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A FRACTURE MECHANICS BASED DESCRIPTION OF THE PROPAGATION BEHAVIOUR OF
SMALL CRACKS AT NOTCHES

J. FOTH*, R. MARISSEN**, H. NOWACK**, G. LOTJERING***

The nucleation and propagation behaviour of small cracks in.
the technical A1-2024-T3 alloy was investigated. Micro-
structural influences as inclusions which are present from
the manufacturing process were found to be important for
the crack initiation process. The propagation of the small
cracks could be described using a J-integral based stress
intensity factor(in order to account for the elastic-plastic
deformations )together with an Elber type crack propagation

! equation.

It was found that the small cracks behaved in a similar
manner as long cracks.

INTRODUCTION

A large part of the fatigue life of engineering structures or components is
covered by the initiation and the growth of small cracks. That is the reason
why an increasing number of investigations considers this part of the
fatigue life [1,2]. In the literature numerous differences between the be-
haviour of small cracks as compared to long cracks have been observed (e.g.
(3]1). In the case of notches so-called non-propagating cracks were found.

In other cases the growth rates of small cracks appeared to be much greater
than those for long cracks. Even at stress intensities below AKgp crack
growth was found.

Since most engineering components exhibit notches, the stress gradients
and - in the case of elastic-plastic deformations at the notch - the local
plasticity has to be taken into account. Modern crack initiation life pre-
diction methods as the numerical notch analysis often give quite accurate
results of the crack initiation life (4,5]. The prediction capability of the
methods increases, the smaller the initial crack length for the end of the
crack initiation stage is chosen. On the other side the inaccuracy of crack
propagation analyses increases the more the crack length approaches micro-
structural sizes. A main cause is that at the short crack lengths micro-
structural parameters, as grain size, inclusion content, weak zones etc.dom
inate the crack growth behaviour and that they are not taken into account in
the long crack prediction methods. This is the reason why new prediction
methods on the basis of fracture mechanics for the growth behaviour of small
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cracks have to be developed. Plasticity, stress gradients and the micro-
structure of the material are important influencing factors. Some possibil-
ities to allow for these influencing factors are outlined in the following
sections.

EXPERIMENTAL PROGRAM i

For the evaluation of the crack initiation 1ife and of the propagation be-
haviour of small cracks the following fatigue tests were performed on double
edge notched (K¢ = 1.22 and K¢ = 3.3) and unnotched (K¢ = 1.0) specimens
(which were taken from flat sheets of a thickness of 4.7 mm) . The A1-2024-T3
material as used in this study contained small amounts of Fe and Si from the
manufacturing process. These elements form coarse intermetallic inclusions
with the alloying elements.

In order to be able to compare the crack initiation and small crack

behaviour of the notched and unnotched specimens a same local strain historye« s

was applied at the notch root of the notched specimens and at the surface
of the unnotched specimens. This is in general accordance with the companion
specimen concept which was originally proposed by Crews and Hardrath [6].

The fatigue tests were done in closed-loop servohydraulic machines, i
once at constant strain amplitudes of ¢ = 0.7:0.3 % and of ¢ = 0.85+0.15 % |
and once with simple variable amplitude loading (block loading), which re- :
presented combinations of the two constant amplitude histories.

The initiation of cracks and the crack propagation was observed by i
means of 1ight microscopes (compare [1]). After the tests microstructural
investigations were performed including scanning electron microscope fracto-
graphy.

RESULTS AND DISCUSSION

Crack initiation

The crack .nucleation in the fatigue experiments is dominated by the applied
Toads as well as by microstructural phenomena. On a microscopic scale
plastic deformations occur especially due to the motion of dislocations.
Materials which show an inhomogeneous slip deformation tend to an early
crack nucleation because of the concentrated pile-up of dislocations. In
Fig. 1 an overview of the influence of various microstructural parameters
on the crack nucleation and on the crack propagation behaviour under static
and cyclic loading is given [7]. As already mentioned, the material as it is :
considered here contained intermetallic inclusions. The size was 1 - 10 um,
The inclusions act as stress concentrations which lead to strongly localized @
plastic deformations even at low stress levels. Because of the brittle
nature of the inclusions they cannot deform like the surrounding matrix
material. That leads to the failure of these inclusions during the fatigue
Toading. From the cracked inclusions microcracks start to propagate into
the matrix material (compare Figs. 2,3). At first the individual microcracks
grow independently of each other until they reach a certain size. If the
stress fields of the microcracks start to interact, some of the cracks begin
to coalesce and form the basis of the later macrocrack. The individual

