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MICROSTRUCTURAL SHORT CRACKS IN FATIGUE

K.J. MILLER*

Recent work on short crack growth is reviewed. The
differences between physically small cracks and
microstructurally short cracks are discussed. A
crack growth equation for short cracks is presented
which includes a microstructural parameter d. A
small crack growth equation is also presented ex-
pressed in terms of plastic strain range. A third
equation for long crack behaviour in linear elastic
fracture mechanics terms is also presented and
reasons given why elastic parameters should not be
applied to any other but long cracks subjected to
low stress.

INTRODUCTION

Tt is not disputed that microstructurally short cracks can not be
evaluated by linear elastic fracture mechanics (LEFM). It is
equally obvious that long cracks at low stress levels have success—
fully been analysed by the LEFM approach. The problem is to find
a compatible form of fracture mechanics that can bridge the gap
between short and long crack growth behaviour.

In order to arrive at a solution acceptable to both researchers
and engineering designers,current work on microstructurally short
cracks will be briefly presented and the usefulness of the plastic
shear strain range (AYP) and microstructural unit size, 4, empha-
sized. The inability of LEFM parameters to quantify microstruct-
urally short and physically small cracks will also be presented.
The relative importance of short, small and long cracks in fatigue
1ifetime will also be discussed and finally the importance of the
1ink between short and long cracks emphasized.

*Department of Mechanical Engineering,
University of Sheffield, U.K.
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Fig 1. The accumulation of fatigue damage in an
increasing shear stress range test.
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MICROSTRUCTURALLY SHORT CRACKS

Fig l.presents experimental data reported in the first european
special technical publication on Short cracks (1). The initial
shear stress range level Aty was below the fatigue limit

(Atg ~ 0.7 Atpr,) and the development of slip bands and microcracks
were recorded as a function of lifetime in a slowly increasing
stress range test. Fatigue damage in the form of cracks was ob-
served long before the stress range reached the level of the
fatigue limit stress. Crack growth began quickly but then slowed
down as the first pbarrier was reached, which, at these low stress
levels was the first ferrite grain boundary. The largest ferrite
grains of about 100um diameter produced the most dangerous cracks.
surface crack growth, for a plastic shear strain range AYP, was
given by

da/dN = A Ay: (d - a) um/cycle [11]
with A = 6, o = 2.24 and d = 100 pm.

In constant stress range tests, data similar to that given in
Fig 1 was also recorded via a replication technique for the
heavily banded 0.4%C ferrite-pearlite structure, see Fig 2. In
this case however the major barriers to growth were the pearlite
pbands which had an average spacing d = 330um. Since the fatigue
1imit stress Atpy, was higher than Ato the ferrite grain boundaries
did not present a significant barrier to growth in the constant
stress range tests. The important point however is that crack
growth as represented by equation [1] described the behaviour of
microstructural cracks in both kinds of test by using the appro-
priate dimension d.

d
d

100 pm for AT < ATFL

330 um for At > ATpL

LONG AND SMALL CRACK GROWTH BEHAVIOUR

Davidson and Lankford (2) discussed the pehaviour of small and
long cracks in aluminium alloys and their results are summarized
in Fig 3. They concluded that since small cracks fail to satisfy
the similitude requirements which validate the use of the stress
intensity factor range AK, this factor cannot be used for small
cracks in the same way that it is used for large cracks. The
three diagrams of Fig 3 illustrate the fundamental difference in
behaviour between small and large cracks. Such results can be
appreciated if one examines the basis of similitude in linear
elastic fracture mechanics analyses.

Very large cracks in engineering plant can be equated to
smaller cracks in laboratory samples if‘and only if the elastic
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Transverse Section

Fig 2. The microstructure of the medium (0.4%) carbon steel

used in the experiments.
The mean and standard deviation distances are

Ferrite grain sizes:-
35+26um (1ongitudinal) and 38+23um (transverse)

Distances between pearlite bands:-
140+93um (longitudinal) and 50+31um (transverse)
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stress intensity field at the tip of both cracks are similar.
Significant loss of similitude occurs when stresses are incr ased
to above 0.3 the yield stress of a material simply because e
crack tip plastic zone now becomes so large as to significantly
perturb the elastic stress field. Expressed another way the LEFM
requirement of only small-scale yielding at the crack tip no
longer applies. Even for conventional LEFM specimens errors of
1.5% and 7% occur for CCP and CT specimens respectively. An added
complication is that of mean stress since this also controls the
size of the plastic zone. Fatigue tests carried out by Hopper and
Miller (3) showed that correlations for fatigue crack growth under
biaxial fatigue conditions could be achieved only on a basis of
similitude of plastic zone sizes and not by invoking LEFM para-
meters.

