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ABSTRACT Short cracks show in many aspects a different behaviour to that predicted on the
basis of long crack properties. This is especially true for microstructurally short cracks. As the
cracks become longer they may grow through a regime denoted as mechanically short cracks.
The present investigation presents results of the mechanically short crack regime in unnotched
and notched Al 2024-T3 specimens and proposes a rational fracture-mechanics based approach
for semielliptical surface cracks within an arbitrary stress field.

For a moderate plastic environment for short cracks in a notch field the notch root stress and
strain ratios attain a special significance. Calculations based on the stress ratio, R,,, described the
lower bound of the short crack data. Predictions based on the strain ratio were more
conservative.

Microstructurally short cracks showed a behaviour which could not be covered by the
described crack growth evaluation method.

Nomenclature

a Crack depth

c Crack length on the notch surface

f Notch depth

da/dN Crack propagation rate

K Stress intensity factor

AK Cyclic stress intensity factor

Kec Stress intensity factor of an embedded circular crack in a stress
field without a gradient

Kee Stress intensity for a semi-elliptical crack in a specimen without a
notch

Kyee Stress intensity factor of an embedded circular crack in a stress
field with a stress gradient

Kyee Stress intensity factor for a semi-elliptical crack at a notch

K, Stress concentration factor

K, Stress intensity due to an incremental stress o (x)

/ Crack length from the notch root

* Presently Project Engineer, Fatigue and Fracture Mechanics, IABG, D-8012 Ottobrunn, FRG;
Formerly Researcher, Fatigue Branch, DFVLR, D-5000 Cologne 90, FRG.
1 Fatigue Branch, DFVLR, D-5000 Cologne 90, FRG.
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354 THE BEHAVIOUR OF SHORT FATIGUE CRACKS

N Cycle number
r, @ Polar coordinates
R Stress ratio
R, Strain ratio at the notch root
R, Stress ratio at the notch root
S Nominal stress
€ Local strain
€max Maximum local strain
Emin Minimum local strain
Local stress
o(x)-dx  Wedge force at location x
O max Maximum local stress
T min Minimum local stress
P Notch radius
Introduction

Short crack investigations have become a major subject of research work
during the past 8-10 years. Several general trends of short crack behaviour have
been observed. A survey is given in Fig. 1 (1). A classification of the short crack
regime may be performed by a subdivision into two characteristic areas. At the
beginning the size of the cracks correlates to microstructural features (such as
grain size, length of slip bands, etc.). These cracks are denoted as micro-
structurally short cracks (see Fig. 1). As the cracks grow larger and reach higher
da/dN vs AK values the microstructural influences become less significant and
the mechanical environment of the cracks becomes more important. Cracks of
the later category are denoted as mechanically short cracks (2).

When considering short cracks, for example in engineering design, analytical
predictions have to be available. Based on the results of experimental investiga-
tions the present paper outlines some analytical tools for the representation and
prediction of short crack behaviour.

Experimental investigations

In some previous publications (3)-(5) the results of an extensive experimental
investigation of crack initiation and propagation behaviour of Al 2024-T3
specimens were given. Experimental details and the special mapping procedure
which had been applied for the registration and reconstruction of the crack
initiation, short crack and macro-crack behaviour were also described in the
referenced publications. An overview of the results is given in Figs 2-5.

Figure 2 shows the specimen types. Unnotched and notched specimens were
considered. In Fig. 3 the crack propagation behaviour and the microstructural
features are presented as observed at the notch root of the K, = 3.3 specimen
(compare Fig. 2). The cracks always initiated at hard intermetallic inclusions
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Fig 1 Characteristics of short cracks and transition to long crack behaviour
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Fig 2 Specimens for the experimental investigations (dimensions in mm)
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Fig3 Stages of crack initiation and crack propagation at.notchcd specimens, and the micro-
structurally short crack regime
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for this material, and the period for cracks to attain a size at the notch surface
of 50-100 pwm is marked as stage Iin the figure. For the loading level applied in
the study cracks initiated at more than one location in the notch. The cracks
grew at first independently of each other (stage II in Fig. 3), and some of them
started to coalesce after some while to form the later macro-crack (stage Il in
Fig. 3). The macro-crack stage, when cracks become visible at the side surface
of the notched specimen, is denoted as stage IV (not that on the ordinate of
Fig. 3 the sum of the lengths only of those cracks which later formed the
macro-crack is considered). Specially indicated in Fig. 3 is that range of lifetime
where microstructurally short cracks are present.

