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Abstract

The fatigue behaviour of notched and unnotched
AT 2024-T38 specimens was investigated, where the
same strain history was applied at the notch root
of the notched specimens and at the surface of the
unnotched specimens (according to the equivalence
concept by Crews and Hardrath). The number of cyc-
les to crack initiation and the growth rates of the
microcracks were determined. The microcracks usual-
ly started at the hard intermetallic Fe- and Si-
containing inclusions which are present in the com-
mercial 2024-T3 alloy. For an analytical descrip-
tion of the growth behaviour of the small cracks
equivalent stress intensity factors were introduced
which are based on the J-integral by Rice and which
could be used to perform crack propagation calcula-
tions together with an Elber type equation.

In the case of notched specimens the stress gra-
dient is of special importance.

Under variable amplitude loading histories con-
siderable Toad sequence effects occured, both in
the crack initiation and in the macrocrack propaga-
tion stage. These could be predicted, if a new da-
mage parameter concept by Hanschmann was used for
the pre-crack stage and a calculation method for the
short crack stage which especially accounted for the
opening behaviour of the cracks

Introduction

Due to economic reasons materials for aerospace
applications are selected such that the weight of
the structures can be kept as low as possible with-
out any loss in the reliability which is required.
Because high strength aluminium alloys show both,
good mechanical strength properties and a low speci-
fic weight, and because the manufacturing costs of
structural parts are low as compared to other high
strength materials, aluminium alloys are extensive-
ly utilized since a long time(l)A1though some struc-
tural parts may go into service, which already ex-
hibit crack-1ike defects, usually no visible cracks
are present at the beginning of the life time. After
some time in service microcracks may be initiated,
preferably at notches or other stress raisers, and
start to grow{Z) They are hardly detectable until
they become macrocracks. For the consideration of
the macrocracks, fracture mechanics based analyses
are usually applied. For these types of analyses it
has usually to be assumed that the material is homo-
geneous and behaves isotropically. Provided that the
mechanical environment of the cracks remains predo-
minantly elastic during the fatigue Tife of struc-
tural parts, the stress intensity factor represents
a quite useful (one-parametric) tool to predict the
macrocrack behaviour for different types of test
pieces and crack geometries and for different Toa-
ding conditions on the basis of the conventional
da/dN vs. AK curves of the material.

It has to be pointed out, however, that under
fatigue loading in the limited 1ife range a consi-
Copyright © 1984 by ICAS and AIAA. All rights reserved.

derable part of the total 1ife is spent in the small
crack stage. If the behaviour of small cracks is
compared to that of macrocracks, there exist seve-
ral important differences which do not allow for a
simple straight forward application of the magso—
crack principles to the short crack stage.(3'

In the literature it is reported that the propaga-
tion rates of short cracks are often higher than
expected on the basis of long crack data. Sometimes
so-called non-propagating cracks can be injtiated
especially in the case of sharp notches.(8) The
threshold value for fatigue crack propagation is
different for short cracks as compared to Tong
cracks.(4‘78 Microstructural parameters become of
special importance for smaller cracks. If the size
of the short cracks reaches the order of magnitude
of a grain size or of inclusions the prediction
capability of simple fracture mechanics based ana-
lyses decreases. If notches are present which cause
gradients of the stresses and of the strains, these
gradients have a strong effect, as well.

Under variable amplitude loading a non-linear
damage accumulation is observed. The damage and the
crack growth per cycle do not depend only on the
mean stress and on the amplitude of the instantane-
ous load cycle, but also on the previous loading
history. Such so-called sequence effects were obser-
ved for the engineering crack initiation stage
(which covers t98)pre-crack stage and the small
crack stage%(g’ as well as for the macrocrack
stage.(ll’ However, it is still widely unknown,
nhow these sequence effects become active in the
pre-crack stage and in the short crack stage them-
selves.

In the present study it is tried to make some
further contributions to a better understanding of
the still widely unknown damage processes in the
pre-crack and in the microcrack stages. It is fur-
ther tried to derive special fracture mechanics
mechanics based concepts for the characterization
of the microcrack behaviour.

