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1 ntroduction 

Metal fatigue has been the subject of numerous research 
studies conducted by mechanical engineers, materíals 
scientists, physicists, chemists, mathematicians, and struc
tural engineers o ver more than l 50 years. Although valuable 
contributions to knowledge ha ve been provided by al! these 
disciplines, an interdiscip!inary understandi:. g has been 
difficult to achieve beca use of two factors, namely, a limited 
appreciation of the boundary conditions of an individual 
approach when applied a different discipline, and the 
disparate nature of the requirements of each separate 
discipline. 

Thus, the mechanical engineer is concerned with 
the effect on lifetime of externa! loading parameters (e.g. 
torque, bending moments, pressure) and the derivation of 
equivalen! stresses and strains, safety factors, stress concen-
tration factors, etc. that are used to a reliable 
design. This is v1a a fatigue 
endurance S- N curve S denotes stress and N 
denotes number of to failure), for example, a reversed 
bending lifetime characteristic for the material. 

In recent years advances have been made by 
mathematicians determined the elastic and, elastic-
plastic stress fields surrounding the tip of two- and three-
dimensional singularities (cracks). also produced finite 
element programs to provide local global stress-strain 
field solutions pertaíning to the complex three-dimensional 
geometries of engineering components and structures which 
could also be subjected to three-dimensional 
loading systems. 

Materials scientists meanwhile continued their studies of 
the development of dislocation morphologies, extrusions/ 
intrusions, slip band and the initiation of 
fatigue cracks. 

Al! this research has been fruitful and well documented, 
but in the past few years advances have been 
made, particularly in the of cumulative 
fatigue at notches, in out of 
loading and míxed mode 
eonsequently it is now and 
together ~everal common threads 
and to underline the 
science in advancing current 
analyses. 

This may well be welcome news, but the advances to be 
made will require materials scientists working on metal 
fatigue research to become involved in the mathematics of 
plasticity fracture mechanics and microstructural fracture 

mechanics. eonversely, it will be necessary for the design 
engineer to relate the externa] loading systems applied to 
a componen! to the critica! crack growth planes which lead 
to failure, and for the fracture mechanics expert to learn 
more about the microprocesses of fracture and the mechan
ical behaviour of materials. In summary, an interdisciplinary 
approach is now more desirable than ever to advance 
metal fatigue research. This paper concentrates on new 
perspectives for the materials scientist. 

S-N curve 

Figure 1 presents four S-N curves. The maximum fatigue 
resistance is obtained from a smooth specimen (curve A). 
This resistance is reduced by inserting a shallow notch 
around the periphery of the specimen (curve B). Should 
the notch be severe, then curve e results. Resistance 
can be further reduced (curve D) by inserting a cracklike 
defect. 

eoncentrating on the upper and lower curves, fatigue 
resistance can be increased in a plain specimen by 
decreasing the grain size, w hereas the resistan ce of a 
cracked specimen may be increased by increasing the grain 
sizel As will be seen below, the resistance of notched 
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a crack stopped at twin boundary in brass; b crack stopped at grain 
boundary in Waspaloy; e crack stopped at pearlite zone in medium 
carbon steel 

2 Non-propagating cracks (see Ref. 1) 

First, however, it is necessary, and now possible, to quantify 
the meaning of the 'fatigue resistance' of metals. 

Fatigue crack initiation 

In single crystals this initial phase of fatigue life can take a 
considerable time. 2 In polycrystalline metals it can be safely 
assumed that the crack initiation phase does not exist. 3 

This is because the surface of an engineering component, 
typically involving approximately 106 grains cm- 2 has a 
variety of surface stress concentration features. These 
include grain boundaries, triple points, machining marks, 
surface breaking indusions, and large notches, which 
separately, orina variety of combinations, can immeqiately 
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3 Crack growth behaviour and appropriate 
characterisation regimes for cracks that propagate 
slowly from different initial lengths: broken lines 
indicate stress levels below which cracks do not 
propagate 

initiate a crack. Such a crack will propagate until it is 
dece!erated by a microstructural barrier or a reducing 
stress-strain field, or both. Examples of microstructural 
barriers to crack growth are twin boundaries, grain 
boundaries, and pear!ite zones which cannot accommodate 
continued crack growth in the original direction: see Fig. 2. 