Figure 4 shows the corresponding crack propagation behaviour of all three
types of specimens used in this study. It can be clearly seen that the initiation of
short cracks occurred at a similar number of cycles, but that this equivalence
disappeared as the cracks grew larger. In the unnotched specimens the cracks
rapidly increased in size, whereas for the notched specimens the cracks grew
more slowly (due to the stress gradient behind the notch).

It has to be pointed out that the trends in Fig. 4 are subject to a very large
scatter in experimental data. In order to visualize the scatter the test data for
the notched specimen with K, = 3.3 are given in Fig. 5 in the form of a da/dN
vs crack length plot. It can be seen that the scatter band is very large at the
beginning of growth, decreases in width as the cracks become larger, and
develops into the growth direction as observed for long cracks as the crack
length increases.

In the following a fracture-mechanics based interpretation of the crack
propagation behaviour will be performed.
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Fig 4 Crack initiation and propagation behaviour for the specimens shown in Fig. 2
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Fig 5 Scatter band of the crack propagation data as observed on the notch surface of K, = 3.3
specimens

Evaluation of stress intensity factors

For a fracture mechanics based description of the propagation behaviour of
short cracks, which are usually half or quarter elliptical, suitable stress intensity
factors have to be available. For unnotched configurations such stress intensity
factors have already been derived (6). In the case of notched specimens,
solutions are available from the literature mainly for two-dimensional
(through-thickness) problems (7)(8). Three-dimensional problems have also
been considered by systematic finite element analyses and solutions are given
either in the form of tabular solutions or as analytical expressions which are
fitted to the tabular solutions (9). So far only cracks at unnotched specimens
and at specimens with circular notches have been treated. In the following a
procedure will be derived which may be applied to cases which are not covered
by the present literature.

Basically, stress intensity factors for cracks at notches depend on the notch
stress field (without a crack) and the crack length. The notch stress field is
described by p, the notch root radius, by f, the notch depth, and by the applied
stresses, S. That means that, altogether, four variables become relevant for the
stress intensity in a notch field (up to a maximum distance from the notch of
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Fig 6 Evaluation of stress intensity factors in unnotched and notched configurations
(two-dimensional case)



360 THE BEHAVIOUR OF SHORT FATIGUE CRACKS

=~p/2). Several authors have shown that stress intensity factors based on the
described four variables yielded satisfactory results for two-dimensional cases
(10)(11). However, practical solutions have not yet been established for the
three-dimensional case; this is now proposed and the working principle is
initially demonstrated, for the sake of simplicity, by a two-dimensional case.

Figure 6(a) shows how elementary fracture mechanics can be used to
calculate the stress intensity factor for a semi-infinite plate containing an edge
crack. Based on the wedge force model the remote stress has to be applied
along the flanks of the crack. For a crack at a notch an analogous procedure is
utilized (see Fig. 6(b)). This approximate solution remains satisfactory as long
as the crack does not become too long as compared to the notch root radius, p.
The calculation procedure for the stress intensity is givenin Fig. 6(c). The notch
stress field (without a crack) is split up into finite increments and individual
wedge forces o(x) - dx can be calculated. Each individual wedge force leads to
a stress intensity factor K, = f{o(x)-dx} at the tip of the crack. The K, values
are then integrated over the entire crack length, a, to give the actual stress
intensity factor at the crack tip. Values of K, can be taken, for example, from
stress intensity factor handbooks (7)(8).

The analogous procedure for the three-dimensional case is demonstrated in
Fig. 7. Elementary solutions as mentioned in connection with Fig. 6(c) for the
two-dimensional case are not yet available for three-dimensional problems.
That is the reason why, for half or quarter elliptical crack shapes, a circular
embedded crack in an infinite body is here taken as a basis. As mentioned
before, the notch stress field (without a crack) has to be known and this has
been calculated for the K, = 3.3 specimen (which is the example here) by a
finite element analysis (2)(12). The notch field is applied symmetrically to the
circular embedded crack (see Fig. 7). Wedge forces are now calculated from the
notch stress field for the whole area of the crack. Together with the stress
intensity solution for the crack area (which is taken, for example, from a stress
intensity handbook) individual stress intensity contributions at the crack tip can
be evaluated. As demonstrated for the two-dimensional case in Fig. 6(c), an
integration of the individual stress intensity contributions is performed (double
integrals) and leads to the stress intensity factors, for example at A and B in
Fig. 7 for the embedded crack, which are of special interest.