From the above remarks it can be appreciated that several
zones of crack growth behaviour can be isolated and Fig. 4 illus-
trates the boundaries of six zones. Obviously at the common
boundary between two zones, the laws describing the behaviour of
cracks should display identical characteristics. A full descrip-
tion of the boundaries and zone types has been given by Brown (4) .

In an endeavour to bridge the gap between physically long and
microstructural short cracks two approaches naturally present them-
selves. The first is to modify equation [1] to exclude micro-
structural effects; this will be discussed later. The second is
to modify LEFM analyses. This latter approach has gained much
support because LEFM is now standard laboratory practice for
quantifying crack growth behaviour. Therefore a modification of
AK in the form of the effective stress intensity factory MKeff is
frequently used. This parameter takes into account the fact that
cracks do not start to open on loading or to close on unloading at
the minimum stress level. Much experimental evidence shows that
crack closure effects are dominant at AK values close to threshold
but are less severe at higher maximum stress and AK levels. By
invoking AKggf arguments (i.e. the value of Kpay - Kopening ©F the
value of AK to represent the period during which the crack is
open) a lower threshold value is achieved, i.e. (DKo £f£) ¢y < (BK) ¢y, 7
this helps correlate some of the small crack data with long crack
data.

There are however serious problems with the AKeff approach
which limits its general applicability. This is not to say that
the closure phenomenon is not real - it is and has been accurately
measured by several reputable workers. Furthermore it satisfact-
orily explains why fatigue cracks behave in the manner they do.

The problems, some but not all of which may be overcome eventually,
are:-

1. For similitude conditions the closure effect requires to
be the same, i.e. the same mechanism needs to be involved
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to the same extent. as yet there has been no quantitative
distinctions between closure due to (a) plasticity behind
the crack tip, (b) residual compressive stresses ahead of
the crack tip, (c) corrosion products wedging the crack
open, (4d) crack surface roughness due to crack path
deviations and (e) microstructural variability. When
stress levels and/or crack lengths change, the individual
contributions of each of the above causes of closure will
themselves change SO destroying similitude conditions.

In tension type tests K factors are calculated on a basis
of Mode I loading put as cracks grow from the surface to
the interior the mode of crack advance also changes from
mode II to mode I, i.e. the fatigue process changes from
a mode II shear crack of the Stage I kind to a mode I
tensile Stage II kind. At and close to the fatigue limit
it is the short shear crack which dominates the early life
period.

The designer faced with a specific crack length in a com—
ponent oOr structure and a given loading pattern can deter-
mine AK but can not calculate a AKeff value since this
parameter relies on too many extrinsic factors.

The factor K is not valid at high stress levels, i.e. when
Ao > 2A0cy/3, since the assumptions on which the mathe-
matics of K calculations are pbased no longer hold; see (4).
Even the use of the J contour integral is highly suspect
since at high stress and small crack lengths the crack tip
plastic zone is not contained at the crack tip by a
surrounding elastic field but breaks out on to the speci-
men surface (5).

The factor Kth itself (disregarding Meff) is only an
elastic approximation and can not be applied to practical
situations in which components and structures are sub-
jected to complex stresses due to combinations of bending,
torsion and axial loading, i.e. mixed mode loading (6) .

Fracture, unlike deformation, requires a two parameter
description to adequately describe the growth behaviour of
cracks (7). As stated previously AK alone is insufficient
particularly in biaxial situations (3).

Crack closure effects vary along the whole crack front
from the surface (where closure is invariably measured) to
the mid-section plane. Therefore the size of the compo—
nent is important. A simple one-dimensional appreciation
of crack closure across the entire crack front is not
valid. Furthermore microstructurally short and physical
small cracks have a two-dimensional shape, €-9- elliptical,

2,155



FRACTURE CONTROL OF ENGINEERING STRUCTURES — ECF 6

@ INCREASING EPFM MODE I
STRESS RANGE CRACK GROWTH

RATE)

T
5
S LOG (AC yTa )
O
INCREASING
3z STRESS RANGE
©)
<
[0
O
O
g
| Non propagating
fcrack (LEFM)
[]
1 1 A L |
LOG (CRACK LENGTH)
- @ : Tensile Strength 20u
a microstructural EPFM
% short  cracks 7 an e JMODETL
—r ———-'/ o
< - -]
T ANME
B F 2
V1] — LEFM
;,E’ § . _ModeI
£ I Crystallographic O Mode I e
§ Mode I non- prop, S non- propagating crack
crack
1 S S i S|

LOG (CRACK LENGTH)

Fig 4. Short and Long Crack Growth Regimes.

(a) crack growth rate as represented by continuum
mechanics

(b) crack growth rate as a function of crack length

(c) a fracture mechanism map showing six zones.
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that changes throughout the major part of lifetime when
the cracks are short and then small. Hence closure must
be a continuously varying function.