It follows that fatigue resistance can be equated to the 
limiting conditions for the propagation of a crack. As a 
consequence of this, the fatigue limit of a metal is related 
to the inabi!ity of a crack to propagate, or in simple 
mathematical terms the crack growth rate dajdN is zero, 
where a is crack length and N is number of cycles. 

Fatigue crack propagation 

Figure 3 presents the most important type of diagram 
required from any fatigue fracture study. In the following, 
it will be seen that fatigue damage can and should be 
related to current crack length (and its orientation) and so 
the rate of damage accumulation is related to crack growth 
rate. Obviously the development of cyclic strain softening 
or hardening in the bulk material will affect crack growth 
rates but these important effects are of secondary relevance. 
Initially long cracks, e.g. 1 cm (see Fig. 3) require only a 
relatively low cyclic stress to drive them. A low stress leve! 
creates a negligible crack tip plastic zone which implies 
that a linear elastic fracture mechanics (LEFM) method
ology can be used to quantify crack growth behaviour. 
Should the stress range be reduced from Liu 5 to Liu 6 then 
the 1 cm crack together with the value of Liu6 will jointly 
represent a fatigue limit condition, but only in the 
LEFM regime. 

Should the initial crack size be reduced by two orders of 
magnitude to 0·1 mm, then the bulk stress leve! required to 
propagate it Liu 3 may be of the arder of the cyclic yield 
stress, hence it will be necessary to invoke plasticity 
mechanics to quantify the behaviour. For this crack length 
of 0·1 mm the fatigue limit, in stress terms, is Liu 4 . 

When the surface is polished or honed, the best possible 
condition of only a 1 ¡.¡m crack (e.g. a surface scratch) may 
be achieved. However, such a defect can readily propagate 
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4 Fatigue limit of polycrystalline metal expressed as 
contour of zero crack growth rate: conventional 
fatigue limit is associated with majar obstacle to 
continued propagation (zones A, B. and C typify 
barriers such as twin boundaries, grain boundaries, 
and pearlite band, respectively) 

immediately, should the resolved applied shear stress be in 
sympathy with a critica! slip system of the material (e.g. a 
:111} plane in a fcc material). Indeed, within about 106 

crystals, severa! shear cracks should exist; however, these 
cracks will be stopped at microstructural barriers if the 
stress leve! is low, i.e. Llu 2 . Should the stress leve! be 
increased to Llu 1 then the crack will be able to continue 
propagation, albeit slowly, through the barrier, driven by 
its appropriate resolved shear stress in the new direction of 
growth. It follows that the strongest barrier in the 
microstructural system of a given material defines the 
fatigue limit of a plain specimen. 

The period marked X-X in Fíg. 3, representing the crack 
crossing through or around the barrier, can be a dominan! 

in the fatigue lifetime of a specimen. 

Fatigue limits 

lt can now be readily understood why non-propagating 
cracks exist at stress levels below the fatigue limit. 
the fatigue limit can be seen from 3 to be a 

function of the maximum non-propagating crack length 
associated with a particular stress leve!. Thís has always 
been understood in terms of LEFM but similar conditions 
also to shorter cracks, for which 
fracture mechanics (EPFM) characterises growth. 
consideríng the extremely small cracks, these are influenced 
in their behaviour by the texture of the given material, 
therefore requiring the implementation of microstructural 
fracture mechanics (MFM). Texture in this context refers 
to al! aspects of the microstructure that control the 
orientation, shape, and speed of cracks before they become 
sufficiently long to be described in continuum mechanics 
terms. Hence, textura! effects include crystallographic 
orientation and the size and shape of grains as well as the 
síze and distribution of second phases and inclusions, 

induced micro- and macroanisotropy. 
Figure 4 is a plot of the fatigue limit of a material 

