results indicate that for both 
materials the crack propagation rate actually increased when 
the soecimens were cathodically protected. As was explained 
in Section E of Chapter IV, by impressing external current 
to protect the metal, the reaction rate at the cathode 
(metal) increases. The increase in reaction rate causes 
hydrogen ions to evolve at a faster rate. Therefore it is 
reasonable to surest that the increase in the crack growth 
rate of the speci-nens tested wnler cathodic protection is 
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caused by the lore intense interaction between hydrogen and 
the -netal at the crack tip. Since hi^h strength steels are 
Tiore susceptible to hydrogen eiibrittlement than low strength 
steels, this could explain why cathodic protection effects 
the crack Hrowth rate of HY-lfiO steel -nore than the growth 
rate of 101" steel. 

It should be mentioned that during the cathodic protec-
tion testing, th? surface of the specimen was observed to be 
free of corrosion deposits. This sunsests that cathodic 
Drotection can be used successfully to increase the initia­
tion life. But, the fatigue crack growth rate is actually 
incressed when cathodic Drotection is applied. 

The effect, of cathodic protection on fatigue strength 
and crack propagation rate depends greatly on the material-
envirohnent system, applied external current (or voltage), 
and the pH of the solution. It is agreed in the literature 
that the fatisue endurance limit in the presence of salt 
water environment can be increased to that of air by pro­
tecting the metal cathodically. for example, Nishioka et al 
(01) showed that the endurance limit of SS41 (o- : HH ksi) 
which was reduced in salt water was restored to the value 
found in air when cathodic protection was applied. But they 
nointed out that at very low cycles (fi cpm) the endurance 
Un\it was not comoletely restored, to that in air in the 
presence of cathodic protection. However, the endurance 
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limit did improve from the value obtained in 3J salt water 
with no cathodic protection. Since about 90? of the life of 
the specimens was spent during the initiation stages, it can 
be stated that cathodic protection helps to relieve the 
effect of corrosion during fatigue crack initiation. 

Duquette and Uhlin (92) also showed that the endurance 
limit can be improved in corrosive solutions of low and high 
pH. However, they indicated that at low pH (acidic solu­
tion) higher current density is required to achieve success­
ful protection and that the current should be adequately 
distributed throughout the specimen. Therefore as the DH of 
a solution decreases, the applied potentials should be 
increased for successful cathodic protection. 

In this investigation cathodic protection was found to 
increase the crack growth rate although not by the same 
amount for the two materials tested. Vosikovsky (9'j) tested 
X-6? line-pipe with yield strength of 66.5 ksi in 3.5? HaCl 
solution and an apolied potential of -1010 mV. He observed 
that the growth rate increased sliehtly compared to that of 

free corrosion at 60 cycles oer minute. But, at lower 
cyclic frequencies (6 and .6 cpm), cathodic protection 
caused' the crack growth rate to increase dramatically. In 
the worst case, the growth rate was found to be 50 tiiies 
that of air for applied cathodic protection as compared to 
10 times that of air for free corrosion, Vosikovsky'5 



results seem to be beyond the range observed by others. One 
reason for the results could be that the specimen was over-
protected. In other words, the applied potential of -1010 
mV is hiaher than the potential of -850 to -950 mV needed 
for sufficient protection. The higher the potential, the 
higher the oathodic reaction thus resulting in evolving more 
hydrogen molecules. Moreover, the test frequency used was 
very low (.6 cpm). 

Recently, Crooker (OH) studied the effect of cathodie 
protection on the fatigue crack growth rate of several his;h 
strength marine alloys. He tested steels, tit^ium and 
aluminum specimens in natural sea water and a frequency of 
30 cpm. Crooker alro confirmed the results obtained in this 
investigation. The steel specimens showed an increase in 
crack growth rate at applied potentials of -1050 mV. He 
also tested HY-130 steel specimens at a frequency of 1 cpm 
with cathodic potentials apolied. Crooker observed that the 
growth rate was 4 times that of free corrosion at 1 cpm and 
2 times that of free corrosion at 30 cpm. Again one can see 
that the applied cyclic frequency not only effects the free 
corrosion growth rate but also has an effect when cathodic 
potential is applied. The responses of titanium and alumi­
num alloys to free corrosion and cathodic potentials were 
completely different from that of steels. Titanium alloys 
showed very iittle effect of free corrosion or applied 
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cathodic potentials on fatigue crack growth rate. Aluminum 
alloys showed a slight increase in the crack growth rate at 
free corrosion but the application of eathodic potentials 
reduced the crack growth rate back to that of air. 

Jaske et al (95) also studied the effect of cathodic 
protection on AGS DH 32 steel tested in sea water at fre­
quencies of 10 to 600 cpm. The applied potentials were -"350 
and -1000 tiV. They concluded that below AK = 15 ksi the 
applied potential increases the crack growth rate but 
between AK = 15 to 20 ksi, the applied cathodic potential 
aDpears to be beneficial and decreases the crack growth rate 
as compared to that of free corrosion. However, all of the 
data reported by Jaske et al fell below iK = 25 ksi and if 
the curves are extrapolated linearly, it becomes evident 
that t'"'-' applied potential causes the crack growth rate to 
increase relative to the growth rate for free corrosion. 

It appears that more investigations ar% needed for a 
better understanding of the effect of cathodic protection on 
the crack growth rate of materials. The studies should 
include such factors as cyclic frequency and applied 
cathodic potentials. For now as a generalization for steels 
it seems that crack initiation (or endurance limit) benefits 
from cathodic protection but the crack oropagation rate 

increases in the presence of applied cathodic potential. 
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VI - CRACK INITIATION PREDICTION 

In this chapter two methods for predicting the number 
of cycles required to initiate a crack from a notch are dis­
cussed. The first method deals with the resistance of a 
metal to total strain cycling. The total strain can be con­
sidered as the summation of elastic strain and' plastic 
strain. Neuber's rule is also used to account for the notch 
effect on crack initiation. The second method relates the 
number of cycles to initiate a crack to the stress intensity 
factor at the notch. The relationship is in the form of a 
power law similar to Paris' law for crack propagation, 

A - Initiation Prediction Using Total Strain Approach 

The fatigue resistance of a metal can be divided into 
three categories. 1) Long lives which can be described on a 
stress basis, 2) Short lives that are best described by 
usin? the plastic strain approach, and 3) Intermediate lives 
which can be described by usinn the total strain approach. 
The main difference between the categories mentioned above 
is that the cyclic stress resistance (Ion*; lives) is deter­
mined by the metal's strength while the plastic strain 
resistance (short lives) is dependent on its ductility. The 
resistance of metal to total strain cycling can be 
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considered as the summation of elastic strain resistance 
(fatigue strength) and plastic strain resistance (fatigue 
ductility). 

1 - Stress Resistance (long lives) 

The relation between stress amplitude, a , and the 
a 

number of cycles to failure in smooth bar tests, N,, is 
given by the following equation. 

\ = °\ (Nf)b (6.1) 

where cr is the fatieue strength, o-' is the fatigue strength 
coefficient, and b is the fatigue strength exponent. There­
fore, a metal's stress cycling resistance can be described 
by <7~ and b which are considered fatigue strength proper­
ties. If a is plotted against N„ on log-log paper, then the 
fatigue strength cr' is the intercept at one cycle, and the 
fatigue strength exponent b is the slope of the line. 

The fatigue strength coefficient is approximately equal 
to the true fracture strength found in a tensile test (96). 
Other investigators have proposed alternative methods of 
approximating the fatigue strength coefficient from the true 
fracture strength. These methods are summarized in Table 
6.1 (96-99). Figure 6.1 shows data for several representa­
tive metals which further confirms the close agreement 
between the fatigue strength coefficient and the true frac-
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ture strength. As a rule of thunb for steels in the low and 
intermediate hardness range (less than *>00 RHK) one can 
approximate o-i as follows, 

g' = S + 50000 (psl) 

where S is the ultimate tensile strength. 

