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ABSTRACT This paper reviews some crack initiation and short crack propagation models, and
examines their impact on engineering design methods. Many industries are not able to use some
proposals due to a lack of relevant information and inspection difficulties. Further work is
needed in many areas. When fatigue research is planned and carried out, recognition of practical
applications is important for the development of rational design guidelines.

Introduction

Considerable differences exist between a scientific investigation and an
engineering design. Frequently, a scientific investigation is motivated by a
need to explain observed behaviour. Usually, the investigation concentrates
on a comparison of theoretical models with average experimental data. After
an iterative process of adjustments to the model(s) and further testing, the
investigation concludes whether or not the theory agrees with the experimen-
tal data. In this way, a greater understanding of fatigue behaviour is achieved.

An engineering design is motivated by a demand for a structure or a
component, and design models are based upon upper or lower bounds of test
data. The designer begins with simple models using approximate methods. If
the component is fatigue sensitive, a more sophisticated assessment is per-
formed and testing may be carried out. The goal of most engineering designs
is to achieve a high probability of survival at low cost. Figure 1 is a schematic
showing the base-line differences between a scientific investigation and an
engineering design.

Considering such differences, it is understandable that a model which
performs well during a scientific investigation may not necessarily improve an
engineering design. For example, a fatigue assessment of a surface scratch of
average depth on a given component may require a sophisticated short crack
analysis. However, a deeper scratch which can be assessed satisfactorily using
a simpler model may determine the fatigue life.

The significance of recent fatigue research has been discussed previously
for specific design philosophies (1)(2). Generally, it is assumed that specialists
are available to perform the fatigue assessment. However, many fatigue
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Fig 1 Typical base-line characteristics of scientific investigations and engineering designs

sensitive components and structures are not assessed by design specialists.
For example, cranes, ships, engine components, farm machinery, pressure
vessels, bridges, marine structures, and automotive parts may be assessed by
an engineer who has only a rudimentary knowledge of fatigue, Fig. 2. Such
designers invariably rely on design guidelines in order to carry out the fatigue
assessment. Many of these documents recommend the use of empirical
relationships which bear little resemblance to the theoretical models currently
examined in scientific investigations.

Over the past thirty years, much fundamental work has increased our
understanding of the mechanisms which determine the fatigue life of
engineering materials and structures. Advances have been reported within
three research areas: fatigue crack nucleation, short crack growth, and long
crack propagation. The next thirty years should be a period where these
advances are consolidated into guidelines for general use by design engineers.
However, a useful synthesis of these three fields, followed by the drafting of
design guidelines for a range of design problems, will be difficult to achieve.

This paper reviews some models proposed for crack initiation and short crack
behaviour and investigates their applicability to engineering problems. The
conditions necessary for new design guidelines are discussed and opportunities
for further work are identified.

Terminology

Fatigue terminology varies widely among scientists and engineers. Certain
definitions are assumed in this paper; in order to avoid confusion, a short list of
terms is given below.
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Fig2 A designer’s exposure to fatigue concepts

Crack: a sharp discontinuity which grows in size upon application of fatigue
loading. This loading must exceed a critical level determined by stresses,
environment, material properties, and geometrical parameters.

Crack initiation: the fatigue life resulting from a strain-controlled fatigue test
of a smooth unnotched specimen.

Crack nucleation: the fatigue life expended in the formation of a crack.

Designer: an engineer whose exposure to fatigue concepts may be described
by Fig. 2. Such engineers use design guidelines for fatigue assessments.

Design guidelines: standards, recommendations, directives, handbooks,
notes, specifications, requirements, commentaries, and codes published by
international, national, industrial, private, and professional organizations.
Drafting committees are made up of fabricators, consultants, contractors,
suppliers, inspection experts, and design specialists.

Design specialist: an engineer or scientist with research experience. A
specialist should be competent to evaluate and use models proposed in the
scientific literature and to provide technical input during the drafting of
design guidelines.

Long crack propagation (LCP): fatigue crack growth which is similar to the
behaviour described by linear elastic fracture mechanics (LEFM). Near-
threshold crack growth, measured using standard LCP specimens, and crack
growth in the elastic region of the material affected by a notch is included in
this definition.

Short crack propagation (SCP): fatigue crack growth which cannot be
described by LEFM.
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Fatigue research

Early fatigue research concentrated on empirical correlations based on compo-
nent testing. Over 100 years ago, the use of laboratory specimen testing began
to replace full scale tests, thus introducing the similarity (similitude) problem
and the subsequent need for representative models. Early models such as the
stress range-fatigue life relationship, the Goodman diagram, the fatigue
reduction factor and Miner’s rule were developed. These relationships still
enable satisfactory fatigue assessments in many situations. Nevertheless,
fatigue failures still occur and economic pressures for efficient designs remain
strong. In addition, new challenges such as energy conservation and increased
litigation risks have further encouraged modern fatigue research.