In order to work out the influence of notches
and to further evaluate the ranges in the applica-
bility of modern notch analysis concepts the life
behaviour of both notched specimens and of unnot-
ched specimens has been investigated, whereby the
same strain history was applied at the notch root
of the notched specimens and along the gage length
of an unnotched specimen according to the equiva-
lence concept which was originally proposed by
Crews and Hardrath. (13

Experimental Program

In the present study the following types of fati-
gue tests were performed on double edge notched
(K¢ = 1.22 and K¢ = 3.3) specimens and an unnotched
(K¢ = 1.0) specimen which were taken from flat Al
2024-T3 sheets with a thickness of 4.7 mm (compare
Fig.1).
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Sheet Thickness: &7 mm

FIGURE 1. A1 2024-T3 sheet specimens as they were
used in the present study.

The technical A1 2024-T3 alloy contains Fe and
Si impurities from the manufacturing process. These
impurities form coarse intermetallic inclusions
with the alloying elements.

For the experimental programs on the notched and
on the unnotched specimens two different types of
constant amplitude strain histories, €= 0.7 £ 0.3 %
and € = 0.85 * 0.15 % , respectively, were applied
at the notch root of the notched specimens and
along the gage length of the unnotched specimens.
Besides that tests with simple variable amplitude
histories were performed which represented combi-
nations of the two constant amplitude histories.

For the observation of the crack initiation and
of the crack propagation behaviour in the course of

Sum of the length of the

individual microcracks |, which
form the later macrocrack [mm]

the tgsts light-microscopes were applied (compare
also(3:14)) “After the tests further microstructu-
ral investigation including scanning electron
microscope analyses were performed.

Results and discussion

Phenomenological aspects of the crack initiation
process

For most of the commercial aluminium alloys the
coarse intermetallic inclusions are of predominant
importance for the initiation of fatigue cracks, as
it was already mentioned before.(15-18) These hard
intermetallic inclusions cause inhomogeneous plastic
deformations within the surrounding matrix material
because of different mechanical properties of the
inclusions and of the matrix material. Usually the
inclusions fracture after some time and microcracks
start to grow from these inclusions.

In Fig. 2 the crack initiation and the short
crack propagation is shown as it was observed in
tests with the K¢ = 3.3 specimen. On the basis of
the light-microscopical investigations four dif-
ferent individual stages can be distinguished:

Initiation of very small cracks which
are irregularly distributed along the
specimen surface, and which cannot be easily iden-
tified by the use of light-microscopes. The number
of microcracks is much larger as compared to the
number of those cracks which later form the macro-
crack. Stage I is defined to be ended as soon as
some of the intermetallic inclusions have been bro-
ken and microcracks of a length of 5 - 10 ym are
present.

-stage I:
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FIGURE 2. Initiation and propagation behaviour of small cracks which later form the macrocrack.
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- stage II: Growth of the microcracks. The micro-
cracks now become clearly visible by
means of light-microscopes. In Fig. 2 the sum of the
lengths of only those individual microcracks which
later form the macrocrack is plotted on the ordinate.
Stage II ends as soon as some of the small cracks
form into a line which is identical to the path of
the macrocrack which forms lateron.

inaccuracies - except for stage IV, the macrocrack
stage - where special inspections of the damage pro-
gression become possible.

Regarding the microstructural processes in the

four stages some informatjye results have already
been published e]sewhere.zg’11’14’19)

Influence of notches on the crack initiation and on
the microcrack propagation stage

- stage III: The small cracks now coalesce. At the
end of stage III the whole surface is
is cut through by one predominant crack.

As already indicated modern notch analysis con-
cepts assume that notches and unnotched specimens
behave in an equivalent manner, if the same local
strain histories are applied at the fatigue critical
areas. In order to examine this concept further, the
same strain histories were generated at all three
types of the specimens by the aid of highly accurate
strain measurement procedures. Fig. 3 shows the
21i,net vs. N (for definition see left part of Fig.2)
curves for the K¢ = 1.0, Ky = 1.22 and K¢ = 3.3
specimens in the constant strain amplitude tests
with €= 0.7 £ 0.3 %. It can be seen that the three
specimens show approximately the same life until
crack initiation (stage I). However, the propagation
behaviour of the cracks in the stages Il - IV be-
comes significantly different: at the unnotched
specimens the cracks propagate much faster than at
the notched specimens. The total number of small

- stage IV: The predominant crack becomes clearly

visible at the side surface of the spe-
cimen now and represents a conventionally propaga-
ting macrocrack.