It should be noted here that the true fracture strength 
should be corrected for constraints due to the necking 
before the value of the fatigue strength coefficient is 
approximated. The correction can easily be made by using 
Bridgman's analysis of stress behavior at the neck. Accord­
ing to B^idgman's analysis this can be written (100): 

0, (corrected) = o,(uncorr.) 55 — ' (6.2) 
f f I (1+ 2£)ln<l+ % > J 

where u- is the true fracture strength, R is the neck con­
tour radius and 2a is the specimen dianeter at the neck. 

Reported values of the fatigue strength exponent b 
range from -0.05 for certain high strength alloys to -n.15 
for annealed metals (101,102). Morrow (103) using an energy 
argu-nent has shown that b is related to the cyclic strain 
hardening exponent, n', as follo-is: 

l+5n 

The exDerimental data are in good agreement with the values 
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of b found using equation 6.1 (Figure 6,2). As a general 
rule if the metal is in'the soft condition, b is approxi­
mately -0.1, and if the metal has been hardened by cold 
working, b approaches the value of -0.05. For most metals 
the fatigue strength exponent can be approximated as follows 
(103): 

1 °f b - - ± l o g ( 2 ^ ) (6.4) 
u 

where o-f is the corrected true fracture strength and S is 
the ultimate strength. 

The effect of lean stress can be introduce') into the 
equation (6.1). 

°a = ( o £ " V ( N f ) b ( 6 , 5 ) 

where ff is the mean stress. A tensile mean stress thus 
reduces the fatigue strength coefficient, and a compressive 
mean stress increases the fatigue strength coefficient. 
Equation 6.5 can be rearranged as follows: 

Nf = t^r—) (6.6) 
r 0- - 0 f m 

? - Plastic Strain Resistance (short lives) 

Fither cyclic hardening or softening can haDDen under 
cyclic plastic strain conditions, depending on the initial 
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state and test conditions. In ?,eneral, annealed metals 
exhibit cyclic hardening and heavily cold-worked metals 
exhibit cyclic softening. The Manson-Coffin law relating 
the plastic strain amplitude to cycles to failure is of the 
form 

Ae 
-f* t\ (Nf)C (6.7) 

Ae p 

where —£• is the plastic strain amplitude, N, is the number 
of cycles to failure, e^ is the fatigue ductility coeffi­
cient, and c is the ductility exDonent. The latter two 
quantities are considered fatigue ductility properties. 

Wo general agreement has been found between investiga­
tors as to the relationship between e' and the true fracture 

i 

ductility coefficient %t . However for the majority of 
materials letting e£ = e t is a sood approximation. There­
fore, the fatigue ductility coefficient can be approximate'! 
by usinf; the following expression. 

£ £ - e t = l«T$k> C 6- 8 ) 

where RA stands for reduction of area. 

For ductile metals the value of the fatigje ductility 
exponent, c, is nearly a universal constant. The value of c 
seems to be ransins from -0,5 to -0.7, with c = -0.6 taken 
as a reDresentative value. In general c tends to decrease 
in ma»nitu1e with increasing ductility. Morrow (103) has 



related the fatigue ductility exponent to the cyclic strain 
hardening exponent to account for variations in c: 

where n' is the cyclic strain hardening exponent. 

3 - Total Strain Resistance (intermediate lives) 

In many structural components the material at the crit­
ical location (a notch root, the surface of a bending 
member) is subjected to essentially strain cycling condi­
tions due to the constraint of surrounding elastic material. 
Therefore, it is reasonable to apply total strain aporoach 
to study the fatigue behavior of a component when both elas­
tic and plastic strains are present. 

The fatigue strength and fatigue ductility properties 
that have been mentioned in Sections 1 and 2 can be used to 
determine the total strain which depends on the combined 
strength and ductility of the metal. Equation 6.1 can be 
rewritten in terms of elastic strain. 

o a * eaE - o'{ (N f) b (6.10) 

Since e * —^ , the elastic strain amplitude -^ can be 
obtained in terms of the fatigue strength coefficient, 
fatigue strength exDonent, and the fatirue life: 
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-f = F (N f ) b (6.11) 

Rut for total s t ra in we have 

* = Y + -f (6.22) 

where Ae and Ae are elastic and plastic strain rstiies e p 
respectively. Substituting equations 6.7 and 6.11 into equa­
tion 6.12, the expression for total strain can be obtained. 

f -- f (Nf)b 4 t\ (Nf)C (6.13) 

Figure 6.3 shows a schematic representation cf equation 
6.13. It is clear that for short lives the plastic strain 
terra dominates whereas for lonn lives the elastic strain 
term is the dominant one. Equation 6.13 is raost useful in 
dealing with intermediate lives where the elastic and olas-
tic strains are of the saiie order. 

The transition life, M t, is obtained by substituting 
Ae = AE into equation 6.1i. e p 

after simplifying 

N. - C-. 1) C (6.14) 

It is interesting to note that the transi t ion l i fe increases 

as the st-reneth of the iiaterial decreases and visa versa. 



97 
ti 

Transition life ranges from 10' for low hardness metals to 
10 for highest hardness.. 

4 - Notch Effect 

The discussion in previous sections applies only to 
smooth components, but in most practical cases fatigue 
failure nearly always starts at the root of a notch. Since 
notches are not completely unavoidable in design their 
effects on fatigue behavior have tc be considered. 

The theoretical stress concentration factor, Kfc, 
applies only when the material at the notch root remains 
elastic. To account for the local plastic deformation occur­
ring at the notch root Neuber (10H) analyzed 3 specific 
notch geometry and loading to derive an approximate rule of 
the form: 

K t = ( y c ^ (6.15) 

where K , K are stress and strain concentration factors cr e 
respectively. Neuber's equation can be expressed in terms of 
local and nominal stresses and strains. 

where 
A3 and Ae are nominal stress and strain ranges applied 
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to a notched member 
and 

Ac and i£ are local stress and strain ranges at the 
notch root. 

After yielding occurs at the notch root, the strain concen­
tration factor K increases while the stress concentration 
factor K decreases. 

<T 

5 - Prediction of Crack Initiation Using Total Strain 

Approach 

Since the number of cycles during the crack propagation 
stage is very small compared to the cycles during the crack 
initiation stage for smooth specimens, the assumption that 
the total strain approach can be used to c-reclict crack ini­
tiation seeris reasonable. Of course the total strain has to 
be corrected for the Dlastie deformation that occurs at the 
notch root. In order to compare the theoretical curve 
obtained usinn equation 6.13 to exoeritiental data (total 
st.-ain vs. number of cycles to faiiure), it is convenient to 
express K and K in terms of fatigue and transition life. 
Neuber's rule can be rewritten as follows: 

0 

where K and K are defined as in equation ft,IS. Therefore e cr 
we can write: 



K , *,<£!£ r1* 
o t Ao/AS 

But for most engineering cases the nominal (applied) stress 
is less than the yield strength. Consequently the material 
away from the notch behaves elastically. Therefore the 
above equation can be written as follows: 

\ - Vf *>"* < 6 - 1 6 ) 

where E is the elastic modulus. 