For many years, crack nucleation and LCP remained separate and distinct
disciplines with specific applications for particular structures, components, and
materials. During the past decade, SCP studies have provided opportunities to
unify the two disciplines. To date, the relative roles of crack nucleation, SCP,
and LCP are not clear for a range of components. However, many studies have
provided proposals and some models are reviewed below.

Crack initiation

Many models have been proposed for crack nucleation and early crack growth.
Each approach has its own set of definitions and corresponding applications.
The strain-controlled fatigue life of a smooth unnotched specimen, crack
initiation, is the basis of many engineering models. The model described herein
was chosen due to the large amount of design-oriented research which supports
its application.

The principal parameter, strain range, was originally studied by Bauschinger
around 1880. In the 1950s, it was revived independently by Manson and Coffin
for use in low-cycle fatigue. This parameter is divided into plastic and elastic
strain components in a formula which includes fatigue life. These two compo-
nents contribute to ‘damage’ which accumulates until failure occurs. When
plasticity is negligible, this formula simplifies to the relationship proposed by
Basquin in 1910. The Manson-Coffin formula, sometimes known as the
low-cycle fatigue equation, has formed the foundation for many subsequent
studies and became the subject of an ASTM standard in 1977.

Researchers in this area have studied cyclic stress-strain behaviour, notch
analysis, temperature effects, mean stress, variable amplitude modelling, and
computer simulation using a wide range of materials. Important contributions
include the determination of the cyclic stress—strain curve, cumulative damage
rules, approximations of the cyclic strain at a stress concentration, and the
development of sophisticated testing systems. References (3) and (4) are
detailed reviews. The development of a formula which determines the fatigue
strength reduction factor for rough surfaces is a recent advance (5).
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Limitations of crack initiation models include difficulties associated with the
definition of ‘damage’, high-cycle fatigue, surface roughness, corrosion, and
multiaxial effects (3). Also, the percentage of crack initiation spent in SCP is
not included in most test data. Proposals for the crack length of a so-called
initiated crack vary from zero to several millimetres. Such lengths depend upon
the crack growth model which is used to calculate the remaining fatigue life.

Short crack propagation

SCP models were developed to give a more detailed description of the ‘damage’
modelled by the crack initiation approach. Short cracks may be micro-
structurally short due to material characteristics, or mechanically short due to
crack tip conditions which are mechanically different from those characteristic
of long cracks, €.g., plasticity, crack closure, etc. Often, these two types of SCP
were not studied independently and much confusion exists in the literature.
Nevertheless, microstructurally short cracks usually dominate when cracks are
less than a few grain diameters long and when they are subject to stress ranges
near the fatigue limit. On the other hand, mechanically short cracks can be
several millimetres in length and they are most obvious when the cyclic stresses
are much higher than the fatigue limit.

Frost (6) recognised the importance of microstructurally short cracks before
1960 in his study of non-propagating fatigue cracks. He defined a minimum
crack length ‘of the order of the grain size’ where the propagating stress no
longer varied with crack length, but converged on the fatigue limit. Kitagawa
and Takahashi (7) attempted to obtain data missing from Frost’s original study,
thereby examining SCP in the absence of bulk plasticity. These studies aroused
considerable interest in the behaviour of short cracks at stress ranges near the
plain fatigue limit.

Amplified growth rates due to bulk plasticity were modelled in 1965 by
Boettner et al. (8) who proposed a strain intensity factor which accounted for
cracks growing in cyclic plastic strain fields. An approximate analysis showed
that if the initial crack length is the same for all conditions, the integration of
the growth law results in Coffin’s law for crack initiation. This study is believed
to be the first attempt to model short crack growth in terms of the product of
crack length and an elastic-plastic loading parameter. Later, Pearson (9)
explored the limitations of LEFM and demonstrated that linear elastic model-
ling underestimated the growth rates of short cracks.

Since these early studies, theoretical models have been proposed by many
researchers. Table 1 contains a list of investigations grouped into three
categories according to the type of model used and the principal parameters
considered. The majority of the models in Categories 1 and 3 describe
microstructurally short cracks, whereas Category 2 is concerned mainly with
mechanically short cracks.
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Table 1 Models for short crack propagation

Category Parameters References

©) ALKy (a) (7)(10)
Modified elastic V(Dp) (11)-(13)
fracture mechanics I (14)-(17)

AK.q (15)(18)

f(Ao) + f(AK) (19)

Cr* (20)-(24)
Elastic—plastic AK(Ag) (8)(22)(25)(26)
growth models AK(Ag) 24

AJ (26)-(29)

via (30)
© (d - a)t=¢a, (31
Microstructural D - 2x\m
fracture mechanics AK"{I - k(<D)< Dh ) } (32)

(L — a)

——l 33

- 33)
TV(aR) (34)
R Ag)" (35)

* CL: Crack initiation model is used to represent the growth of short cracks to
some crack length.