defined the crack growth rate beíng zero. This curve 
shows the zones of applicability of LEFM, EPFM, and 
MFM, It also illustrates that it is inappropriate to 
cracks as 'long' or 'short' since a 'long' crack cannot be 
described in its behaviour by LEFM should the stress leve! 
be sufficiently high to produce a significantly large crack 
tip plastic zone. The limit of applicability of LEFM 
assumptions may alternatively be expressed by the con
dition that the applied cyclic stress range !la does not 
exceed approximately 0·7ucy• where acy is the cyclic yield 

stress ot tl1e matenal. lt can be seen from Fig. 4 that the 
fatigue limit stress leve! can be reduced by increasing 
the distance that thc crack can grow beforc it reaches the 
strongest barrier in its path. and thereby increasing 
the intensity of its crack tip stress strain field. Thus the 
transcrystalline crack which becomes the failure crack is 
that located in the largest grain. 

In fracture mechanics terms. thc M FM crack growth 
regime can be described by the function 

da 
- = A!l··'(d a) 
dN ' 

which will be equal to zero at the fatigue limit. Here A and 
:t. are material constants and Ll;· is the applied shear strain 
range. The parameter d refers to the largest possible 
distance a crack can grow to the strongest barrier or 
between such barriers, in a given texture, and it is this 
distance which must be reduced to increase the fatigue 
limit of a material. 

lt is also evident from Fig. 4 that cracks can grow at a 
constant stress range below the fatigue limit of a material 
but be arrested at various intermediate and weak barriers 
which can only be overcome by increasing the stress leve!. 
Eventually, however, the fatigue limit of the material is 
reached, which can be equated to the crack growth distance 
to the strongest barrier in the system, together with the 
stress leve! required to overcome that barrier. 

Physical aspects of various crack. lengths 

Sorne of the fundamental differences between LEFM, 
EPFM, and MFM are presented in summary form in 
Fig. 5. A long crack experiencing a low applied tensile 
stress does not depend on microstructure to any marked 
extent. A crack only 1 cm in length will already be longer 
than 500 grains of 20 ~m mean diameter. For such a crack 
to continue growth in a coplanar manner the crack tip 
plasticity will exceed a few grain sizes but will not seriously 
perturb the dominant elastic stress field surrounding the 
crack tip. Crack growth in the LEFM regime can be 
quantified, to retain a uniformity in expressions, in shear 
strain range terms, rather than the more conventional 
tensile stress range, i.e. 

da 
= C[Ll·•(rra) 1 2 

]"- LlK dN , th 

where C and 11 are material constants and LlK,h is the 
threshold shear strain intensity range. 

When the crack is only 0·1 mm in length, the stress 
required to propagate it may well be of the order of the 
bulk yield stress but even if it were only 70% of the yield 
stress the plastic zone wouid be of a size comparable to 
the crack itself, and so the assumptions of small scale 
yielding are not applicable and it is necessary to invoke 
EPFM to characterise the behaviour of these physically 
small cracks. Thus a typical EPFM equation will be of the 
form 

da 

dN 
D 

where B and {3 are material constants and D represents 
threshold. 

Should a crack be as small as 1 or 2 ~m (whích may be 
found on the surface of the best possib!e surface finish 
prepared via grínding and polishing operations) it can still 
propagate if the stress leve! is sufficiently high. Such a 
crack will be difficult to locate and monitor since it will be 
situated within a single grain but the substantial plasticity 
necessary to drive it, for example in the form of a persisten! 
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LEFM- MOOE I (STAGE II) 
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WHEN 
o= 0·1mm 

o< 10 groms 
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a < 1 grom 

PHYSICALLY SMALL CRACK 

HIGH STRESS 
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HIGH STRESS 

MFM- MODE ll & !Il 

STAGE I (SHEAR) CRACK 

ojrp RATIO LOW (< 1) 

CRACK OIFFICULT TO OBSERVE 

5 Three distinct regimes of long cracks, physically 
smafl cracks, and microstructurally short cracks: 
each type of crack requires its own form of 
mechanics to characterise propagation behaviour 
(a is crack length and r