Substituting equations 6.13 and fi.1 into equation 6.16, we 
can write 

o;/E(NJ b+e'(V C ^ 
X = K — l —— E 
" ' o^(N.)b 

After simplifying 

K - K l + — (N.) C~ D (6.17) 
o t o, I 

Introducing transition life N. (eq. 6.11); 

Ko = Kt 1 + ( s > ( 6' 1 8 ) 

Following the sane steps, the oorresoondinn expression for 
K £ is 
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r N r b l * Ke - K t[l + < ^ > J (*•») 
For 1018 steel, with the tensile properties ?iven in Table 
5.2 and true fracture ductility coefficient e t = 1.08, the 
fatigue strength and ductility properties are as follows 

fatigue strength coefficient, &\ = 115 ksi 
fatisue strength exponent, b = -0.09 
fatigue ductility coefficient, e£ = 1.08 
fatigue ductility exponent, c z -0.60 

Therefore, equation 6.H becomes 

f- = .O03a3(N1)~"°9 + 1.0S(N1)""6
 ( 6 > 2o) 

Table 6.2 presents the crack initiation data for 101ft steel. 
The nominal stress values, fl<j , for the compact tension 
specimen were calculated by treating the uncracked ligament 
as a beam subjected to bending and direct tension. The 
"outer fiber" stress (i.e. at the crack tip) may be shown 
(105) to be: 

where AP is the aonlied load ran^e, W is the specimen width 
measured fro,n. the centerline of loading, a is the notch 
denth also measured from the centerline of loading, and B is 
the specimen thickness. The generalized stress intensity 
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expression which shows the e f fec t of blunt notches on K. is 

given by (106) 

AK. = litn bo / ? 4 < 6 ' 2 2 ) 

I . max 2 

where p is the notch radius. 

As p approaches zero equation 6.22 becomes: 

I 2 max 

or 
24K 

A<7 = (6.23) 

Equation 6.23 can also be obtained from equation 3-16 by 
substituting 6 s 0 and r = § . Equation 6.23 is considered 
exact only when p aoproaches zero. But Wilson and Gabrielse 
(107) used finite element analysis of blunt notches in com­
pact tension specimens and showed that equation 6.23 is 
accurate within 10? for notch radius up to 0.180 inch. The 
accuracy approaches If. for notches smaller than 0.01 inch. 

The stress intensity ranp.e, LYL , can be determined from 
the crack-notch stress intensity expression for a conDact 
tension specimen (see appendix), 
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where f(|) is a function of specimen geometry and is 
described in the appendix. After calculating bo using equa­
tion 6.23, the elastic stress concentration values (K t) 
Riven in Table 6.2 were obtained from Ao divided by Ac... . 

max a 

The total strain at the notch was determined from equa­
tion 6.19. The effect of mean stress was accounted for by 
correcting the fatigue strength coefficient vl. Table 6.3 
shows the crack initiation data for 1018 steel and the 
corresponding plot is presented in Figure 6.it. The solid 
line in Figure 6.1 represents the theoretical curve of total 
strain vs. number of cycles to initiate a crack. It is 
apparent from Figure 6.4 that good correlation exists 
between experimental and calculated values. To confirm this 
further Clark's experimental data for fatigue crack initia­
tion (108) was also plotted against the theoretical values. 
Clark in his investigation used 1-inch thick compact tension 
soecitnens with various notch radii, lable 6.1 presents the 
experimental data for 403 stainless steel. The theoretical 
curve of total strain for 103 stainless steel with a -

110.5 ksi and RA? = 68.1 was obtained using the following 
expression: 

• f - 0.00535(Nt)-°-0725 + LlSffj)- 0' 6 2 5 

The fatigue strength and ductility properties were obtained 
by using the equations described in the previous sections. 
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Figure 6.5 shows the theoretical and experimental values 
plotted on the same graph'. Again it appears that good agree­
ment between experimental and theoretical results exist. 
Therefore, the fatigue crack initiation life of a notched 
component can be predicted reasonably accurate by knowing 
the tensile properties of the material. To predict the 
crack initiation life using the total strain method one has 
to combine equations 6.13 and 6.19. The resultant equation 
is as follows: 

\T~T »t>b + «i < V C 

or 
h [ N. c-b i , a' , 

1 + ( r t

) J r = r (Hi> + £ f » / < 6- 2 4 ) 

where Ae is the nominal strain range. Equation 6.21 shorld 
be solved for N. using a trial and error method. 

Applying K directly to the smooth bar data to predict 
fatigue life of a notched specimen usually results in a very 
conservative life prediction. This could be attributed to 
the fact that two stages are involved in failure - crack 
initiation and propagation. Once the crack has started the 
notched and unnotched specimens behave about the same. 
Therefore, it seems more realistic to apply K to smooth bar 
strain amplitude and then use equation 6.13 to predict 
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fatigue crack initiation life rather than failure life. 

An interesting application of crack initiation predic­
tion would be in problems dealing with arresting a propagat­
ing crack. An existing crack propagating through a com­
ponent can be stopped by drilling a hole in front of the 
crack path thereby temporarily delaying the failure of the 
component. The total 3train method explained in this sec­
tion could be applied to predict the number of cycles needed 
to reinitiate the crack. 

B - Stress Intensity Approach to Crack Initiation 

Since the crack propagation rate can be expressed in 
terms of the stress intensity factor, it would be useful to 
a designer to also relate the crack initiation life to the 
•stress intensity factor. Crack initiation at the notch is 
controlled by the local stress and strain. For notches, the 
maximum local stress is related to the stress intensity fac­
tor. This relationship is shown in equation fi.23* There­
fore, it would be reasonable to relate the number of cycles 
to initiate a crack to the stress intensity factor and the 
radius of the notch. The LYjfp for 1018 steel were plotted 
against the number of cycles to initiation on log-log paper. 
The resulting graph is shown in Figure 6.6. The data 
presented in Figure 6.6 show that tM/Jp is related to the 
number of cycles to initiate a crack by an expression of the 
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form: 

j, . 8 ( M } - » ( 6 < 25) 

where s and a are constants for a given material. Figure 
6.7 presents the plot of AK/Vp" as a function of N. for vari­
ous steels. Again it appears that the data can be expressed 
by equation 6.25. 

For design purposes it would be helpful to obtain the 
behavior pattern of both a and 8 as a function of tensile 
properties. For this reason, taking data from the litera­
ture, a and 8 were plotted against yield strength on log-log 
paper as shown in Figures 6.8 and 6.9 respectively. It is 
interesting to note that a increases linearly as the yield 
strength increases to the value of 60 ksi. But for Tiaterials 
with yield strength greater than 60 ksi the value of o is 
nearly constant. Therefore, an empirical expression relat­
ing o to the yield strength of steels can be formulated as 
follows 

a = 0.22KS ) ° ' 8 ? for S y < 60,000 psi (6.26) 

a = 6.5 to 6.8 for S > 60,000 psi 

The data presented in Figure 6.9 also suggests a linear 
variation of B with respect to yield strength. However, the 
graph seems to be divided into two straight lines, one for 
materials having yield strength below 60 ksi and the other 
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(higher slope) covering materials with yield strength 
Breater than 60 ksi. As was the case with <x, an empirical 
expression describing 8 in terms of the yield strength of 
steels can also be formed 

3 ; 1.12X10"19 ( S y ) 2 0 , B for S < 60,000 psi (6.27) 
g z i|.275x109 (S )'*' 6 i | for S y > 60,000 psi 

Therefore, with tensile properties given and provided that 
the stress intensity can be obtained at the notch, the 
elapsed number of cycles to crack initiation can be deter­
mined using equation 6.25. 

Both methods seem to predict crack initiation reason­
ably accurate, however the stress intensity approach has a 
disadvantage in that one has to be able to determine the 
value of the stress intensity factor at the notch. K, has 
been tabulated for most notch geometries, but when dealing 
with complex components it becomes difficult to calculate 
the value of K,. Once K, has been calculated though, equa­
tion 6.25 provides a simple and quick estimation of crack 
initiation. Equation 6.25 however should be generalized to 
include the effect of mean stress on crack initiation life. 
The accuracy of the crack initiation prediction usins the 
total strain approach depends on the estimated values of 
fatigue strength and ductility properties. Therefore, if 
available, the experimental values of fatigue strength and 
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ductility should be used in predicting crack initiation. It 
should be pointed out that in all of the data presented, the 
crack initiation length was taken to be around 0.01 inch 
measured either inside the notch for thick specimens or on 
the surface for thinner specimens. 