8. Short cracks that grow below threshold conditions and ex-
hibit retardation as they approach threshold (prior to
accelerating to failure) may well be equated to the long
crack growth curve based on AKgff but this curve will not

distinguish between cracks that are slowing down and those
that are accelerating.

Despite these shortcomings crack closure conéepts may be used for
explaining long crack growth behaviour. However they will have
little use in design calculations for several other reasons which
will become apparent below.

At about the fatigue limit stress level for plain specimens the
surfaces are at,or close to,the cyclic yield stress of the material
and short and small cracks will be embedded in plastic zones of
greater extent than the crack length or of similar extent respect-
ively. This is the major reason for the breakdown of LEFM appli-
cability. On Kitagawa-type plots (8) (see Fig 4c) this is largely
disguised by the log stress axis of the plot. Furthermore the LEFM
approach is only a lower bound solution and in many cases crack
growth rates are significantly higher than threshold or general
LEFM conditions. Tomkins' (9) has clearly shown in his theoretical
model and further extensive experiments that crack growth can best
be described by a strain based approach, e.g.

da/an = f(Ae.a) [2]

A Link between Short and Long Crack Growth Behaviour

This paper presents a strain based approach as an alternative
to the AKgff approach. Here the total strain range Ay may be
divided into its elastic Aye and plastic Aygp components each of
which will dominate at low and high strain ranges respectively. It
follows that a link between the traditional Basquin-Coffin-Manson,
stress-strain parametric approach to fatigue failure can also be
established. For elastically low-stressed pbodies with long cracks
AK will be synonymous with a strain range intensity factor which
has long been known to rationalize much conventional LEFM crack
growth data of different materials (10). In the current work this
will take the form Ay /ma where Ay = At/G. Here G is the shear
modulus.

As the stress levels increase and attain the plain specimen
fatigue limit, with which we are concerned in this paper, the total
strain range can be readily converted into a plastic strain range
via the cyclic stress strain curve. Note that Jono and co-workers
(11) were the first to .report that plastic strains can be recorded
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below the fatigue limit. Using this simple approach to link low
stress to high strain fatigue several workers (12) (13) (14) (15) (16)
have shown that small crack growth behaviour, i.e. beyond the
microstructurally short crack phase, can be best described by
equations of the simple form

da/dN = BAySa - C (um/cycle) [3]

The advantages of this approach are obvious. For small cracks
it is only required to know the strain range and actual crack
lengths and a natural bridge is found between high stress micro-
structurally short cracks and low stress physically long cracks.

For the work referred to previously concerning the micro-
structure shown in Fig 2, the constants of equation [3] are given
by:-

-4
B =17.4, B =2.68 and C = 8.26 x 10 um/cycle

This latter term accounts for the threshold condition and permits
some cyclic plasticity at the fatigue limit.

The equations [1] and [3] together with the material constants
quoted will be used to predict fatigue lifetime and hence illus-—

trate the usefulness of this approach to engineering design. .

FATIGUE LIFETIME PREDICTIONS

Two different types of tests will be presented and the importance
of short, small and long cracks in fatigue life prediction dis-
cussed.

1. Conventional Fatigue

Fig 5 presents the results of constant shear stress range tests
(16) obtained on a simple reversed torsion fatigue machine (17) »
Failure is defined as a surface crack length of 1mm. Crack growth
beyond 1lmm is rapid and the remaining lifetime so consumed is of
little consequence to engineers. The experimental points show
excellent agreement with the fatigue life prediction based on
summing the lifetime spent in the short crack regime with that
spent in the small crack growth regime, i.e. integrating equation
[1] between the limits a = o to a = 4 and similarly integrating
equation [3] between the limits a = d to a = lmm. However despite
the fact that the prediction appears to be excellent as witnessed
by Fig 5, it will be apparent in later discussion that beyond
1 million cycles to failure the method is not satisfactory, a fact
that is again disguised by the logarithmic axis of number of
cycles to failure. Beyond a million cycles to failure the
summation of the integrated forms of equations [1] and [3] is
conservative.
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2. 1Increasing Amglitude Tests

'n order to validate the approach outlined above a series of
tests were performed in which Ayp was continuously increased
throughout a test from a level pelow the fatigue 1limit (approx
0.7 Atpr) to @ level above the fatigue limit. Such tests ensure
that failure must inevitably occur and that no specimens will be
wasted. A report on these tests is given in reference (1).

This kind of test programme is one form of a "cumulative
damage" experiment without the complication of overload effects.
Furthermore such a test programme permits an evaluation of the
fatigue damage which occurs below the fatigue 1limit. Finally and
most important it permits equations [1] and [3] to be developed
for variable stress or strain range situations in order to investi-
gate their usefulness in a more general situation.