stages of the described processes are given in more detail in [1].
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For the evaluation of the influence of stress raisers at notches it is
worthwhile to investigate the fatigue behaviour of unnotched specimens first, .
and to compare the observed behaviour to that of the notched specimens.
According to the already mentioned companion specimen concept by Crews and

e .
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Hardrath it was assumed that the notched specimen exhibited an equivalent
crack initiation behaviour as unnotched specimens, if the same strain
history is applied in both cases (compare Fig. 4). Fig. 5 shows the results
of the tests which were performed in this study. It can be seen that the
assumed equivalence is observed at high strain levels only. As the strain
Tevel is decreased and approaches the endurance limit of the material, con-
siderable differences between the notched and the unnotched specimen be-
haviour are observed. The unnotched specimens show the shortest fatique
Tife. This is mainly due to the following reasons: At the notched specimens
the stresses and strains decrease with an increasing distance from the
notch root surface. Because of the microsupport effect due to the less
severely loaded grains below the highly loaded surface grains the probabil-
ity for the initiation of cracks is higher for the unnotched specimens than
for the notched specimens. Secondly, because of the larger surface area
with high strains in the case of the unnotched specimens the probability
of the initiation of cracks is again higher (statistical size effect).

In Fig. 6 the sum of the individual lengths of those surface cracks
which Tater form the macrocrack is plotted versus the number of cycles for
the three different types of specimens. Crack initiation was defined as
that number of cycles at which those inclusions were broken, where the
later dominating macrocrack started from. Under the constant amplitude
Toading with Tocal strains of € = 0.7+0.3 % the cycle number to crack ini-
tiation was nearly the same for all three types of the specimens. With in-
creasing crack length larger differences in the crack growth behaviour for
the different types of specimens are observed. The unnotched specimens with
the homogeneous (high) net section stress show the highest growth rates and
the earliest failure. Due to the decreasing stress fields the notched speci-
mens fail significantly later.

From the described observations it can be concluded that the equi-
valence concept is mainly valid for the crack initiation Tife behaviour. in
the limited life range only. It looses its significance the longer
the crack length which terminates the crack initiation stage is chosen. If
the complete fracture of the specimen is taken as the failure criterion,
the equivalence concept is not valid. These results are important for the
application of the notch root concepts to engineering problems. The situa-
tion becomes more complex in the case of variable amplitude loading where
additionally load sequence effects occur. These problems are treated in
more detail in [8].

Crack propagation

The considerations as they were presented in the preceding section can only
give a global view of the microcrack propagation behaviour. In [11 a proce-
dure has been proposed for the evaluation of the stress intensity factor

for semielliptical surface cracks at notches. In Fig. 7 an improved super-
position concept for the stress intensity is given. By means of this con-
cept the stress gradient along the entire crack front of the semielliptical
surface crack can be considered. The concept represents a similarity con-
sideration: The influence of the stress gradient for the semielliptical
surface cracks (as expressed by the ratio Kygc/Kgc) is assumed to be similar
as the influence of the stress gradient in emgedded cracks (as expressed by
the ratio Kycc/Kep). (The stress gradient at both sides of the embedded
cracks is chosen to be the same as for the considered cracks in a notch.)
The exact solutions for the two stress intensity factors, Knee and Kee, can
be taken from the literature. The stress gradient has to be considered by
the use of a polynominal equation which may be derived from FEM-calculations
of the stress-strain distribution of the notched specimen [10]. :
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The stress intensity factor for a semielliptical surface crack for the
unnotched specimen Kgg can be calculated using Newman's approximate solu-
tion [11]. The described similarity approach gives the solution for the
stress intensity factor of a semielliptical surface crack within a notch
stress field Kygc and is valid along the entire crack front. For the calcu-
lation of KNEC Ecompare Fig. 8) certain amounts of a and ¢ (with a as the
crack depth and c as the half surface crack length) have to be chosen. The
amounts of the stress intensity factors at point A and B (compare Fig. 8)
can then be calculated. The crack growth increments according to the stress
intensity factors at point A and B, respectively, were derived from the
basic da/dN-AK data of the material. These crack growth increments were

added to the amount of the instantaneous crack lengths a and ¢, respectively.

If calculations of this type are performed in a cycle by cycle manner, they
always lead to a stabilized shape of the semielliptical surface cracks with
an aspect ratio of a/c = 0.9, which is in very close agreement to the ex-
perimentally observed crack shapes.