If the duration of the individual stages is com-
pared for the applied strain history, stage I ends
after about 30 % of the total 1ife time. The small
crack stages (stage II and stage III) cover about
65 % of the total life. Only about 15 % of the total
Tife is spent in the macrocrack stage. If the loa-
ding conditions are changed, these proportions can
alter to some extent. The test results in Fig. 2
clearly show the significance of the microcrack
stage. Along with the engineering treatment of tech-
nical problems quite often different subdivisions

of the total 1ife into individual parts are perfor-
med, depending on the applied construction philoso-
phy ("Damage tolerance design", or "no macrocracks

cracks which are initiated at the unnotched speci-
mens is larger, as well, because the total gage
length and the whole cross-section of the unnotched

permitted" (the Tatter is a very convenient prin-
ciple for the machine designing branches or for the
automotive industry)) and also depending on the NDT
methods which can be made available to detect
cracks. There usually exist considerable sources of

specimens are loaded with the same strain. The

crack growth was lower for the K¢ = 1.22 specimens,
and the lowest crack growth was observed for the

Kt = 3.3 specimens. At the K¢ = 1.0 and Ky = 1.22
specimens no significant stable crack propagation
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FIGURE 3. Crack initiation and microcrack propagation for the three different types of Al 2024-T3
specimens which were considered in the present study.
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could be observed at the side surfaces of the speci-
mens .

The fact that the 1ife in the crack stages in-
creases as the notch factor increases is mainly due
to the presence of the stress gradient: The stresses
decrease as the cracks propagate into the bulk
material. The unnotched specimens do not exhibit a
stress gradient.

Fig. 4 gives the results of a three-dimensional
finite element calcylation of the stresses for the
Ke = 1.22 specimen. (20) One eighth of the actual
specimen is shown in the figure, and the origin
point of the coordinate system represents the middle
of the notch. It can be seen that the highest
stresses occur in the middle of the notch, and at
this location most of the microcracks actually start
to grow.

FIGURE 4. Elastic stress distribution at the
Ky = 1.22 specimen from a finite element
calculation {one eighth -representa-
tion of the specimen).

If the results of the second test series are con-
sidered, where a (local) strain history of €= 0.85
t0.15 % (instead of €= 0.7 t 0.3 %) was applied,
it is to be seen that the approximate equivalence
of the fatigue behaviour in stage I which was ob~
served for thee= 0.7 * 0.3 % history now conside~
rably decreases.(14,19) The K¢ = 1.22 and the
K¢ = 3.3 specimens show no cracks below a mean value
of the Tife data of 2.100. The unnotched specimens,
however, show failures in most cases. A similar
trend (a decreasing equivalence in the fatique be-
haviour with decreasing load level) was also obser-
ved in {12,13,21,22), An explanation of this beha-
viour may be the presence of a size effect, because
the volume of the material at and close to the sur-
face which is stressed at the high level is larger
for the unnotched specimens than for the notched
specimens. Besides that specimens, where gradients
of the Tocal stresses and strains are present, are
usually able to rebuild local stress peaks due to a
redistribution of the stresses towards areas where
stresses are still at a Tower level,
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Description of the propagation behaviour of small

cracks

Constant amplitude loading

The previous sections have shown that the small
crack stage is of special importance for the fatigue
1ife behaviour of specimens and components. That is
the main reason why analytical fracture mechanics
based analyses for this stage are required.

For such analyses the following boundary condi-
tions have to be considered especially: The cracks
initiate at inclusions and propagate as semiellip-
tical or semicircular surface cracks. That means
that the whole problem is three-dimensional. The
actual stress/strain distributions are furtheron
influenced by the shape of the crack and of the test
piece. The stress gradients which are present in the
vicinity of stress raisers are of importance, as
well. Besides that the closure behaviour of the
short cracks has to be accounted for, and in a very
close connection with the crack closure behaviour
stands the influence of the instantaneous R-value.
In order to show the significance of the last men-
tioned point more clearly (long crack) da/dN- AK
curves of the Al 2024.73 alloy are given for dif-
ferent R-values in Fig. 5. It can be seen that all
data are on one line, if they are plotted vs. the
effective stress %gtensity range in the tests after
Elber's concept(2 , where the crack closure beha-
viour is especially taken into account.
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FIGURE 5. Crack growth rates of Al 2024-T3 for dif-
ferent R-ratios, plotted vs.AK and vs.
AKger after Elber's equation, respectively.

