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FATIGUE CRACKS AT SHARP NOTCHES
Sihn, S.; Pham, V.B.; Wurm, B.; Hamernik,T.

Abstract: The initiation and propagation of cracks at sharp notches and
the influence of overloads are investigated experimentally and with FEM
analysis. The inadequacies of the AKejf -concept with the usually defined
value K,p are shown. It is suggested to estimate the fracture parameter
from the local cyclic straining ahead of the crack tip.

INTRODUCTION

The fatigue life of cyclic loaded components comprises of both crack initiation and

propagation stages. The proportions of these stages in the total life depend on

the component geometry (smooth, notched), on material and on the load level. A

subdivision of the propagation stage in small and long crack growth is necessary in

a phenomenal description because of the different crack closure behaviour.

The crack initiation is well described by the local cyclic strain range, averaged over

an on the microstructure dependent area (d*), [1].

In this paper, the description of the crack propagation is investigated by local strain-

ing. M
EXPERIMENTS N

Table 1 and Fig.1 show the specimen and notch ge-
ometries. In Table 1 the used testing machines are d - thick
also specified ([3, 4]).
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Fig. 1: Specimen and notch geohvdnetry

The materials used in this study are the fine grain alloy Metasafe 900 and the

austenitic alloy X6CrNiTil8.10. The chemical composition and the strength and

material characteristic values are shown in Tables 2 and 3. k and k’, n and n’ are

the constants of the Ramberg-Osgood relation.

o Table 2: Chemical composition in weight% of METASAFE 900 (*) and
X6CrNiTi18.10 (**)

C Si [Mn |S P Ni Ti | Mo | Cu | Al \%

(*y 029 |012)1.78 0.037| 0.012] 0.29 | 0.07 0.06 | 0.19] 0.041] 0.10

(**)] 0.097] 0.76 | 1.27 0.026] 0.006| 17.5] 11.15] 0.52
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e Table 3: Strength and material characteristic values

Ramberg/Osgood
E Rp2 | R Aq As quasi static cyclic
[MPa] | [MPa] | [MPa] | (%] | [%] |k/[MPa]|n k’/[MPa] v’

*) 2.09.10°| 630 900 7.6 19.1 | 1251 0.1093 | 1608 0.165
(7 2.0.10° | 232|623 |53 |58 | 1275 | 0.113 | 1363 | 0.195
For Metasafe 900 and R=0 there are also known: Acp = 700MPa and AKgy =
5.1MPay/m.

CRACK INITIATION AT SHARP NOTCHES

The crack initiation is well described by Eq.(1) ([1, 2, 4]):
(Asvm~Asp)"NA =K, <1~— Eﬂ”_) (1)

Ecrit

1
Aeym = = / Aey(r) dr 2)
(@)

d* - characteristic length depending on the microstructure (Neuber: Ersatzstruk-
turlange), d*=20um for Metasafe 900 and d*=100um for the austenitic steel.

Ag, - cyclic equivalent strain range

€ym - quasi static strain in notch root area

K1, n,ecrit - material characteristic values

Aeg, in the notch root is received from FE analysis or from different approaches
The local cyclic strain range A, (I*) in a distance I* from the notch root or the crack
tip depending on the microstructure is a comparable measure:

AEvm(d*) = Agv(l*)
For elastic material behaviour is d* ~ 41*.

Overloads influence the crack initiation by the residual stresses which lead to a mod-

ification of Aep: " .
op ow Oym
Aep = —— = —, /1 —
*PT7E T E Run

Co (3)

For example Ae, = A(eq — €3), Oym = Dof%n Cy=2.
At the same time, an overload produces a quasi static damage €.
In comparison with the experimental observations the results of Eq.(1) show good

coincidence for different loadings (Table 5).

CRACK PROPAGATION FROM SHARP NOTCHES

The simulation of crack propagation is performed by finite element (FE) analysis
with the commercial program MARC. The crack is assumed to propagate from the
notch root in the symmetry plane (in the ligament). Due to the symmetry, only
one half of the specimen needs to be considered in the FE analysis. The mesh is
comprised of 1333 isoparametric quadrilateral elements with 4360 nodes. The size
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of the smallest elements in the ligament is 0.0lmm. Thus. element lengths near the
crack tip are 0.0005 of the total mesh width.
The crack is simulated to extend one element length at the maximum load during
the cyclic loading by releasing the appropriate nodes. Gap elements are used in the
ligament to avoid penetrating of crack faces.

The crack closure phenomenon, according to which fatigue cracks also close by cyclic
tensile-tensile loading, is rendered principal correctly with the FE model. Plasticity-
induced crack closure is caused by residual plastic deformations left in the wake of
an advancing crack, which also lead to alternating stresses immediately ahead of the
crack tip. A small crack does not have the prior plastic history to develop closure.
Thus, small cracks are opened for a lower loading level than a larger crack. The dif-
ferent behaviour of small and macro cracks is represented in Table 4. o,y is the stress,
for which the crack is fully opened. For macrocracks and R=0, AK.;7/AK=0,54 for
Metasafe and 0,53 for X6CrNiTil8.10, which is known from experiments.
Table 4: Oop/Tmaz for smooth (Ao, =284.4 MPa) and notched specimens (Ao, =150
MPa) dependent on crack length a, X6CrNiTi18.10, R=0, ESZ, oop: crack

opening stress, Tmaz: mazimum stress, Ao, = —;%

20

0.267 0.4
0.267 0.433
0.3 0.467

a [mm]| smooth
specimen

% overload 200% underload

0.467
The advance of the AK,fs-concept is its simplicity. Its inadequacies will be shown
in the following two points:

Crack closure and crack opening are continuous processes and the determination
of o4p and o 1s therefore difficult. Fig. 2 shows the crack face displacements in
loading direction dependent on the applied load. It is difficult to point out the
transition point to the fully opened crack or to the begin of crack closure.