0 
is plastic zone size) 

slip band (PSB) which can extend across the entire grain 
and so be of the order 50 x 50 ¡.tm in area, will have a 
specific crystallographic orientation. The crítica! PSB will 
be aligned to the maximum applied shear stress direction 
and be in the largest possible grain, thereby giving the 
maximum extent of plasticity. The micromechanical descrip
tíon of its growth wíll not be adequately expressed by 
continuum mechanics and so it ís necessary to introduce 
MFM. At relatívely low stress levels, close to the fatigue 
limit, the initial crack will be able to grow very rapidly 
across the first grain as a stage I shear crack,4 but will 
then experience great difficulty in its continued growth and 

be arrested, a condition which describes the fatigue 

Staga 1-staga 11 crack growth transition 

consider a stress leve! above the 
indicates that the will continue 

from the first the crack will 
when into each of the 

6. Because of the three-
none of the systems will 

or and so two 
crack could meet an 

at a critica! location such 
because of the stress 

to form in the 
extension will start 

will cause a new 
next grain, from which further 

1 a 1 

1 b 1 

FIRST CRACK IN 

LARGEST GRAIN 

STAGE 1! 

TENSILE CRACK 

a initial crack of stage 1 growth must propagate into six near 
neighbour grains involving different planes, different directions of 
crack growth, and difieren! intensities of barriers; b as crack 
progresses, strength of barriers diminishes in radial (and also 
tangential) direction 

6 Fracture surface of crack after initiation in largest 
surface grain 

Alternatively, the crack could induce a local high stress 
concentration inside the second grain and produce an 
interna! crack which will snap back to meet the first crack. 
There is sorne evidence to support the second alternative 5 

and so the severity of the microstructural barrier can be 
quantified by the extent of the near grain boundary steps, 
in both the first and the second grains, that link the major 
crack in its propagation across the first two grains. 

Should the angle of slip mismatch in surrounding grains 
be reduced, as will occur in multislip systems such as those 
in pure fcc metals, then the fatigue resistance offered by 
grain boundaries will be minimal as is indeed found in 
pure aluminium and copper. 

As the crack grows longer, and thereby develops íts own 
continual!y increasing plastic zone size, the resistance to 
growth offered by successive barriers wi!l decrease. 
Microstructural barriers between grains will, however, be 
located in both tangential and normal directions lo the 
advancing crack front (see Fig. 6). 

As the crack advances past the first dominan! micro
structural barrier it will still be decelerated as it approaches 
subsequent barriers, but to a decreasing extent, before 
accelerating to a continually increasing extent as it escapes 
the influencé of successive barriers. 

Eventually the crack will become insensitive to 
microstructural barriers and develop two 

shear planes which it wíll grow 
shear decohesion on each shear plane.6 

to cause the crack to by tensile 
the face. These 

stress levels above 
of between 5 and 1 O 

P'""'"'""s on the of the material, itself a 
size and texture. Thus in a large 

easy and numerous slip systems, stage H 
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7 Fatigue resistance indicated in terms of difficulty of 
initial stage 1 shear crack becoming stage 11, tensile 
opening mode crack 

cracks will rapidly develop and the creation of a fatigue 
limit will become increasingly difficult, if not impossible. 

Fatigue rasistanca 

The fatigue resistance of metals may be quantified as the 
resistance to crack propagation offered by the materiaL 
This resistance can be studied by examining the following 
two conditions. 

Intensity and spacing of microstructural barriers If a crack 
is obstructed in its path many closely packed barriers 
which deflect the path of crack growth, then the fatigue 
resistance is high. It follows that small grains offer the 
maximum resistance to crack advance in a material 
(see Fig. l ). 

If the grain boundaries have a necklace type structure 
which inhibits the steplike faceted crack extensions across 
grain boundaries, then the intensity of the barrier is 
increased, as is the fatigue resistance of the metal. 

Crack zone size As a crack grows longer at a 
constant cyclic stress range its plastic zone size, which 
controls crack growth rate, increases. However, the actual 
onset and the extent of crack tip plasticity are functions of 
the cyclic stress-strain curve. A material 
yield strength and exhibiting cyclic strain 
behaviour will have a smaller plasth; zone size and a 
smaller crack rate compared with a lower yield 
strength that cyclically softens. materials 
that have a low strength/ultimate strength 

however, exhibit cyclic strain hardening 
and vice versa. 7 It that fatigue resistance is largely 
attributable to the first cause given above. 