In order to consider the effects of the instan-
taneous shape of the crack and of the stress gradi-
ent as being present in the vicinity of the notches,
the following superposition concept on the basis of
similarity considerations as it is shown in Fig. 6
is suggested here. Kype, the stress intensity factor
for a semielliptical surface crack within a notch
field is determined by taking the stress intensity



factor of a semielliptical surface crack in an un-
notched specimen Kpe (which can be calculated on the
basis of Newman's approximate calculations in (24))
and by multiplying Kgc by Kncc/Kec. The exact solu-
tion for the stress intensity factor K.~ can be
taken from the Titerature. The stress gradient has
to be considered by a polynomial equation which may
be derived from finite element calculations of the
stress distribution of the notched specimens.

Using a numerical integration of solutions which are
also reported in the literature (compare (25)),

KNCC can be determined.

Knce ;Z[%.Pr_l@;—:m‘ rorde

Kee =0fma =

Kec =0 “%‘ Flata/West, o )

FIGURE 6. Calculation concept for the stress inten-
sity factor for semielliptical surface
cracks within a notch field.
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FIGURE 7. Stress intensity factors at A (deepest
point) and B (surface) for semielliptical
surface cracks.

If the described procedure is applied to the spe-
cimens in the present study the behaviour in Fig. 7
becomes visible. (In the figure the stress intensity
factors at the crack tip, Ka, and the stress inten-
sity factor at the specimen/notch surface, KB, are
plotted vs. the semi axes of the crack ellipse.)

The curves clearly indicate that the instantaneous
amount and the increase in the stress intensity
factor as a function of the instantaneous semi axes
of the crack ellipse are the largest for the unnot-
ched specimens and Tower for the notched specimens.
This coincides with the observed trends in the
crack propagation behaviour in Fig. 3.
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From a mechanics' point of view the instantane-
ous shape of the small cracks has a significant in-
fluence on the stress intensity factor. If the
crack is assumed to be semicircular (a = c¢), it
comes out that Kp is smaller than Kg - and if it is
assumed that the instantaneous crack shape is like
a flat ellipse, Kap is larger than Kg. The small
cracks preferrably grow into the direction with a
higher stress intensity. That means, that after
some times always a certain equilibrium condition
is reached. For this equilibrium condition the theo-
retical a/c-ratio is 0.89. Fig. 8 shows the descri-
bed tendency, and also experimental data which co-
incide with the analytical trends.
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FIGURE 8. Shape of the semielliptical surface
cracks as a function of the crack length.

On the basis of the analytical anlyses which are
described so far, calculations of the growth rates
of small cracks become possible using long crack
da/dN vs. AK curves as basic input data as long as
larger plastic deformations do not occur in the
surroundings of the small cracks. In the present
study, however, larger plastic deformations occured
during the first increase in the strain up to € =
1.0 % (0p = 390 MN.m-2) during the first half of
the first cycle. During the following half cycles
the surface strain varied between €3 = 1 % and

u=0.4%(0y=-8 MN-m‘z) and remained predomi-
nantly elastic. For these half cycles aAK-based
concept may become applicable. However, the value
of the maximum stress intensity after the first
increase in the strain has to be determined firstly.
In order to extend the range where linear elastic
fracture mechanics principles can be applied, the
J-integral by Rice(26) is often successfully used.
The J-integral for an elliptical crack or for a
semielliptical surface crack within a stress field
with a stress gradient can be determined using a
solution proposed by Shih and Hutchinson(27). In
this approach the material stress-strain behaviour
is considered by a Ramberg-Osgood type equation:

e=2 +n.0 (1)
For the aluminium alloy 2024-T3 the material

parameters E, A and b are: E = 72500 MN-m-2,
A =1.37-107" and b = 11, respectively.