Most investigations are placed in either Categories 1 or 2. In Category 2 the
first parameter, CI, refers to studies which employed the crack initiation model
to represent short crack growth. Some proposals account for both micro-
structurally and mechanically short cracks using unified models. For example,
Cameron and Smith (22) suggest that the crack initiation model, CI, can
represent crack lengths smaller than the constant, l, (14), and a strain based
approach (25) is proposed for longer cracks. Others studies concentrated on
only one type of SCP. A comprehensive study of the merits of these models is
hindered by a lack of compatible data, although attempts have been made for
some proposals (13)(24)(26)(35)-(37).

The characteristics of the parameters employed differ from category to
category. In Category 1, they are far field or global values and consequently,
they can be determined simply. In order to give greater accuracy in non-elastic
cases, Category 2 models require the knowledge of an elastic—plastic
parameter. This demands a more detailed analysis than prescribed by the
models in Category 1. Category 3 introduces parameters such as grain size, d,
and grain orientation, ®, in order to model cracks less than a few grain
diameters in length. In a recent review, Miller (38) has proposed that crack
nucleation occurs immediately, and thus the fatigue limit is defined by a crack
growth threshold which is determined by microstructural parameters.
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The impact of SCP models on fatigue design assessments

The fatigue strength calculation completes only part of a fatigue design. Figure
3 gives an example of the amount of design time spent evaluating the fatigue
strength in relation to other factors. Uncertainty in loading data and material
properties as well as the effect of the consequences of failure, the costs, quality
assurance, and in-service monitoring must be taken into account. Note that in
considering these factors, a designer employs less than 2 per cent of his total
design time, see Fig. 2.

One design criterion is the verification of a certain probability that the effect
of fatigue loading is less than the fatigue strength ~ at minimum cost. The
consequences of failure usually determine the required probability of survival.
Consideration of both this criterion and the characteristics of the factors in
Fig. 3 may preclude a rational use of SCP models. For example, the loads may
be so poorly defined that increased sophistication in the fatigue strength
calculation changes neither the probability of survival nor the final cost of the
component.

The occurrence of SCP

Another difficulty may arise upon identifying those cases when short crack
behaviour should be expected. Many welded structures contain large discon-
tinuities and suffer low service stresses, and thus it is easily determined that no
short crack analysis is needed. Other cases are not as clear.

For example, the fatigue critical discontinuity is usually the deepest discon-
tinuity in a notch and its depth may be more than five times the centre-line

A certain probability that the effects of
FATIGUE LOADING < FATIGUE STRENGTH (at minimum cost).

DESIGN CONSIDERATIONS :

Expected fatigue strength
plus scatter
and good detail design

Quality assurance

In-service monitoring
and inspection

Consequences of failure

Expected fatigue loading Cost calculation

plus scatter

DESIGN CRITERIA :

Fig3 An example of the relative importance of various considerations in a fatigue design
assessment
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average value measured at the same location. Furthermore, this discontinuity
may have a root radius of less than one micron (39). It is not known if there is a
relationship between surface roughness and the deepest discontinuity for a
range of materials and surface finishes.

Another case is related to the service conditions of the component. Machined
components become worn, scratched, and corroded during service due to
fretting, poor lubrication, misuse, scouring, corrosive attack, etc. A SCP model
may not be applicable to the fatigue strength calculation if the component is
exposed, accidentally or otherwise, to service conditions which introduce
surface discontinuities.

Nevertheless, improvements in fabrication techniques, load analyses, stress
measurement, quality assurance, and new design methods are increasing the
number of situations where SCP models are useful design tools.

Design methods and SCP models

A damage tolerant design method (fail-safe, fitness for purpose, etc.) pro-
vides the greatest justification for the application of propagation models to
life and remaining life calculations. Designs are improved by emphasising
quality assurance and in-service inspection, Fig. 3. These methods use data
taken from measurements on the actual component and, as a result, a more
precise estimate of its behaviour under fatigue loading is possible. In addition
to improving fatigue strength calculations, damage tolerant design methods
enable great flexibility during quality evaluation and structural repair.