Table 6.5 presents a comparison between crack initia­
tion prediction methods and experimental data for 1018 
steel. Three methods of prediction have been shown. The 
first two methods have been discussed previously - the total 
strain and stress intensity factor approaches. Equation 
6.24 was used to predict crack initiation life for the total 
strain approach. For 1018 steel with yield strength of 41 
ksi, a and g were obtained from equations 6.26 and 6.27. 
Once a and B were determined, equation 6.25 was used to 
obtain the crack initiation life. The third method 
presented in Table 6.5 utilizes the simple form of the total 
strain expression suggested by Manson and Coffin. The 
expression to obtain the crack initiation lives for notched 
components in Table 6.5 is as follows 

where Rfi is the endurance limit. 

Crack initiation prediction using the two rnethods in 
this section agrees reasonably well with the experimental 
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values. But the Manson-Coffin expression (eq. 6.2R) appears 
to be conservative in- predicting initiation life. This 

could be have expected since using -*- for the elastic strain 
term is rather conservative. 

C - Total Fatigue Life - Crack Initiation and Propagation 

In most engineering structures a crack of a certain 
length can be tolerated without catastrophic failure occur­
ring. For this reason, not only the number of cycles to 
initiate a crack needs to be known, but also the knowledge 
of the number of cycles to propaqate that crack to the crit­
ical value is important. Besides, sometimes very small 
micro-cracks can exist and go undetected even before a com­
ponent is put in service. Therefore an engineer encounters 
two types of crack problems. The first is a crack emanating 
from a stress raiser such as a notch for which both crack 
initiation and propagation life has to be considered. The 
second problem deals with cracks propagating from an exist­
ing flaw in a component when only propagation life has to be 
considered. 

Once a crack of a certain length (a.) has been 
detected, then Paris'power law can be used to determine the 
number of cycles required to reach the critical crack length 
(a 0). Therefore we have 



109 

# - C(flK)D 

dn 
or 

a. 
N - / ~ (dK)"nda (6.29) 

ad 

The values of stress intensity factors have been tabulated 
for many crack geometries. For example, K, for an edge 
crack in a serai-infinite sheet subjected to tension is given 
by the following expression 

Kj = 1.12<r(ira)̂  (6.30) 

where o- is the applied stress and a is the crack length. 
Substituting equation 6.30 into 6.291 one can obtain the 
number of cycles to propagate the crack to the critical 
value. 

a. 
Jtira)̂ ] da (6.31) 

ad 

However when a crack is initiated from a notch one has to 
consider both crack initiation and propagation life. 

N = N 4 N T i p 

where N. is the nu-nber of cycles to initiate a crack 
(assumed 0.01 inch) and N is the number of cycles to pro-

P 
palate the crack to s dasired crack length. The number of 
cycles to initiate a crack from a particular notch can be 
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approximated by either of the two methods discussed in the 
previous sections. Therefore a general expression for the 
total number of cycles to reach the critical crack length 
including both initiation and propagation can be formulated 
as follows (assuming the stress intensity factor approach to 
predict crack initiation) 

N = S ( ̂  ) " a + / i(AK)"nda (6.32) 
a+a. 

The expression for AK for compact tension specimens is (see 
appendix) 

^ = ^Lf(§) (6.33) 
W 

Substituting equation 6.33 into 6.32 we have: 

a + a t 

where the integral in the second term has to be evaluated 
using numerical integration methods. 

A general expression such as the one shown in equation 
6.3? cannot be written for the total number of cycles when 
the total strain approach to predict crack initiation is 
used. This is due to the fact that N. cannot be simplified 
and expressed in terms of fatigue strength and ductility 
properties. But a simple computer program can be set UD to 
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evaluate N.. The value of K, is then added to the second 
term of equation 6.32 to obtain tre total number of cycles. 

In equation 6.32, the valut of the lower boundary of 
the integral, (a+a.), becomes important in evaluating the 
propagation term. In the present investigation, a. was 
assumed to be 0.01 inch and for the compact tension speci­
men, a is measured from the centerline of the applied load 
to the tip of the notch (1.0 inch). Therefore a+a, is of 
the same order of magnitude as a and the effect of assuming 
different values for a. would be negligible on the total 
number of cycles obtained using equation 6.32. This holds 
true for other notch geometries such as edge-notched com­
ponents as long as the notch depth is of the same magnitude 
as the critical crack length. On the other hand, dealing 
with thumbnail flaws (semi-circular) with small radius (0.05 
to 0.2 inch), the effect of different crack initiation 
lengths on evaluating the integral becomes greater. There­
fore it appears that the value of a. should be standardized 
for consistency in evaluating and comparing crack initiation 
and propagation data. The selection of the crack initiation 
length as 0.01 inch resulted in good agreement between 
theoretical and experimental data in the present tests. 
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vir- CONCLUSIONS 

The fatigue crack propagation rate in air and salt 
water environments is described by the power law, 
da/dN - C(AK) n, for the steels tested in this investigation 

-6 -1 at cracking rates of 10 to 10 inch/cycle. It is 
interesting to note that the crack propagation rate of HY-
1R0 steel in air is higher than that of ordinary steel 
(101ft) for low values of the stress intensity factor ranRe 
( AK < 30 ksi-in^). The value of the exponent n for 1018 
steel (n = 4.15) is two times higher than that of HY-180 
steel (n = 2) in an air environment. It appears that the 
exponent n is dependent on the fracture toughness of the 
material. As the fracture toughness of 1018 steel is 
improved (higher test temperature), the value of the 
exponent n decreases (n = 3 for test temperature of 185" F ) . 

Some investigators have pointed out that the crack pro­
pagation rates of all steels fall within a narrow band in 
region P (for intermediate values of AK). In reference to 
the studies done in this investigation, which showed a com­
pletely different crack propagation rate for HY-180 and 1018 
steels, a clarification cf such a statement is needed. It 
is reasonable to state that for steels with fracture tough­

s' 
ness greater than "50 ksi-in , crack propagation rates for 
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all steels fall within a narrow band. On the other hand, 
steels with low fracture- toughness show different crack pro­
pagation behavior and each case has to be studied individu­
ally. 

Test frequency and mean stress aopear to have negligi­
ble effect on the crack propagation rate of HY-180 and 101B 
steels tested in an air environment. 

In general, corrosive environment (3* NaCl solution) 
tends to increase the crack propagation rate. The amount of 
increase depends on the cyclic frequency and the applied 
mean stress. As the frequency increases, the effect of the 
salt- water solution on the crack propagation rate decreases. 
As the cyclic frequency is decreased from 600 to 10 epm, the 
crack growth rate increases by a factor of 1.5 for 1018 
steel and by as much as 2.5 for HY-180 steel. In the case 
of HY-180, not only the constant C in the growth law varies 
from that of air but the exponent n decreases from 2 found 
in air to 1.7? in salt water. Thus the effect of salt water 
on the crack growth rate of HY-180 decreases as the AK 
increases. On the other hand, the exponent n remains the 
same in air and salt water for 1018 steel. The variation of 
C with respect to cyclic frequency is linear on los-loc 
paper. 

Mean stress also has an effect on the crack propagation 
rate in the presence of salt water. The crack propagation 
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rate for 1018 steel is increased by a factor of 2 when the 
load ratio is increased from 0.1 to O.t at a frequency of 10 
cpra. The same behavior is observed for HY-180 steel. 
Therefore, in designing parts against fatigue in a salt 
water environment, the applied mean stress should be kept as 
small as possible. 