The J-integral for cross-section stresses at the
test pieces being smaller than the yield strength
of the material is:

2 . 2
_ ma-o 7a [b-1\ (o 2 b+l
i S N (m)(z) 0" +a-gyA0

or

(2)

2
Ta-0 ~a (b-1
g=T20 %(ETI)(;Z +a.gy(0,b)-A0™ (3)

if the cross-section stresses are higher than the
yield strength of the material. In these equations
g1 can be determined by:

- VAR i
9; = 3.85- b I—B- g (4)

Using the equations (1),(3) and (4) the amount of
the Jpax-value after the first decrease in the load
can now be determined. This calculated Jy,y-value
(and any other J-value which may follow in the fur-
ther course of the loading history) is now formally
transformed into an equivalent stress intensity
factor K* using the convenient equation:

(5)

For all other load cycles after the first half
cycle up.to €5 = 1 % (where the strain varies bet-
ween €y = 1 % and €, = 0.4 %) the hysteresis beha-
viour of the material and the Bauschinger effect
have to be considered, if further Kt-values (K¥yin,
K*maxs> Kfmin etc.) are determined by a half cycle-
-by-half cycle application of the J-integral cal-
culation procedure.

This procedure is
the basic definition
However, it is quite
change of the stress
the consecutive half

not in general accordance with
of the J-integral by Rice.
reasonable to assume, that the
state at the crack tip due to
cycles is described in an ad-
equate manner by the proposed procedure. In the pre-
sent case the cyclic loading after the first half
cycle caused predominantly elastic deformations only.
That means, that LEFM-calculations may be sufficient,
as well.

Based on the considerations so far, a sequence of
Kfmax and Kfpip-values for a given loading history
can be determined. These Kt-values offer a physi-
cally more reasonable basis for the evaluation of
the crack propagation behaviour in the case of
elastic-plastic loading conditions as compared to
the conventional approach which considers the stres-
ses and the stress ratio R = 0y/0,. This is further
substantiated by the fact that the K'yip/Ktpax-ratio
is quite similar to the Re = €,/€45-ratio, as it is
present in the tests in this study (compare Fig. 9).

Furthermore it seemed reasonable to assume that
the influence of the elastic-plastic deformations
during the first half cycie (which are accounted
for by the K*pay-value) remains further effective
for the following fatique loading over the entire
range of the crack length, and that the Elber type
equation can also further be used together with the
instantaneous K¥pin/Kfnax-ratio - or the strain
ratio R, = €,/€,, respectively.
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FIGURE 9. Cross=-section stress vs. strain and vs.
the range of the equivalent stress inten-
sity factor K*, which has been determined
on the basis of an elastic-plastic J-inte-
gral consideration.

It has to be pointed out again, that the proposed
concept is an approximative procedure.

Fig. 10 shows the growth behaviour of the micro-
cracks at the surface of unnotched specimens, and
Fig. 11 shows the microcrack growth behaviour at the
surface of the most severely notched specimen (K¢ =
3.3). The squared symbols in the figures represent
the test results. The dashed lines are averaging
curves through the experimental results. Also shown
in the figures are crack growth calculations using
the Elber type equation, once using the conventional
stress ratio being present in the tests, and once
by applying the procedure as it was explained above
(Re-concept). It can be seen that crack growth cal-
culations based on the conventional Stress ratio
remain unsatisfactorily for the entire range of the
crack lengths (dash-dotted line). The solid line
shows the calculation results using the strain ratio
Re =€,/€0. This line describes the test results quite
well in their trend except for very short crack
Tengths, where the crack growth rates are somewhat
underestimated. Here a "short crack effect" is be-
coming visible, as it is reported in the literature
for crack lengths which approach microstructural si-
zes like the grain size or inclusion sizes(4-8). At
large crack lengths the crack growth predictions
deviate from the actual test results, as well. This
may be contributed to the fact that there occurs a
delay in the crack growth at the specimen surface,
because the large cracks form due to the coalescence
of several smaller semielliptical surface cracks,
the depth of which is much smaller than the depth of
the coalesced stabilized crack later on. The situa-
tion becomes more clearly if Fig. 12 is considered,
where the crack growth behaviour of two different
types of semielliptical surface cracks has been
compared, which exhibited both the same surface
crack length of 1 = 2¢c = 2 mm, but different depths
of 0.9 (equilibrium condition) and of 0.45 mm, re-
spectively. It can be seen that the crack with the
ratio of the semi axes of a/c = 0.9 shows the higher
crack growth rates at the specimen surface rather
than the crack with the flat semielliptical shape.
In the stage II and III the crack propagation takes
place predominantly by the coalescence of smaller
individual cracks, each of which exhibits a much
smaller size of the semi axis a (crack propagation
into the interior of the specimen) than the semi
axis of the coalesced crack which has already

796



$16°}
[
g
]
-4,
N }—
S 10
©
@
et
o
| 9
£10°1 |
‘; . _'.)" Constant amplitude
(o] . €=07+03%
o 7
5 /,/ — =2 Experiment
81(56" ——- R =-0p02 (local stress ratio) Catculati
© —— Reg=04 (local strain ratio) areiation
1 67 I ] 1 ] i 1 ] ] ] J
0 100 500 1000

Length of surface cracks [22c, ym

FIGURE 10. Small crack behaviour at the surface of the unnotched Al 2024-T3 specimens in strain controlled
tests. (c = major semi axis of the crack ellipse).