Unfortunately, advances in related fields, such as crack detection, do not
coincide with the development of SCP models. Accounting for human error,
present non-destructive inspection (NDI) technology is rarely able to detect
discontinuities which behave as short fatigue cracks. Previous papers
(1)(2)(40) have discussed the significance of NDI with respect to damage
tolerance design.

SCP models may be useful when a design method other than damage
tolerant design is employed. Accurate models are essential when the
similitude of existing data is in doubt and prototype testing under service
loading is not practicable. Also, SCP models may provide important design
tools even if they are not directly used in the fatigue strength calculation. For
example, SCP models can be useful for selecting materials, changing existing
designs and approximating inspection intervals. In these cases, the initial
crack size need not necessarily be detectable by NDI.

Guidelines for fatigue design assessments

The options available to a designer are limited by the sophistication of design
guidelines. Some of these guidelines are based on the stress range-cycle life
approach developed by Wahler over 100 years ago, e.g., (41).

Simple LEFM calculations often result in very conservative life predictions;

y
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they can be more than an order of magnitude less than test results. This is
especially true for high-cycle fatigue. Although LCP guidelines have existed
for some years, e.g., (42), only a small amount of design information exists
for near-threshold crack growth at stress concentrations.

One recent attempt to draft LCP guidelines resulted in a list of warnings
against misuse (43). This document recognises that in many large steel struc-
tures, information concerning load levels, lack of fit, thermal stresses, differ-
ential settlement, and fabrication stresses is unavailable. Thus, it is recom-
mended that all applied compressive loading is included in the analysis and
that the intrinsic threshold stress intensity is used in calculations — unless the
mean stress can be determined. Additional prudence is recommended for
other factors such as plasticity, stress analysis, variable amplitude loading,
and crack size.

Some studies have examined the importance of SCP by identifying those
cases where SCP can be ignored, even though it occurs. For example, Taylor
and Knott (44)(45) have suggested an inherent discontinuity equal to the
deepest influence of microstructurally short crack effects. Cameron and Smith
(22) have identified cases where LEFM calculations do not change the fatigue
life by more than 50 per cent.

In general, greater sophistication can be hindered by cautious drafting
committees which rely more upon the practical experience of their members
than upon the conclusions of scientific investigations. Design specialists are
often in a minority on drafting committees.

Before changes are made in any guideline, most committees wish to establish
that:

® present engineering practice is unsafe, costly, or inappropriate;

® an easier way does not exist;

® the principles behind the change can be explained in simple terms;
® the change is acceptable to designers.

Short crack investigations which establish these points are rare. The absence
of such information contributes to a lack of understanding between the
scientist and the designer.

Further work

Despite concentrated research activity, little information is filtering down to
the non-specialist. Further work is needed in many fields before design
guidelines can be written. Without guidelines, many industries cannot profit
from recent progress. A short list of possible research topics is given below.

LCP topics requiring further work include:
® crack growth laws and material constants in the near-threshold crack growth

regime;
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® a compendium of stress intensity factors for surface cracks in engineering
notches, including various welded joints and bolted assemblies;
experimental methods for the determination of the threshold stress intensity
factor;

crack retardation and acceleration due to variable amplitude loading;

the intrinsic threshold stress intensity factor;

the effect of residual stresses at notches;

crack growth from notches for numerous stress ratios;

crack growth at high and low temperatures;

crack growth laws for corrosion enhanced fatigue crack growth, etc.

Considering the amount of research which is needed in the domain of LCP, it
is understandable that much work on SCP remains to be completed. Some of
the more practical areas include:

® surface finish and initial discontinuities;

® comparative studies of SCP models and the crack lengths at which they are
relevant;

identification of situations when LEFM cannot be used;

elastic—plastic stress analysis for cracked geometries;

short crack growth and variable amplitude loading;

experimental data for a range of materials and environments;

the influence of fabrication processes;

identification of relevant microstructural units for a range of materials, etc.;
statistical analysis.

In the future, the importance of crack propagation models will increase with
technical developments and greater expertise in related fields such as:

non-destructive inspection technology;
fatigue loading, impact, and vibration;
stress analysis;

in-service monitoring;

safety and reliability analysis, etc.

Conclusions

Although many new models are proposed for calculating fatigue strength,
designers are rarely able to make use of them. Scatter in design parameters and
service conditions may not justify increased sophistication. Damage tolerent
design methods have improved the significance of SCP and L.CP models but
frequently, crack lengths cannot be detected reliably. Nevertheless, the signifi-
cance of new models will increase with improved fabrication methods and
advances in related fields. Research which considers the information necessary
for drafting design guidelines will help many industries exploit the possibilities
offered by modern fatigue research.
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