The applied negative potentials (cathodic protection) 
appear to have an adverse effect on the crack propagation 
rate of steels. Both steels show an increase in the crack 
propagation rate in salt water with cathodic protection. 
The effect is more severe in the case of HY-180 steel. The 
cathodic protection has a more pronounced effect on the 
crack growth rate in the middle ran°e of the. AK values as 
compared to the low and high AK values in region B. How­
ever, applied negative potentials appear to prevent the for­
mation of corrosion deposits on the surface of a metal, 
Therefore one can state that cathodic protection has a bene­
ficial effect on crack initiation but an adverse effect on 
crack propagation, if cathodic protection is used to pro-
Ion? the crack initiation life, a minimum amount of negative 
potentials should be applied. In this way, once the crack 
has started, the crack Dropa^ation rate will be effected 
less due to the minimal amount of hydrogen generated at the 
crack tip. 

The number of cycles to initiate a fatique orack in a 
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notched specimen can be estimated using the total strain 
apDroach, with Neuber's rule applied to the strain amplitude 
to account for the notch effect, The total strain is con­
sidered as the summation of elastic and plastic strains, 
The accuracy of the total strain approach compared to exper­
imental results ranges from Si for low crack initiation 
lives to 19? for high crack initiation lives. On the other 
hand, since crack propaRation rates are related to the range 
of the stress intensity factor, there is an advantage in a 
unified treatment of also relating initiation to this quan­
tity. 

The number of cycles required to initiate a fatigue 
cracl: in a notched specimen can be related to the ratio of 
stress intensity factor range to the square root of the 
notch radius, Nj = 6 (&K/Vp)~a . The values of a and Bare 
dependent on the tensile properties of a material. The 
dependence of a and fj on the yield strength appears to be 
divided into two regions - 1) materials with a yield 
strength lower than 60 ksi, and 2) materials with a yield 
strength greater than 50 ksi. a increases from 6.5 to 6.8 
'for materials with yield strength greater than 60 ksi, A 
representative value for o of 6.65 can be selected for these 
materials. Both a and 0 are related linearly to the yield 
strength of a material on log-log paper. The accuracy of 
the stress intensity factor approach to crack initiation 
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prediction is about the same as that of the total strain 
approach. However the stress intensity factor method is 
empirical and has to be modified to include the effect of 
mean stress. 

Both of the fatigue crack initiation prediction methods 
mentioned in this investigation can be combined with the 
existing crack propagation laws to describe the total 
fatigue life of a notched part in an air environment. The 
same crack initiation prediction methods may be used when 
designing against fatigue in salt water but only if suffi­
cient cathodic protection is applied. However, after the 
crack has been detected, there may be an advantage in reduc­
ing or removing cathodic protection to avoid accelerating 
the crack growth. Then the total life can be estimated by 
combining the predicted crack initiation life and the exper­
imentally determined propagation life. If cracks already 
exist in a part, such as welded structures, then only propa­
gation laws should be used to determine the fatigue life and 
cathodic protection should be considered with caution. 

The arbitrary selection of 0,01 inch as the crack 
length separating the crack initiation and propagation 
stages- appears to be reasonable. The experimental crack 
initiation result:: are in agreement with theoretical results 
when the initiation crack length is considered as 0,01 inch. 
However, for crack initiation from blunt notches, other 
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values for the "initiation crack length" may be more 

appropriate. From the results of Novak and Barsom (53) it 
is seen that fracture mechanics can only be applied to 
cracks growing from blunt notches when they have reached a 
length a. > (a Pr/i| where a is the notch depth, p the notch 
radius and a. the length of the initiated crack. In such 
situations it flight be more realistic to take this value for 

V 



118 

REFERENCES 

Beevers, C.J. and H.D. Halliday, Czech. Journal of 
Physios 19, Section B f p.313, 1969. 

Euing, J,A. and J.E.W. Humphrey, Philosophical Tran­
sactions A200, p. 211, 1903-

ThoTnpson, N., M.J- Wadsworth, H. Louat, Philosophical 
Magazine 1, p. 113, 1956. 

Mott, N.F., Acta Metallurgica 6, p. 195, 1955. 

Kennedy, A.J., Philosophical Magazine 6, p. 19, 1961. 

Cottrell, A.H. and D. Hull, Proc. Royal Society A212, 
p. 211, 1957. 

McEvily, A.J. and E.S. Machlin, FRACTURE, John Wiley & 
Sons, Inc., New York, p. 150, 1959. 

Thompson, N. r Int'l. Conference on Atomic Mechanisms 
of Fracture, Swempscott, Mass., John Wiley S Sons, 
Inc., New .York, 1059. 

Fujita, F.E., Acta Metallurqica 5, n. 513, 1958. 

Grosskreutz, J.C., Surface Science ft, p. 173, 1967. 



119 

McNeil, M.B. and J.C. Grosskreutz, Journal of Aoplied 
Physics 38, p. 3310, '1967-

Wood, W.A., Int'l. Conference on Atomic Mechanisms of 
Fracture, Swemoseott, Mass., John Wiley S Sons, Inc., 
Hew York, 1959. 

May, A.M., Mature 185, p. 303, 1960. 

Neuman, P., Acta Metallursica 17, p. 1219, 1969. 

Wood, W.A. and H.M. Bendler, Transactions of AIME 221, 
p. 18, 1962. 

Kemsley, D.S., Philosophical Magazine 2, p. 131, 1957. 

Laird, C. and G.C. Smith, Philosophical Magazine 8, p. 
1915, 1963. 

Laird, C , Ph. D. Thesis, University of Ca-nbrid&s, 
1963. 

Laute, K., Oberfalchentech. 10, p. 281, 1933. 

Simnad, M.T. and U.R. Evans, Proo. Royal Society A183, 
p. 372, 1917. 

Hoar, T.P., Corrosion Science, CRRSA, Vol. 7, p. 311, 
1Q67. 

Pohni, H. and H.H. Uhli<>, Journal of Electrochemical 



120 

Society, JESOA, Vol. 116, p. 906, 1970. 

23. McAdam, D.J., Jr. and G.W. Gail, Proc. ASTM 41, p. 
6y6, 192R. 

24. Simnad, H.T. and U.fi. Evans, JISI 156, 1947. 

25. Duquette, D.J. and H.H. Uhlin, Transactions of ASM 62, 
P. 839, 1969. 

26. Neuber, H., THEORY OF NOTCH STRESSES, J.W. Edwards, 
Ann Arbor, Michigan, 1946. 

27. Evans, U.R., THE CORROSION OXIDATIOH OF METALS, 
Edwards Arnold Ltd., London, p. 681, 1960. 

?fi. Rebunder, P., V. Liktman, and E. Shchukin, Phy-
sicochemical Mechanics of Metals, Academy of Sciences, 
USSR, Israel Program for Scientific Translations, 
Jerusalem, p. 12, 1964. 

29. Benedicks, C , Pittsburgh Int'l. Conference on Surface 
Reactions, p. 196, 194?. 

30. Thompson, N., H.J. Wadsworth, and N. Louat, Philosoph­
ical *lap,azine 1, o. 11?, 1956. 

31. Shen, H., S.E. Podlaseck, and I.R. Kramer, Acta Metal­
lurgies 14, p. 341, 1966. 

3?. Bennett, J.A., Journal of Research MBS 6BC, P. 91, 



121 

1961. 

Broom, T. and A. Nicholson, Journal of Inst. Metals 
89, P. 183, 1960. 

Wadsworth, N.J. and J. Hutchings, Philosophical Maga-
zine 3, p. 1151, 1958. 

Hordon, M.J., Acta Metallurgica 11, p. 1173, 1966. 

Wohler, A., English Abstract in Engineering 11, p. 

199, 1871. 

Weibull, W., FATIGUE TESTING AND ANALYSIS OF RESULTS, 

p. 17«, 1961. 

Valluri, S.R., GAL CITSM611, 1961. 

Stulen, F.B., H.N. Cummings and W.C. Schulte, Machine 
Design, Vol. 33, P- 11» 1, 1961. 