To increase the fatigue endurance limit of a shot 
peening is often recommended8 and it is frequently 
intimated that this introduces compressive residual stresses. 
However, stage I shear cracks are. not strongly affected by 
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8 Two fundamentally different fatigue thresholds: 
microstructural barrier threshold d, and long crack 
LEFM threshold a," 

a mean elastic compressive stress;9 indeed, even very long 
stage I cracks can continue their growth under a far field 
cyclic compressive stress. It is the opinion of the present 
author that it is the crystallographic distortion produced 
by the shot peening process that is the important effect 
since this will induce many different facets in the crack face 
morphology. In short, to achieve the maximum fatigue 
resistance it is important that there be as many different 
directions of initial crack growth as possible. Expressed 
differently, it is important to introduce many and variable 
forms of textura! barriers to stop the development of a 
stage II crack. 

Fatigue resistance is therefore primarily due to the 
difficulty of a stage I crack becoming a stage II crack (see 
Fig. 7). In push-pull fatigue, as will be seen below, it is 
most fortunate that stage I cracks develop. If stage H 
cracks were to develop immediately, there would be a 
dramatic reduction in the resistance to fatigue failure. 

Charactarisation of crack growth rates 

The literature abounds with plots of crack growth rate as 
a function of theoretically derived terms such as !:J.K 
(LEFM), !:J.J (non-linear EFM), rP or De (EPFM). These 
cyclic range terms refer to, respectively, the stress intensity 
factor, the J contour integral, the plastic zone size, and the 
crack tip opening displacement. Such curves are derived 
from experimental data such as those illustrated in Fig. 3, 
and therefore are not as important as the original data, 
especially since they can be misinterpreted should they not 
be the appropriate crack characterising parameter. 
Figure 8 is a typical, but schematic, experimentally derived 
crack growth rate plot. It shows two threshold conditions. 
The first is the classícal LEFM where 

Here can be termed a mechanical threshold condition 
on crack and the 

applied stress range. parameter Y is a factor 
on both the geometry of loading and the geometry of 
cracked specimen. 

The second threshold d in 8, is a material threshold 
and represents the distance a crack mu~t grow to meet the 
major microstructural barrier in a given material. 

Figure 8 indicates the zones in which cracks can grow 
below the LEFM threshold condition, thereby illustrating 
the limitations of LEFM analyses. Additionally it shows 
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that microstructure !S 1mportant in early growth, but as 
the crack becomes progressively longer, the effect of 
microstructure diminishes and crack growth can then be 
quantified in terms of EPFM. 

The existence of two distinct thresholds is important 
when considering the transition from stage l (shear) crack 
growth to stage II (tensile) crack growth, a transition zone 
which is dependen! on many factors as illustrated in this 
paper. Obviously a major objective of the designer of 
materials is to separate the two thresholds as far as possible. 
The material threshold, marked d in Fig. 8, can be decreased 
by decreasing the spacing of the dominan! barriers, e.g. by 
decreasing grain size. In fatigue resistance terms it is also 
importan! to increase the strength of such barriers. The 
mechanical threshold can be increased at low mean stress 
levels by increasing the grain size: se e Fig. 1. 

Fatigue resistance can be reduced by imposing conditions 
that bring the two thresholds closer together. Indeed, in 
sorne situations the two thresholds can overlap, especially 
should the LEFM or mechanical condition be reduced as 
a result of a high applied R ratio (R = O'min/O'max) and the 
material threshold condition increased owing to incorrect 
heat treatments that reduce the strength and increase the 
spacing of microstructural barriers; see also the section on 
'Inclusions' below. 