3' ooooo
= 000
10
K'.=3,3
Z > C
S
(A
210
e
rd
©
o
© 5 . 5
2 10 . > Pre Constant amplitude
o y/ s €=0,740,3%
- ..1.-—/' .
4
& 166— / /./ — — s Experiment
X - == R =002 (local stress ratio) Calculats
o Re=04 (local strain ratio) | -ocutarion
S
=7 L 1 ] ] | ] | 1 | |
100 100 500 1000

Length of surface cracks l=2¢, ym
FIGURE 11. Growth behaviour of the small surface cracks for the K¢ = 3.3 specimens.

797



Start values: a,, ¢,
- K,.Kg
da/dN=HAK,): de/dN= HaKg)
\-—\~
B0, Ac= fAN)

Ny 55000 \\\‘ \

FIGURE 12. Comparison of the propagation behaviour
of surface cracks with two different
initial shapes of the surface cracks.

reached the equilibrium condition. This may explain
the experimentally observed slower crack growth
rates of the "larger" microcracks (end of stage II/
stage III-cracks) as compared to the calculation
with the strain ratio until they approach the
equilibrium condition (stable crack shape).

If the results of the previous section are
summarized it can be stated that for surface cracks
with a range in their crack lengths between 1 = 2¢
= 50 ym (this is about 2 - 4 times the grain size)
up to 1 = 500 um the crack growth predictions using
the equivalent stress intensity factor concept and
using Tong crack da/dN vs. AK data worked satisfac-
torily.

Crack growth behaviour under variable Toading
conditions

For the evaluation of the crack growth behaviour
under loading histories where the amplitudes and
mean stresses vary, two procedures are of special
interest (compare Fig. 13) which are described on
the basis of a "biharmonic" Toading history, as it
was applied in the present study:

Method Method I
de/dN da/dN
: Smlf cracks resulfs Long crack results
|t
! MV
. 22¢ AK

e e — [}
dekdNy, = de7dNy., +dc/dNy.,
ackiN

GC/AN = CAKppeet CKogr

e

i AW AA
! Crick opening level
i / Ettective stress range

fe2c

122¢

FIGURE 13. Two methods for the evaluation of the
crack growth behaviour under biharmonic
loading history.

Method I:

The crack growth increments per biharmonic cycle
are calculated by a linear summation of the crack
growth increments, dc/dNj_p and dc/dN3_g, whereby
dc/dNy.p and dc/dN3-4 are taken on the basis of the
experimental behaviour as it was observed in constant
amplitude (small crack) tests with the mean stress
and with the amplitude of the larger load variations
only, and with the mean stress and with the ampli-
tude of the smaller cycles only, respectively. Such
a very simple form of damage calculation is often
used in the engineering design.

The crack growth predictions are performed using
da/dN vs.AK data as a basic input (these data are
determined with long crack experiments). In order to
especially account for the crack opening behaviour
the effective AK-range is used which is calculated
on the basis of the stress ratio for predominantly
elastic situations or on the basis of the
Ktms /K*tmax-ratio or the strain ratio Re as proposed
in tne present study for situations where the crack
environment becomes elastic-plastic. The crack growth
increments per cycle are further influenced by the
load sequence . Under "biharmonic loading the crack
opening Toad level is in particular controlled by
the large stress variations in the cycle. This is
the reason why during the smaller cycles within the
large cycles the crack is always fully open. This
method was already proposed for macrocrack growth
predictions at variable amplitude fatigue 1oad1ng.(

In Fig. 14 the predictions after both methods are
compared with the actual test results for the Kt =
1.22 specimens. It can be seen that the experimental
crack growth data tend to be larger than the predic-
tions after method I over the entire range in the
crack lengths. A linear summation of constant ampli-
tude data does not sufficiently account for the
changes in the amount of the damage due to the se-
quence effects under variable amplitude Toading con-
ditions. Similar sequence effects are extenslv?ly
known also from long crack investigations.(l .12,28,

) In the present case the damage is significantly
increased due to the small cycles.