Juvinall, R.C., STRESS, STRAIN AND STRENGTH, McGraw-
Hill, 1967. 

Miner, M.A., Trans, of ASME, Journal of Applied 
Mechanics, Vol. 12, p. A159, 1915-

Henry, D.L., Trans, of ASME, Vol. 77, P- 913, 1055. 

Low, A.C., Int'l. Conference on Fatigue, Instr. 
Mechanical Engineers, o. 206, 1956. 



122 

Kooistra, L.F., Welding 36, 1957. 

Coffin, L.F., Applied Material Research 1, p. 129, 

1962. 

Manson, S.S., U.S. National Advisory Committee on 
Aeronautics, Technical Note 2933, 19*54. 

Griffith, A.A., Philosophical Transactions, Royal 
Society, London, 221A, p. 163, 1920. 

Inglis, C.E., Trans. Inst. Waval Architecture, London, 
55, part 1, p. 219, 1913-

Irwin, G.R., Journal of Basic Engineering, Trans. 
ASME, Series D, Vol. 82, Ho. 2, p. 1117, 1960. 

Irwin, G.R., Journal of ADplied Mechanics 21, 1957. 

Creamer, M., M.S. Thesis, Lehigh University of Beth-
lehem, Pa., 1966. 

Paris, P.C. and G.C. Sih, FRACTURE TOUGHNESS TESTING 
AMD ITS APPLICATION, ASTM STP 3B1, 1965. 

Novak, S.R. and J.M. Barsom, CRACKS AND FRACTURE, ASTM 
STP 601, p. 10O, 1976. 

Laird, C. and G.C. Siith, Philosophical Magazine S, D. 
1W, 1963. 



123 

55. Laird, C. and G.C. Smith, Philosophical Magazine 7, p. 
BIT, 1962. 

56. Lindley, T.C., C.E. Richards, and R.O. Ritchie, U.S. 
ERDA Contract W-70H5 ENG-48, 197«. 

57. Richards, C.E., Acta Metallurgies 19, p. 583, 1971. 

58. Ryder, D.A. and P.J.E. Forsyth, Metallurgia 63, p. 
117, 1961. 

59. Ritchie, R.O. and J.F. Knott, Acta Metallurgica 21, D. 
639, 1973. 

60. Cooke, R.J., P.E. Irving, G.S. Booth, and C.J. Beev-
ers, Engineering Fracture Mechanics 7, 1975. 

61. Cooke, R.J., C.J, Seevers, J.F. Knott and R.O, 
Ritchie, Metal Science 9, p. 119, 1975. 

62. Pelloux, R.H.N., Trans. American Society of Metals 57, 
p. 511, 1961. 

63. Pearson, S., Engineering Fracture Mechanics u, p. P, 
1972. 

61. Ritchie, R.O. and J.F. Knott, Proc. R.S.C. Conference 
on the Mechinics and Mechanisms of Crack Growth, Cam­
bridge, April 1973. 

65. Ritchie, R.O., Ph. D. Thesis, University of Cambridge, 



124 

1973-

66. Griffiths, J.R. and C.E. Richards, Material Science 
Engineering 11, p. 305, 1973-

67. Richards, C.E. and T.C. Lindley, Engineering Fracture 
Mechanics 4, p. 951, 1972. 

6R. Garrett, G.G., Ph. D. Thesis, University of Cambridge, 
1973. 

59. Rarsom, J.M., MTS Closed Loop Magazine, Spring 1972. 

70. Head, A.K., Philosophical Magazine,'Vol. 14, Ho, 7, p. 
925, 1953-

71. Frost, M.E. and D.S. Dugdale, Journal of the Mechanics 
and Physics of Solids, Vol. 6, No. 2, p. 92, 1958. 

72. Irwin, C.R., Journal of Basic Engineering, Trans. 
ASME, Series D, Vol. 82, No. 2, p. 417, June I960. 

73. Liu, H.W., Journal of Basic Engineering, Trans. ASME, 
Series D, Vol. 85, P. 116, 1963. 

74. Paris P.C., M.P, Gomez, and W.E. Anderson, The Trend 
in Engineering, Vol, 1, No. 2, D.33, Kay 1961. 

75. earso»), J.M., Trans. of the 4SME, Journal of 
Engineering for Industry, Series B, Vol. 91, No. 4, 
Nov. 1971. 



125 

76. Frost, N.E. and J.R. Dixon, Int'l. Journal of Fracture 
Mechanics 3, o. 301, 1967. 

77. Frost, N.E. and L.P. Pook, Int'l. Journal of Fracture 
9, P- 53, 1973-

78. Forntan, R.G., et al, Journal of Basic Engineering 10, 
p. 459, 1967. 

79. Barsom, J.M., ASTM STP 595, p. 217, 1976. 

RO. Heald, P.T., T.C. Lindley, and C.E. Richards, Material 
Science Engineering 10, p. 235, 1972. 

81. Hoar, T.D. and J.M. West, Proc. Royal Society A?68, p. 
301, 1962. 

32. Kramer, I.R., Trans. AIME 2?9 ; p. 520, 1967. 

83. Kramer, I.R., ENVIRONMENT SENS-ITIVE MECHANICAL 
BEHAVIOR OF MATERIALS, Breach and Gordon, p. 127, 
1967. 

p . Wadsworth, N.J. and J. Hutchin^s, Philosophical Maga­

zine 3, P. 115-Mr 1958. 

85. Dahlbers, E.P., Trans. American Society of Metals 5B, 
p. H6, 1956. 

86. Mantel, F..R., G.H. Robinson and R.F. Thompson, i-letals 
Engineer Ouarterly, American Society;of Metals 1, P. 

• 



126 

57, 1961. 

87. Spitzig, W.A., P.M. Talda and R.p. Wei, Engineering 
Fracture Mechanics l, p. 155, 1968. 

88. Wei R.P., Journal of F.ngineering Fracture Mechanics 1, 
p. 633, 1970. 

89. Dradshaw, F.Jn, N.J.F. Nunn and C. Wheeler, FAE Techn­
ical Memo. MAT 93, July 19711. 

90. Gallagher, J.P., Journal of Materials, Vol. 6, p. 911, 
1971. 

91. Nishioka, K., K. Hirakawa, and I. Kitaura, Sumitomo 
Metal Industries, Ltd., Osaka, Japan, 1976. 

92. Duqutte, D.J. and H.H. UhliR, Trans, of ASM, Vol. 62, 
P. 839, 1969. 

93. Vosikovsky, 0., Trans, of the ASME, p. 298, Oct. 1975. 

on. Crocker, T.W., F.D. Boeer, and W.R. Cares, Naval 
Research Lab, Aug. 30, 1976. 

95. Jaske, C.E., D. Brock, J.E. Slater, D.A. Utah, and 
C.J. Martin, Battelle, Columbus Labs, Columbus, Ohio, 
Feb. 11, 1977. 

96. Hal fori, G.R. and J.D. Morrow, Proc, American Society 
for Testing and Materials, ASTEA, Vol. 62, p. 695, 



127 

1962. 

97. Manson, S.S., Machine Design, MADEA, p. 153, June 23, 
I960. 

98. Manson, S.S., Machine Design, VADEA, p. 165, Nov. 23, 
1961. 

99. Manson, S.S. and M.H. Hirschberg, in FATIGUE: AN 
INTERDISCIPLINARY APPROACH, Syracuse Univ. Press, 
Syracuse, N.Y., p. 133f 1964. 

100. Polakowski, M.H. and E.J. Riplinf?, STRENGTH AND STRUC­
TURE OF ENGINEERING MATERIALS, Princeton-Hall, Inc., 
En^lewood Cliffs, N.J., 1966. 