Using this calculation method the differences in the stress intensity
factors could be determined for the three types of specimens. They are given
in Fig. 9. The results in Fig. 9 clearly show that the increase in the crack
growth rates for the notched specimens is significantly smaller than for
the unnotched specimens as the crack length increases (due to the influence
of the stress gradient (compare Fig. 6)).

Until now calculations of the microcrack growth rates using long crack
data as a basis were only possible as long as plasticity effects were neg-
lected. In order to allow for the plasticity effects a J-based stress in-
tensity factor (K*) was derived. The procedure is explained in the following
sections.

Since it is not possible to evaluate Rice's J-integral (12] for an
elliptical crack or for a semielliptical surface crack in a stress field
with a gradient exactly, a solution derived by Shih and Hutchinson [13] was
used for the determination of an equivalent Jnax-value for the maximum load
in the cycle (compare Fig. 10). This Jpax-value is transformed into the
newly defined J-based stress intensity factor Khax = vE-Jmax. For the un-
Toading gart of the cycle from oo = 392 MN-m~2 and go = 1.0 % to oy =
-8 MN-m-2 and g, = 0.4 % the J-integral definition by Rice cannot be used.
In order to overcome this limitation, it was assumed that the J-integral
calculation remains further applicable provided that for the stress-strain
curve in the J-integral calculation not the basic material stress-strain
law is used (which was also previously applied for. the determination of the
Jmax-value) but the stress-strain curve of the material for an unloading
condition after the maximum load was reached. This leads to a corresponding
AK*-value and, with Khin = Khay - &K', to a Kpiq-value.

In the present case the stress-strain behaviour during unloading re-
mained predominantly elastic. That means that AK* could be approximately
evaluated on the basis of LEFM calculations. Because of the plasticity
during the uploading in the present investigation the J-based ratio Kin/

K*_ . had to be used instead of the conventional stress ratio (R = Umin/Umng

TE?? ratio was then formally introduced into an Elber equation [141, whic
takes into account the crack closure influence. Fig. 10 shows that the
value of the J-based ratio Khin/Kh,, was quite similar to the strain ratio
ey/€o which was applied in tﬂe tes%s. From that it was concluded that the
strain ratio can be seen as a useful parameter to account for plasticity
effects in combination with linear da/dN AK-calculations. This result is
important for engineering considerations.
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In Fig. 11 the constant amplitude crack growth rate of the individual
microcracks is plotted versus the length of the surface cracks for the
specimen with the most severe notch (K¢ = 3.3). The squared symbols re-
present the test results, and the dashed line is an average curve through
the experimental results. It can be seen that a crack growth calculation
based on the stress ratio oy/oy is unsatisfactory (because it does not
allow for the plasticity ef ects). The dash-dotted line shows the
calculation result if the strain ratio R. = ey/€g is used as it was
suggested before. The test results are quite well in their trend except
for very short crack lengths, where a slight tendency to underestimate the
crack growth rate can be observed. If the scatter of the test results is
not specially considered, a "short crack"-effect as it is reported in the
literature (e.g. [3]) seems to be present as the crack length approaches
microstructural sizes (grain size, inclusions etc.)

At large crack lengths the crack growth prediction deviates from the
actual test results again. This may be attributed to the fact that large
cracks ,have been formed due to the coalescence of several smaller cracks.
The semielliptical surface cracks which have been formed in this manner
exhibit an aspect ratio which is smaller than for the final crack lateron.
As long as the final aspect ratio of the crack ellipse is not yet reached
the crack growth at the notch surface is decreased.

Under variable amplitude loading conditions a behaviour of the micro-
cracks was observed which was quite similar to that of large cracks. These
investigation results are extensively discussed in [8].

CONCLUSIONS

- At the investigated 2024-T3 alloy crack initiation occurred at the Fe- and
Si-containing intermetallic inclusions.

- A comparison of the fatigue behaviour of notched and of unnotched speci-
mens with a same strain history at the unnotched specimen and at the notch
root of a notched specimen showed that the equivalence between both situa-
tions decayed the more the loading level approached the endurance Timit
and the larger the crack lengths were defined for the end of the crack
initiation stage.

- Fracture mechanics based analyses of the small crack behavior led to satis-
factory predictions, if the influence of the stress gradient, of the crack
geometry (shape), and of the plasticity was adequately taken into account.

ACKNOWLEDGEMENTS

The financial sdpport of the DFG (Deutsche Forschungsgemeinschaft) is
gratefully acknowledged. Also thanks are due to Herren H.J. Strunck and
K.H. Trautmann for their experimental work and support.