The predictions after method 1I (based on long
crack data) show the same tendency as already obser-
ved under constant amplitude loading conditions
(compare Figs. 11, 12), namely, that the predictions
are lower at very short crack lengths and that they
become higher as the crack lengths become larger.
Altogether the predictions after method II slightly
tend into the conservative direction. The reasons
for the deviations in the predictions after method II
at very short and at relatively large crack lengths
from the actual test results are similar to those,
which were already described in the previous sec-
tion in connection with the constant amplitude loa-
ding conditions.

For that part of the fatigue live which is spent
in stage I (crack-free stage) a non-linear damage
accumulation (due to the sequence effects) was also
observed. This becomes clearly visible in Fig. 15,
where "biharmonic" cycles and besides that a simple
block sequence (5 small cycles after 1 larger cycle)
were considered. If a simple linear damage calcula-
lation ana}ggous to the common Palmgren/Miner-hypo-
thesis (305317 i performed for stage I using the
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FIGURE 15. Life in the crack initiation stage under
constant amplitude loading and under two
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histories.

following equation:

1 1
—_— e = 3 ol
Nar.cyct. M N, (6)

with n; = 1 for the biharmonic cycles and n; =5

for the (1 + 5)-block sequence and if the constant
amplitude data are used which were espec1a11y run
for stage I and which are also given in the f]gure.
The results after this linear calculation are given
in the histogram by the squared regions. It can be
seen that these predictions are significantly higher
than the actual test results indicating that there
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are pronounced sequence effects which reduce the
life in the actual tests.

In the literature several new approaches have been
proposed to consider such sequence effe%ts within
the engineering crack initiation stage. 9,10,21)
Hanschmann(10)"added ZS;, an additional amount of
damage, to the damage per cycle after the common
linear damage calculation scheme. ZS; is:

FWERK-2-1n Eﬁi
Namn

FWERK is a material constant (for Al 2024-T3
FWERK was found to be about 0.33) and k is a special
cycle counter which accounts for the decreasing
effect of a high Toading with increasing number of
smaller cycles after the high loading. Nam. and Naa
are the cycle numbers to crack initiation as they
were observed in strain controlled constant ampli-
tude tests on unnotched specimens (with the same
strain amplitudes and mean strains as for the cycles
the predictions have to be made for). If the Tife
values in stage 1 are calculated by the following
equation:

1 1,1
il I *CZ (®)

var.cycl.

(compare equ. (6))
NMiner



the results which are also given in Fig. 15 as hat-
ched regions are achieved. It can be seen that the
predictions coincide quite well with the actual
test results.

Conclusions

In the present study the fatigue behaviour in the
pre-crack and in the microcrack stage was investi-
gated for constant amplitude loading conditions as
well as for simple block programmehistories. The ex-
periments were performed on Al 2024-T3 sheets.

Three different types of specimens were used, one
unnotched (Kt = 1.0) specimen and two types of
notched specimens (K¢ = 1.22 and K¢ = 3.3).

In the tests the same strain histories were
applied at the gage length of the unnotched speci-
mens and at the notch root of the notched specimens.
In these investigations the following results were
found:

Crack initiation

- The microcracks usually started at the hard Fe-
and Si-containing intermetallic inclusions.

- Comparisons of the fatigue behaviour of notched
and of unnotched specimens (with always the same
strain histories at the fatigue critical Tocati-
ons) indicated that the equivalence in the
fatigue behaviour became less as the cracks grew
larger and, also, when the strain level in the
tests was lower.

Propagation behaviour of small cracks

- Fracture mechanics based analyses led to satisfac-
tory predictions of the growth behaviour of small
cracks, if the influences of:

- the crack geometry
- the stress gradient, and
- plasticity effects

were adequately taken into account.

Variable amplitude loading conditions

- Under variable amplitude loading conditions load
sequence effects on the crack propagation occured
as they are known from long crack experiments.
The growth behaviour of the small cracks could be
predicted well, if the plasticity effects and the
crack opening behaviour were considered.

- In the pre-crack stage sequence effects were also
observed. These could be considered if the damage
parameter concept after Hanschmann was applied.
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