Note hes 

Returning to Fig. I, where shallow and sharp notches are 
seen to be intermedia te in their S- N behaviour between 
smooth specimens (which require a long transition period 
from stage I to stage II crack growth) and precracked 
specimens (which require a negligible period of transition) 
it is now possible to appreciate the behaviour of notches 
in terms of the two threshold conditions shown in Fig. 8 
that mark this transition. Figure 9 is the classical diagram 
due to Frost 10 on which are superimposed typical experi
mental results of fatigue limits for a variety of notch 
configurations classified in terms of theír stress concen
tration factor KT. Above a critica! value of KT the stress 
concentration factor does not affect fatigue lifetime. The 
reason is simply that the notch is so sharp that a crack is 
rapidly generated that is governed by the mechanical 
threshold state. This was originally shown in two papers 
by Smith and Miller, 11 

• 
12 who indicated the irrelevance of 

notch sensitivity factors and the limitations of KT factors 
when designing against fatigue. 

For shallow notches, the region between non-failure and 
failure is governed by the material threshold state and the 
ability or inability of a crack to pass through the transition 
phase. Of interest in the context of this explanation is the 
use of precracked LEFM type specimens such as the 
compact tension (CT) specimen, which sorne investigators 
convert to a keyhole type specimen by transforming the tip 
of the long cracklike notch into a hole of a given radius. 
thereby blunting the crack. This can only be totally effective 
if the radius of the hole is so large as to transform the 
geometry of the specímen such that the mechanical 
threshold is replaced by the material threshold condition. 
Recent work by Yates and Brown 13 on the threshold 
behaviour (fatigue limits) of notches is another landmark 
in understanding notches. Essentially this was done by 
separately studying the material threshold behaviour in a 
form similar to Fig. 4, and the mechanical response of a 
cracked notch. 

Fatigue damage 

In previous studies, fatigue damage has been equated to 
the deformatíon response of a material. For example, 
the work of Coffin, 14 Manson, 15 and many others led to 
the establishment of the strain range approach to S-N 
curves, and further developments including strain range 
partitioning and frequency modified lifetimes, despite the 
earlier work of Tomkins6 who related the deformation 
approach to stage II cracking. Recent work by de los Ríos 
and co-workers 16

·
17 has linked the deformation of materials 

to both stage I cracking and the transition phase to 
stage II. lt is therefore now possible to link the entire 
Jifetime and the accumulation of damage to fatigue 
crack growth. 

Many studies on the transition behaviour of a material 
have been carried out in which the monotonic stress-strain 
curve changes to a cyclic stress~ strain curve 7 with conse
quentíal changes in the yield poínt and strain hardening 
behaviour. However, the question still remains of whether 
the change of texture, for example in terms of dislocation 
patterns, is importan! in terms of fatigue damage. 

Undoubtedly the major parameter of damage is current 
crack length, as may be demonstrated by experiments 
where a thin !ayer of the surface is periodically removed 
from a fatigued specimen (thereby eliminating the early 
stages of short crack growth). Testing such renovated 
specimens at the same stress-strain level indicates that no 
damage has been introduced into the bulk of the material, 
despite changes in íts cyclic stress-strain response, because 
the full lifetime is restored. 18 

Nevertheless, the changes in the stress- strain response 
of a material due to cyclic deformation are of sorne 
importance, especial! y in relation to the response of a crack 
tip. For example, the fracture toughness of a material will 
change 19 and small deviations of the mechanical threshold 
ha ve been reported. 2° Cyclic hardening and cyclic softening 
of a material will modify the opening/closing/sliding 
behaviour of a crack tip and consequently its crack growth 
rate. Additionally, under out of phase loading, different 
directions of PSBs will result and so act as barriers to 
crack extension. 

Although these latter factors are importan!, it is the 
opinion of the present author that bulk deformation 
changes are secondary when assessing cyclic damage effects 
in comparison with the equating of damage to current 
crack length. This argument is extended below in the 
section on multiaxial stress-strain systems (Three
diínensional strain fields'). However, at high temperatures 
and long lifetimes, where bulk damage can be introduced 
by time dependen! processes in the form of voids. such 
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10 lmportant phase (broken line showing defect 
extension dueto aggressive environment) between 
two limiting threshold conditions which pertain to 
stress levels below fatigue limit in non-aggressive 
environment 

damage can interact with crack especially when 
the amounts of damage in terms crack length and void 
volume fraction are of a similar magnitude. 