SYMBOLS

a = crack depth, crack length (um)

c - half the length of a surface crack (um)

da/dN = crack growth rate (mm/cycle)

dc/dN = crack growth rate of surfgce cracks (mm/cycle)

Ke - fracture toughness (MN-m~3/2)

Kt = elastic stress concentration factor

Kee _ stress intensity factor for an embedded circular crack (MN.m'3/2)
KNce = stress intensity factor for an embedded circular crack within a

stress gradient (MN.m=
KEC - stress intensity factor for a semielliptical surface crack(MN-m'3/2)
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K = stress intensity factor for a semielliptical surface crack within
NEC . =
a stress gradient (MN.m

K" = equivalent stress intensity factor for plasticity (N-mm‘3/2)
1 = length of surface cracks (pm)
N = number of cycles
N¢ = number of cycles to fracture
Ny = number of cycles to initiation
R = stress ratio
R = strain ratio
£ =.local strain (%)
F = (true) fracture strain
g = stress (MN-m~2)

yield stress (MN-m-2)
i,net= sum of the length of those microcracks leading to final failure

(m)
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FIGURES

NUCLEATION PROPAGATION
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Figure 1: Qualitative evaluation of the influence of microstructural para-
meters on the crack nucleation and crack propagation behaviour under static
and cyclic loading and on yield stress.
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Figure 3: Initiation of several
microcracks from an inclusion
during fatigue loading.

Figure 2: Fracture surface and notch
root(SEM). Arrow indicates broken in-.
clusion visible at the notch root
surface.

141



OO k=10

Constant amplitude
B k22 e -
C %33
1 1 | L ;

L | ! |

7
10 0 o° 10

Cycles to initiation, N

k=33 =

1 TR S I S [
0° ° 10

Cycles to fracture, N

- "
e 7~ !
—~%— k=10 0 T |
H W ’/11
@ (12 | | s

10

Knce

; K = e % JC
) . o NEC EC
Figure 4: Companion specimen concept Figure 5: Crack initiation and KCC
after [3]. fracture behaviour for different
constant amplitude loadings.

2ng _r2
Koo =20 =0 Iasle ;b

‘@2+r2-20r-cos ¢

_ 2
KCC =0 HO-T

Kee = 0 V%’-F(o/t,o/w,c/tw )

Figure 7: Superposition concept for the stress intensity factor for a

semielliptical surface crack at a notch.

B Specimen thickness
L700p - — — — S e o
e 5 10k +
24000} Constant amglitude 1 e
2 120,7403% 0 i
B 08}— 7
—~
a ..077“ —c
£ 3000~ 3 06
5 2 U
o 2 05K
ot e [
Il @ 04— =
-— a fo
5 2 03— | Calcutahon
v 20001~ | » Expenment
< 02 i
| |
£ 01 t :
5 I
=3 0 | |
= 000} 0001 0pO2 006 001 002 005 01 02 05 10
= Major half axis ¢, mm
k)
g 0 1 I A 1 ! 1 L .
Y o 10000 50000 i 100000
Number of cycles, N
] Figure 8: Crack shape as a function of
Figure 6: Microcrack initiation and propagation for the notched and for the crack length: Calculation and
unnotched specimens. 4 experimental results

142 143

— O
L — Kg

0 = 400 MN m?

Aspect ratio aic:09

n
MNm

Stress intensity K, Ky

L ; L
o o 0s 10
Half axes a, ¢, mm

Figure 9: Stress intensity factor
for semielliptical surface cracks
for the notched specimens and for
the unnotched specimen.



g g EZQJ
a=0,1mm
500} . 500} ’
M 2 Constant amplitude MNm2 ) K:nox
400} €=0,7£0,3% -—- LOOF ,’ ---
//
300} 300} /
//
200} 200} /
4

100} 100} 4

K+ . //

ol 1+_1 b b L 1§ 1 0 | r}i\// 1 L |
01 05 10 100 ,/ 300 500

100 " © 100 Nmm?? K'=/EJ

Figure lg: Stress vs. strain and stress vs.
factor K" as calculated on the basis of the
constant amplitude loading.

31) ooooooo
07T

K'=3.3

|
~

3
T

Crack growth rate dc/dN, mm/cycle
_ 3
T

equivalent stress intensity
elastic-plastic J-integral for

5i
o » Constant amplitude
T €=0,750,3%
hve
P
10-6_ / ,/' — — s Experiment
---- R =002 Calculation
Re= 04
=7 1 1 1 1 | 1 ] 1 1 |
00 100 500 1000

Length of surface cracks l=2c, pm

Figure 11: Microcrack growth behavidur of th

constant amplitude loading.

144

e Kt=3.3 specimen under


User
Rettangolo