101. Smith, R.W., M.H. Hirschber?, and S.S. Manson, NASA 
TN-D-1571, April 19&3-

102. Endo, T. and J.D. Morrow, Journal of Materials, JMLSA, 
Vol. 4, No. 1, p. 159, March 1969. 

103. Morrow, J.D-, in INTERNAL FRICTION, DAMPING, AND 
CYCLIC PLASTICITY, ASTM STP 378, p. 15, 1965. 

104. Neuber, H., Journal of Applied Mechanics, p. 511, Dec. 

1961. 

105. Wessel, E.T., W.G. Clark, Jr., and W.K. Wilson, DDC 
Report AD-B01001, 1966. 



126 

106. Paris, P.C. and G.C. Sin, in FRACTURE TOUGHNESS TEST­
ING AND ITS APPLICATIONS, ASTM STP 381, p. ?0, April 
1965. 

107. Wilson, W.K. and S.E. Gabrielse, unpublished Westing-
house Research Laboratories data. 

10B. Clark, W.G., Jr., FRACTURE TOUGHNESS AND SLOW-STABLE 
CRACKING, ASTM STP 559, p. 204, 1971. 

109. Roberts, R. and C Irwin, Journal of the Structural 
Division, ASCE, p. 337, Feb. 1976. 

110. Radon, J.C. and L.E. Culver, Experimental Mechanics, 

P. 105, 1973-

111. Pook, L.P., Journal of Strain Analysis, Vol. 10, No. 
4, D. 2H2, 1975. 

112. Bilby, B.A. and Heald P.T., Proc. Royal Society A305, 
p. U29, 1968. 

113. Lankford, J., Engineering Fracture Mechanics, Vol. 9, 
p. 617, 1977. 

111). PROGRESS IN FLAW GROWTH AND FRACTURE TOUGHNESS TEST-
IMG, Proc. 1972 National Symposium on Fracture Mechan­
ics, Phila., Pa., AUR. 1972, ASTM STP 536, 1973. 

115. EFFECTS OF ENVIRONMENT AND COMPLEX LOAD 'USTORY ON 



129 

FATIGUE LIFE, Proc. 1968 Fall Meeting American Socie.ty 
for Testing and Materials, Atlanta, Ga., Sept. 1968, 
ASTM STP 462, 1970. 

116. LOCALIZED CORROSION-CAUSE OF METAL FAILURE, Proc. 711th 
Annual Meeting American Society for Testing and 
Materials, Atlantic City, N.J., June 1971, -4STM STP 
516, 1972. 

???. Osgood, C.C., FATIGUE DESIGN, John Ulley and Sons 

Inc., New York, 1970. 

118. Wood, W.A., THE STUDY OF METAL STRUCTURE AND THEIR 
MECHANICAL PROPERTIES, Pergamon Press, New York, 1971. 

119. Hertzberg, R.W., DEFORMATION AND FRACTURE MECHANICS OF 
ENGINEERING MATERIALS, John Wiley and Sons Inc., »few 
York, 1976. 

120. Morgan, J.H., CATHODIC PROTECTION, The Macmillan Com­
pany, New York, 1960. 

121. Jelinek, R.V., CORROSION, Syracuse University, Syra­
cuse, N.Y., McGraw-Hill Publishing Co., Inc., N.Y., 
1959. 

122. Hertzberg, R.W,, DEFORMATION AND FRACTURE MECHANICS OF 
ENGINEERING MATERIALS, John Wiley and Sons, Inc., New 
York, 1976. 



130 

^ 123. Barso-n, J.M. and S.T, Folfe, FRACTURE AND FATIGUE CON­
TROL IN STRUCTURES, Prentice-Hall, Inc., En?lewood 
Cliffs, New Jersey, 1977. 

u 

J 



c 

TABLE 3.1 - Modifying factor, lt c > for various survival rates (HO) 

Survival rate, k c per cant 
k c 

90 0.896 
95 0.872 
99 0-816 
99.9 0.752 
99.99 0.704 

TABLE 11.I - Order of magnitude of protective currents for steel (121) 

Environment Amp./Sq. Cm, 
Well-cured halosen-free concrete 7 x 10 _2 
Sterile, anerobic neutral soil water 5 x 10 _I 
Halogen-containing concrete 5 x 10~T 
Aerated neutral soil water U x 10~f 
Deaerated hot water H x 10~9 
Movine, fresh water 6 x 10 c Moving sea water 1.5 x 10-J? 
Oxyeen-saturated hot water 1.5 x 10T 
Anaerobic soil with active sulfate reducing bacteria 5 x 10 -5 
Hot sulfuric acid i| x 10"" 
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TABLE 5.1 - Chemical composition of 1018 steel and HY-180, percent. 

C Mn P S Si Ni Cr Ho Co fll 
HY-180 0.11 0.12 0.0014 0.005 0.04 10.0 2.0 1.0 8.0 0.005 
1018 0.18 0.75 0.01 0.03 0.05 -

TABLE 5.2 - Mechanical properties of 1018 and HY-180 at room temp. 

0.2T, Yield Tensile Elongation Reduction 
Strength (ksi) Strength (ksi) % of Area % 

HY-180 1B0 198 18 71 
1018 U0 65-5 40.8 67 
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TABLE 5-3 - Crack initiation data for 1018 steel. 

Applied Maximum Number of 
Load Nominal Cycles to 

Stress Initiation 
lb ksi 

140-1400 15 50000 
'100-2000 19 14400 
220-2200 23-5 7100 
300-3000 32 1950 
1800-4500 32 1650 

Q 
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TABLE 6.1 - Proposed methods for predicting o*f (96-99). 

Investigators Proposed Correlation o-I 

Hanson °a =°f a t 1 | / 1 1 e y c l e o-£=0.92o-f <b=-Q.12) 
Hanson °"a = c r f a t 1 cycle o-' = 1 .09o-f (b=-0.12) 

Hanson and Hirschberg 2o-a = g.cio-f at 1/4 cycle crl=1.l5crf (b=-0.12) 
Hal ford and Morrow o- =o-f at 1/2 cycle o-l=o-_ 
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TABLE 6.2 - Fatigue oraek initiation data for 1018 steel. 

Notch Applied AKj 
Radius Kt Load A o N max AKj 

AKj 
N, 

(in) 
Kt (lb) (ksi) (ksi) AKj 

W i 
.015 10.25 140-1100 15 153 16.6 135.5 51000 
.015 10.25 400-2000 19 194 21.1 172.3 14400 
.015 10.25 220-2200 23-5 240 26 212 7100 
.015 10.25 300-3000 32 328 36 294 1950 
.015 10.25 1800-4500 32 32ft 36 294 1600 

TABLE 6.3 - Total strain calculations for 1018 steel. 

Notch Radius K t 
10.25 

mean fiffN Ae N* (in) 
K t 

10.25 
(ksi) (ksi) 2 i 

.015 

K t 
10.25 9.12 15 .00466 51000 .015 10.25 14.2 19 .0055 14400 

.015 10.25 14.34 23.5 .0078 7100 

.015 10.25 19.55 32 .014 1950 

.015 10.25 37-3 32 .0163 1600 



TABLE 6.1 - Fatigue crack initiation data for 103 stainless steel (108) 

Notch 
Radius 
(in) 

Apnlied 
Load 
(lb) 

AKT 

/? 110 
100 
210 
300 
122 
110 
171 
200 
121 
113 

Ae 
2 

• 01 
. 0 1 
. 0 1 
. 0 1 
. 0 3 8 
. 0 3 8 
. 0 3 ^ 
.038 
. 189 
. 189 

1 1 
1 1 
1 1 
11 
5. 
5. 
5, 

6 
6 
6 

5. f t 
2 . 6 
2 . 6 

200-3000 
20O-1000 
20O-50O0 
200-6000 
250-5000 
200-1500 
200-7000 
200-8000 

200-1100O 
200-10000 

.00^09 

.00186 

.00753 
.00968 
.00262 
.00233 
.0011 
.0058 
.00311 
.00256 

92000 
21300 

6600 
1800 

133800 
180000 

50700 
11 160 
15000 

120000 

TftBLE 6 . 5 Compar ison between c r a c k i n i t i a t i o n p r e d i c t i o n methods 
and e x p e r i m e n t a l d a t a For 1018 s t e e l . 