Environmental effects 

Recent work Akid and Miller see Refs. 21 and 
has illustrated the of an environmental (chemi-

attack in fatigue crack growth which can bridge the 
gap between the two different threshold conditions men-
tioned above (see lO). Indeed. the most critica! 
of the effect is to a 

w 
o 
z 
<l: 
0:: 

Vl 
Vl 
w 
0:: 
f-
Lf) 

across from one threshold state to the 
both thresholds. This consideration is more 

the effect of environment on 
elimination of both 

B 

NUMBER OF CYCLES TO FAILURE 

A tested in non-aggressive environment; B tested aggressive 
environment 

11 Two typical S-N curves for material21
·
22 

..... 
Stage II 

(a) (b) 

12 Two forms of stage 1 and stage 11 types of crack 
generated in identicaily and cyclically strained 
elements: in a cracks are parallel to surface, 
whereas in b cracks propagate away from surface 

the S-N curve (see curves A and B in Fig. 1 1) can be 
observed simply by carrying out an interrupted type of test 
as follows: 

(i) test in air until the first threshold condition is 
reached 

(ii) continue the test, but now in a corrosive environment 
permitting synergism between cyclic and chemical 
processes, so that the crack extends from d (see 
Fig. JO) to a little beyond a,h, at which point the 
aggressive environment can be removed 
complete the test in a non-aggressive environment 
until failure. 

In such a test as described above, it is possible that the 
lifetime of the specimen or componen! will be less than if 
the test were conducted entirely within an 
environment, because the crack wedging phenomena men
tioned above (i.e. from debris) would not be 
available to reduce the crack growth rate. 

Three-dimensional strain fields 



8 ANALES DE MECANICA DE LA FRACTURA Vol. 12 (1995) 

Shear 'itr J.tn 

stram, E 

13 Mohr's circles of strain: two parameters which 
govern crack propagation are maximum shear 
strain Ymax• where Ymax12 = (s,- s3 )/2, and strain f.n, 
which is equal to (s1 + e3 )12 and is perpendicular to 
maximum shear plane 

Fig. !3, the parameter ¡;n can be seen to be the location in 
strain space of the maximum shear strain vector. 

The subject of multiaxial stress-strain fatigue is now 
vast and expanding because it. has been realised that all 
engineering components, owing either to their complex 
shape or to their loading patterns, experience three
dimensional strain fields which may be constan! in 
orientation or rotating because of out of phase loading 
conditions. Nevertheless, the importan! point to stress is 
that all cracks grow as stage I or stage H types. Usually 
one of these stages dominates in the lifetime. It is possib1e 
for either of the stages to precede the other. For example, 
a cylinder subjected to high temperature and torsion may 
initially crack by stage H in a brittle oxide surface coating. 
This can then be followed by stage I crack growth. 

Sequential loading 

The previous section was presented to illustrate the effect 
of sequen tia] loading, which can produce startlingly different 
results: see Fig. 14. According to many theories of fatigue 
damage, if a specified fraction F of fatigue life Nr is 
expended at a given stress range leve!, then the remaining 
fraction of life at the same stress range will be (1 F). 
However, it can be seen in Fig. 14 that if a specified lifetime 
is applied in a reversed torsion test (i.e. for a fraction F of 
Nr) and this is followed by the application of tension
compression axial loading at a stress leve! appropriate to 
the same vaiue of Nr, then there is a dramatic decrease in 
life. Hence, most of the classical theories of cumulative 
damage are incorrect, particularly those that do not take 
crack growth into account. 

The reverse situation applies if the 
i.e. tension-compression is 

reversed torsion loading. This effect, like most 
problems, can best be answered by consideríng how 
appropriate fatigue cracks behave. 

Should torsion be applied first, then 
can grow around the circumference of a specimen 
and in a radial direction. These stage I IH) cracks 
can naturally be considered to be stage n cracks when the 

1s This implies 

!.Xr-----------------------------------¡ 

1.6 

14 

;i:- 0.8 

"' 

0.6 

X 

Experiments 

6. Torsion ~ push -pull 

o Push-pull- torsion 

04 0.6 

(n!N¡) push-pull 

14 Effect of sequential loading is dependent on which 
cracking system is applicable initially: note that 
Palmgren-Miner hypothesis is only approximately 
applicable if same cracking system is dominant 
throughout iifetime 

that the fatigue resistance of the material, in terms of the 
transition phase between stage I and stage II growth, is 
bypassed, and so the fatigue lifetime is dramatically reduced. 