A similarity approach is now introduced for the evaluation of the stress
intensity factor for a semi-elliptical surface crack at notches, Kngc (see Fig. 8).
This basis is a K solution for a semi-elliptical surface crack in an unnotched
body, Kgc (see Fig. 8), which s given in the literature (6). Itis assumed that the
relative ‘difference’ between the K value of a semi-elliptical surface crack at a
notch and of a semi-elliptical surface crack in an unnotched body is the same as
the ‘difference’ between an embedded circular crack in aninfinite body with the
notch stress field and the same type of crack within a homogeneous stress
distribution, K.. This leads to the approach presented in Fig. 8.
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Evaluation of the crack growth behaviour

The AK solution as proposed in the previous section can immediately be
applied to calculate the crack propagation rate on the basis of da/dN vs AK data
from long cracks as long as no plasticity occurs at the notch tip. If, however,
plasticity is present, a correction has to be performed. As shown in Fig. 9 for
the notch specimen with K, = 3.3 (for which a finite element calculation had
been performed for a nominal loading of the specimen of 100 + 60 MPa)
plasticity occurs during the first uploading of the specimen and a redistribution
of the stresses takes place. Afterwards the cyclic stresses behave predominantly
elastically (because about twice the yield stress is available for further cyclic
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local strain ratios (R, = Ouin/Tmax@1d Ry = Emin/ Emax, rESPeCtively) canalways
be calculated for cyclic loading. As shown in the lower part of Fig. 9 the
parameter R, decreases while R, increases as the distance from the notch root
increases; both R, and R, approach the nominal stress ratio for very large x
values.

Tt is well established that the crack propagation behaviour of long cracks
depends on the R ratio of the nominal stresses. As shown in Fig. 9, local stress
and local strain ratios occur which change as a function of the distance from the
notch root. It seems reasonable to take the local stress ratio for crack propaga-
tion calculations for short cracks at notches. Another possibility is to take the
strain ratio, R, (3)~(5). In Fig. 10(a) the apparent R ratios, R, and R,, are
shown on the basic (long crack) da/dN vs AK curves. These modified curves are
taken as a basis for the consideration of the propagation behaviour of the short
cracks. In Fig. 10(b) a crack growth calculation scheme for semi-elliptical
surface cracks is outlined. If this procedure is applied (together with the
modified data in Fig. 10(a)) to calculate the crack propagation rates for the
conditions as were present in the experiments indicated in Fig. 5, the behaviour
in Fig. 11(a) can be observed. From the figure it can be seen that neither the R,
based nor the R, based crack propagation calculations represent the experimen-
tal short crack behaviour exactly. At shorter crack lengths the R, based
predictions yield better results. The R, based calculations always follow the
lower bound of the scatter band of the test data. At longer crack lengths the R,
based predictions overestimate the actual crack rates. This may be due to the
fact that several short cracks may coalesce and form a flat elliptical surface
crack. This leads to lower crack propagation rates along the specimen surface
as compared to a situation, where the shape of the crack has already reached a
stabilized condition.

From an engineering standpoint the more conservative R,-based predictions
may be preferred. It is also important to note that at very short crack lengths
both types of prediction tend to fail. The R, approach is essentially similar to
the ‘strain based stress intensity’ concept.

The given trends are further supported by Fig. 11(b), where the experimental
results and the crack propagation predictions are compared for the unnotched
specimen type of Fig. 2.

So far we have mainly considered mechanically short cracks. In a recent
study the behaviour of microstructurally short cracks has been investigated, as
well (13) and these results are given in Fig. 12. Itcan be seen that for very short
cracks the observed crack propagation behaviour is very different from that of
long cracks. But the hatched area, which represents the results from the tests
with mechanically short cracks on the specimen types of Fig. 2, deviates from
the long crack curve into the zone of lower da/dN vs AK values as well.

The present study considers the behaviour of predominantly mechanically
short cracks. If Fig. 12 is considered, where the da/dN vs AK data of microstruc-
turally short cracks are also shown, a representation of the behaviour seems to
be possible if the long crack AK threshold value is shifted into the direction of
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AK = 0. Similar.trends have also been recognized in references (14) and (15).
In (1) a more detailed discussion of the threshold behaviour of short cracks is
presented.

Conclusions

On the basis of the results of an extensive experimental program on unnotched
and notched Al 2024-T3 specimens a fracture mechanics based evaluation of
short crack behaviour was performed. The trends of the observed short crack
behaviour are represented in an adequate manner on the basis of a stress
intensity concept which incorporated the notch root strain ratio.

Remaining limitations in this concept may be overcome by an investigation
into the influence of prior deformation on material behaviour.
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