The load sequence below 0, supplies also a contribution to the entire cyclic strain-
ing and hence to the damage. This is shown in Fig. 3, in which the development
of the local straining (here &, in a distance ) ahead of the crack tip and the crack
face displacement during a load cycle is represented.

Because firstly o, is difficult to determine and secondly the load sequence below
oop also contributes to the total cyclic straining, one will find in literature differ-
ent measurement and estimation methods for determination of oop from the load-
displacement-diagram. For example [5]: ggp 18 defined as the intersection point of
two tangent lines, as the point of 5% wariation of the slope or as the transition point
from a linear part (according to the fully opened crack) to a second order part (ac-
cording to the partially opened crack).
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Thus, the definition of the closure load or opening load is somewhat arbitrary in
such cases. At present, there are still efforts to find the most appropriate definition
K,p and to determine o,, "exactly”, i.e. to estimate the proportion below o,, more
exactly. Generally that does not seem possible, because the proportion below o)
of the entire straining depends on many influences like the material, the stress ratio
R, the load level 0,4, etc. This is one of the reasons for different, partially even
opposite observations in the literature ([6]).

DISCUSSION

At first the question arises, in which area the global parameters like AK,s; are
capable to describe the crack growth. A restriction is given by the crack size. These
parameters are suitable only for macro cracks, for which a constant closure behaviour
independent on the crack size can be assumed. However, the definition of a macro
crack is not independent on the microstructure of the material.

A further limitation to the application of these parameters is given by the cyclic
load level. Under conditions of cyclic small scale yielding AKcs; can be used for
the description of the propagation of macro cracks also after preceeding overloads, if
succeeds entering the influence of the produced residual stresses on the crack closure.
On the basis of a parameter receiving for small cracks from the exact solution for
linear elastic material, a parameter can be indicated for life time prognosis, which
contains an additional free parameter dg:

da [—d* m
W:C AKeff\/l+i_AKth,eff:| (4)
m m
or :—;:c (AKefﬂll-k;—Z) —AKth,cffm] (4.1)

While C and m as well as AKy, ¢ are material constants for the description of the
macro crack growth, dj is used for adjusting the small crack behaviour. dj depends:

- on the microstructure (Neuber: Ersatzstrukturlinge d*)
- on a plasticity correction and
- on the different closure behaviour of small and macro cracks

and should therefore depend on the load level. Within a relatively large area a
conservative description of crack growth succeeds with dfj ~ const. for the respective
material.

This parameter, developed on continuum mechanical basis, is not able to describe
the microstructure-dependent propagation behaviour of small cracks (thus, e.g. the
crack growth retardation or the crack stop at microstructure barriers).

The global parameter AK fr\/1 + ;‘; characterizes the local strainings ahead of the
crack tip in an area which is important for the damage development and thus for the
crack growth. Inversely the above mentioned or similar parameters can be therefore
gathered from the local cyclic strainings Ae,(I*). I* depends on the microstructure.
In Fig. 5 the cyclic equivalent strain range Ae, = Ag, is represented as a function
of the crack length for different load cases (Fig. 4).
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From this picture it can be seen that the influence of the notch or the over-/ un-
derloads continues to extend as the expansion of the plastic zone of the notch or
the over-/ underloads do. This is the consequence of the plastic deformations in the
crack wake, which also still influence the crack closure if the crack is out of the plastic
zone.

The advantage of this strategy is that global parameters can be got from the local
straining independently on the crack size within an area which is important for the
damage. The disadvantage is the large expenditure with the help of numeric methods.
Target of further investigations will be therefore to derive global generalizationable
parameters from the local strainings ahead of the crack tip.

A formal derivation of AK.ss from the local strainings ahead of the crack tip e.g.
for linear dependency and an adjustment of d for the small crack behavior supplies
already a good coincidence with the experiments for different load cases (Table 5).
Table 5: Comparison of fatigue life from Eq.(1) and (4.1) with experimental results,
notched specimen, o=0.5mm, ag =2mm, b=10mm, d=5mm, Metasafe,
R=0, AM =18Nm, AMo,=45Nm, AMyn=45Nm

Load case : a=500pm a=2mm
Eq.(1)+(4.1) exp. Eq.(1)+(4.1

1 g
2(overload) . . : . 6.53 10°
4(underload)| 4. : : . 9.25 10* 6.17 10*
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Fig. 2: Crack face displacement in load direction dependent on load
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Fig. 3: Local strain in a distance I* = 50um ahead of the crack tip and crack face
displacement in load direction dependent on load
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Fig. 4: Load cases
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Fig. 5: Cyclic strain range in a distance I* ahead of the crack tip for different load
cases, R=0, notched specimen, 0=0.25mm, ag =4mm, b=20mm, d=5mm, Metasafe
900: AM=70Nm, AMy,=140Nm, AMy,=140Nm, I* = 15um; X6CrNiTi18.10:
AM =50Nm, AMy,=90Nm, AMy,=90Nm, I* = 50um, plain stress, combined hard-
ening
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