When tension-compression cycling is applied first, the 
initial stage I crack growth directions are inclined away 
from the surface. However, it should be noted that they 
can be growíng on a wide variety of plane orientations, 
each plane having only one essential feature, namely, that 
it sustains the direction of the maximum resolved shear 
stress. This unique factor of uniaxial cyclic loading of 
specimens is beca use E2 = r, 3 in all radial locations. Thus, 
with respect to the direction of the uniaxial loading, the 
maximum shear planes wil! intersect the surface of a 
cylindrical specimen at any angle between O and 45c. None 
of these planes, whatever their orientation, are in sympathy 
with the orientation of any form of crack that would 
naturally in torsion. The consequence of this is 
that when torsion is eventually new stage I cracks 
must t If these new not impeded in 
their the 

now behave as a virgin torsíon 
seen in Fig. 14, the lifetime achieved can be greater than 
that of a virgin X and the shaded arca 

14. This the 

be as barriers in 
such a direction as to hinder 
crack that leads to failure. 

lnclusions 

The of inclusions can ha ve a deleterious effect on 
the and fracture resistance of a material. Inclusions 
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is not; e orientation factors: note that only one orientation shown 
here ís dangerous: d shape factors 

15 lmportance of inclusions in fatigue behaviour 

introduce 
mismatch 
with the 
different 

sites of 
below 

Now that fatigue resistance is a quantifiable term, a re
evaluation of the role of inclusions can be attempted: see 
Fig. 15, where inclusion size, grain size, inclusion orient
ation, and shape factors are summarised. Concerning the 
important aspect of inclusion size, ít should be noted that 
the stress concentration factor KT is shape but not size 
dependent, and so it is usually preferable símply to consider 
the inclusion as the preliminary crack and how such a 
crack may propagate. 

An important factor, not yet discussed in the literature, 
is the relatíonship of the inclusion with the dominant 
microstructural barrier, particularly with regard to 
inclj.isÍonfgrain size ratio. This ratio, as can be seen from 
Fig. JSb, is more important than the size of the inclusion 
itself. A large ratio can lead to the transition between 
stage I and stage II crack growth being avoided. It follows 
that it is essential that the inclusion/grain size ratio be 
much less than unity, a condition which is difficult to 
achieve in a small grained, high strength material. 

Figure 15 also illustrates how the orientation ofinclusions 
can affect fatigue resistance in respect of the length of the 
stage I-stage H transition path. In the two companion 
diagrams of Fig. !Se, the size of the inclusion and the 
inclusion/grain size ratio are the same, but in one case the 
inclusion can be detrimental whereas in the other it could 
be advantageous if it acts to stop the crack. Recent work, 
in which a rotor steel was tested in both push-pull and 
torsion provides an example of the effect of inclusion 
orientation on fatigue resistance.9 •28 In push-pull the 
inclusion had a mínima! effect but in torsion the inclusion 
was the site of instantaneous crack growth and its length 
could be regarded as the initial crack length. 

Finally, inclusion shape is another importan! considera
tion. It is never advisable for the material to contain sharp 
angular inclusions, although if they are aligned in a specific 
direction, they may not be particularly dangerous. Should 
inclusions be concentrated in their volume by being 
spherical, the optimum conditions are attained, especially 
when the not unusual loading conditíon of rotating 
principal stress fields occurs owing to out of phase loading 
concijtions. 

Conclusions 

Many factors controlling the fatigue resistance of a metal 
have been summarised. Fatigue resistance is equated to 
crack propagation resistance since the initiation phase is 
considered to be negligible in polycrystalline metals. The 
major factor in the resistance of a material to crack 
propagation is the effect of microstructural texture in 
retarding the development of a dominant crack which 

to failure. In this respect the orientation 
microstructure relative to the Joading system for 

or componen! geometry is most 

naner 

9 
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