Fig 5 shows the results of these tests and comparison is made
with two other classical cumulative damage theories. The Palmgren-
Miner theory (18) (19) provides a dangerous overestimation of life-
time since it can not allow for damage below the fatigue limit.

The Marsh (20) modification to the Corten-Dolan theory (21) is
slightly better but still provides an underestimation of damage
accumulation and so overestimates lifetime; see (1). The crack
growth prediction pased on equations [1] and [3] is very good and
gives a slight conservative judgement on lifetime prediution.

DISCUSSION

Analysis of the theoretical predictions and a comparison with the
experimental results produces several important conclusions.

Fig 7 shows that for fatigue 1ifetimes below one million cycles
to failure the small crack growth period dominates. However the
microstructural short crack growth period consumes about 7% to 17%
of the lifetime as judged from experimental data of the form of

Fig 1. The implication is that crack growth occurs immediately
from the very first cycle but then quickly slows down and arrests.
This is in sympathy with the views expressed in reference (12). It
is the period of crack arrest that can not at present pe estimated.
At 8 million cycles to failure the microstructurally short crack
will be temporarily arrested for about 70% of 1ife and in all prob-
ability it is this phase which creates the high degree of scatter
associated with long life fatigue. puring this period the crack
will nominally be arrested but will be slowly advancing in isolated
parts of the crack front at the weakest parts of the pearlite
parrier should the stress level be above the fatigue limit.

No part of the lifetime can pbe attributed to the LEFM regime
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since the stress levels are too high.

The dashed line of Fig 7 is the theoretical limit of the short
crack growth phase as determined via equation [1] and which is
illustrated in Fig 1 by the inflexion on the damage curve. In the
case of increasing stress amplitude experiments the inflexion is
sharp and a zero temporary arrest period exists. As the rate of
increase in stress amplitude decreases (or in the limit when the
rate is zero as in constant amplitude tests) then the temporary
arrest period is prolonged and the possibility of a non-propagating
crack increased.

The success of the model on predicting lifetime in the cumu-
lative damage type test series is due to two factors, the first is
that the model, via equation [1] permits a damage assessment to be
made in terms of crack length, for stress levels below the fatigue
1imit and secondly the temporary arrest period is minimised. This
is because equation [1], in stress range terms, becomes

du -31 10.55 -l
=2.72 x 10 AT.a - 8.26 x 10 um/cycle [41]

since the cyclic stress-strain curve is given by

0.254
At = 1034bvg [5]

The high stress exponent of 10.55 permits a rapid breakdown of the
barrier and so the temporary arrest period is reduced.

From all of these remarks it is clear that the small crack
propagation phase, as described by the elastic-plastic fracture
mechanics equation [3], is most important in determining fatigue
1ife and that to increase the fatigue resistance of a material,
barriers to the continued growth of microstructurally short cracks
are required. Finally in limited life fatigue the period of crack
initiation can be neglected and that cracks can be assumed to grow
from the beginning of cyclic loading at stress levels above the
fatigue limit.

Fig 8 shows a typical Kitagawa plot but, like Fig 4c, it is a
plot of zero crack growth rate. The three zones of microstruct-
urally short cracks, physically small cracks and low stress (LEFM)
cracks are clearly shown. The zone in which LEFM operates satis-
factorily is purposely shaded because even a so-called "long crack"
can become a small crack if the stress range level is raised, i.e.
it can be described by EPFM. Perhaps therefore we should not refer
to "small" and "long" cracks but be more precise and refer to these
cracks as low stress cracks and high stress cracks respectively.
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Fig 8. Three zones of crack growth behaviour at stress

levels just above threshold conditions.

CONCLUSIONS

From much recent work on microstructurally short and physically

sma

1.

11 fatigue cracks the following conclusions can be made.

The growth rate of microstructurally short cracks can be des-
cribed by an equation of the form

da _ o
N A Ayp (d-a)

where d represents a microstructural barrier to further growth.

The period of growth of microstructurally short cracks is
short.

The growth of physically small fatigue cracks can dominate the
limited lifetime regime, e.g. Up to a million cycles to failure.

The growth rate of physically small cracks, i.e. cracks longer
than the spacing of barriers to growth of microstructurally
short cracks, can be described by an equation of the form
da B
=2 = BaAy. - C
dnN Yp
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where C represents a threshold condition.

5. r~rack initiation in limited life fatigue is negligible and
fatigue cracks can be assumed to grow immediately.

6. The LEFM approach, even in modified form using the AKgff
method, is not recommended for studying small cracks at stress
levels close to the fatigue limit of un-notched materials.

7. Shear strain range can be a unifying parameter linking three
basic laws of fatigue crack growth covering, respectively, the
microstructurally short crack, the physically small crack and
the low stress (LEFM) crack.
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