Nominal Total Strain 
Stress ftpnroaeh 
a (psi) (psi) 
15000 11000 
19O00 12600 
23500 6700 
320^0 1850 
32000 1100 

AK/Vp" Manson-Coffin Experimental 
Approach Method Data 

N- N; 

50370 
16520 

6312 
1100 
1100 

20100 
7715 
1100 
1600 
530 

N. 

51000 
11100 

7100 
1950 
1650 ON 
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FIGURE 2.1 - Persistent slip band development 
from a grain boundary. 
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FIGURE 2.2 - Mott's slip mechanism for fatigue crack nueleation. (4) 
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FIGURE 2.3 - A Kennedy mechanism for extrusion-intrusion formation. 
Lomer-Cottrell barrier is situated at the intersection 
of slip planes ABCD and EFGH. (5) 
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L-

(a) initial stale (b)J, operates in for­
ward half-cycle 

(d) S, operates in re- (e) S, operates in re­
verse half-cycle verse naif-cycle 

(e)S, operates in for-
ward half-cycle 

Tie position is now as 
in (a) but with single 
steps of intrusion or ex­
trusion created. The 
process develops with 
continued cycling. 

FIGURE 2.4 - The Cottrell-Hull mechanism for extrusion-intrusion 
formation. (6) 
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FIGURE 2.5 - The McEvily-IIachlin model of extrusion-intrusion 
formation. (7) 
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FIGURE 2.6 - The Thompson fatigue extrusion-intrusion mechanism (8) 
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FIGURE 2.7 ~ Neumann's model for the formation of cracks by 
coarse sl ip. (1A) 
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FIGURE 2.8 - Model of slip band penetration of oxide film and 
resultant polarization diagram in aqueous environment 
(electrochemical potentials vs, current). (19) 



J 

14K 

'"MAX . ''MAX 

*RES S l R e 

<-MAX C M A X 

FIGURE 2.9 - Models for preferential dissolution of deformed 
regions in cyclically deformed metals 
(electrochemical potentials vs. current), (20) 
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FIGURE 2.10 - Thompson and Wadsworth model for oxygen s l ip band 
interaction to affect fatigue crack nucleation. (30) 
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FIGURE 2.H - Shen model of oxide film dislocation interaction to 
accelerate fatigue crack nucleation. (31) 
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FIGURE 3.1 - Test specimen for R.R. Moore rotacing beam machine. (40) 
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FIGURE 3.2 - S-N curve for annealed 1040 steel. (40) 
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FIGURE 3.3 - Modifying factor, k , for surface finish. (40) 
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FIGURE 3.A - Notch sensitivity curves for steel and aluminum alloy 
in bending, axial and torsional loading. (40) 
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FIGURE 3.5 - Fatigue stress components. (40) 
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FIGURE 3.6 - three proposed diagrams of constant fatigue life 
for steel and aluminum. (40) 

FIGURE 3 . 7 - 0 - a diagram for compressive nean stress 
(steel and aluminum). (40) 
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FIGURE 3.8 - Design diagram for faclgue failure. 
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FIGURE 3.9 - Coffin-Manson relationship for Ni/Cr/Mo alloy steel, 
C/Mn steel, Al -Mg alloy, and Al-Cu alloy. (45,46) 

FIGURE 3.10 - Modified Goodman diagram. 
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FIGURE 3.11 - Load-displacement curve for crack lingth a 
and (a +5 a). 



151 

Made I 

RL_- >iode II 

Mode I I I 

FIGURE 3.12 - Modes of crack tip deformation. 



FIGURE 3.13 - Schematic drawing of the elastic stress field 
distribution near the tip of a sharp crack 
(Mode I defornation). 

FIGURE 3.14 - Schematic drawing of the elastic stress field 
distribution near the tip of an elliptical 
notch (Mode I deformation). 
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FIGURE 4.1 - Schematic representation of the two stages 
of crack propagation. (54) 
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FIGURE 4.2 - Plastic blunting process for stage II crack propagatior. (55) 
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FIGURE 4.3 - The plastic blunting process for stage I crack 
propagation - a) zero stress, b) maximum tensile stress, 
and c) compressive stress. (55) 
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Primary Mechanisms * 
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FIGURE 4.4 - Summary diagram showing the primary fracture mechanisms 
and the effect of microstructure and test variables on 
fatigue crack propagation. (56) 
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FIGURE 4.5 - Types of fatigue crack growth behavior. 
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1J0TES: 1 - "A" surfaces shall be perpendicular and parallel as 
applicable to within ±0.005 tir. 

2 - Notch radii r=0,015 must be honed to a finish of at 
least 16 micro inch. 

FIGURE 5.1 - Compact tension specimen. 
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FIGURE 5.2 - Loading fixture. 
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FIGURE 5 . 3 - Corrosion chamber. 
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FIGURF. S.4 - Photographs of corrosion chamber mounted on the specimen, 
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FIGURE 5.5 - Photograph of the crack propagating through the grid 
lines (0.02 inch) printed on the specimen. 
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FIGURE 5,12 - Ductile strlatlon grovth during fatigue of 1018 steel 
in room temp, (a) at AK-20 ksl-ZIii and 5000X, 
(b) at AK-25 ksi-/l^ and 2000X. 
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FIGURE 5.13 - Ductile striation growth during fatigue of 1018 steel 
at 185"F and 3000X (a) flK=28 ksi-v'Tn and 
(b) AK=45 ksl-i^lii. 
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FIGURE 5.14 - Fatigue fracture surface of HY-180 steel at room temp. 
(a) no clear striatlons visible at 3000X and 4K*35 ksi-/in, 
(b) region of ductile striation at 5000X and AK«65 ksi-/in. 
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APPENDIX 
K. Calculations for Compact Tension Soecimens 

For a compact tension test specimen (Figure A.l), 
expression for evaluating Kj is as follows: 

K = c £ F^a/b.h/b.d/h) 

where <r - P/bB and B is the thickness of the specimen, 
in teris of the nominal stress, we have: 

K r = djj /b-a F2(a/b,h/b,d/h) 

where 

°K = °N<Tension) + °N(Bendlng) 

„ 6P(a + *=*) 
„ = r- + L-

N b " a (b-a) 2 

After s i t ipl i fyi- ig 

2P(2b+a) 

°* ' (b-a)* 
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FIGURE A.I. Compact tension specimen. 

Note that the relationship between F 1 and F ? is niven by the 
following expression 

2(2+a/b) 1 
(1- a/b) v£/b 

The numerical values of F. have been calculated usin^ the 
boundary collocation method. Figure A.? shows the Dlot of 
F ? vs. a/b for different specimen qeometry. The accuracy of 
the F 5 values is about ]%. Figure A.t ^;iows the seometrv of 
the standard compact tension specimen. 
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An enoirical expression can be formulated to calculate F« 
for the standard ocnrjact tension sosciTien. The following 
formula has Q.^f. accuracy for 0.? < a/b < n.7. 

FX(J) = 29.6-185.5(^)+655.7(^)2-1017.0(^)3+638.9(|)l< (A.1) 

NOTICE 
"This report was prepared as an account of work 
sponsored by the United Slates Government, 
Neither the United Slates nor the United States 
Department of Energy, nor any of their employees, 
nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or 
implied, or assutnei any kgil liability or respon­
sibility for the accuracy, completeness or 
usefulness of any information, apparatus, product 
or process disclosed, or represents that its use 
would not infringe privately-owned rights," 


