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SIMULATION OF FATIGUE PROCESS

SUMMARY

Mariana KUFFOVA"

In the paper are shown the results of fatigue crack propagation in the microstructure of material and the depen-
dence da/dN — DKapl by finite — element software ADINA. These results are confronted with the results of fatigue
tests. The aim was to elaborate on the crack initiation and growth in the microstructure containing a stress con-
centrator and redistribution of stress during propagation.
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SYMULACJA ZJAWISKA ZMECZENIOWEGO

W artykule pokazano wyniki propagacji peknie¢ zmeczeniowych w mikrostrukturze materiatu oraz zaleznosci
da/dN — DKapl uzyskanych metodq elementow skonczonych w pakiecie ADINA. Wyniki te porownano z rezultatami
laboratoryjnych badan zmeczeniowych. Celem bylo wypracowanie pekniecia inicjujqcego i jego rozwinigcie w mi-
krostrukturze z koncentratorem naprezen oraz obserwowanie zmian rozkladu naprezen w trakcie propagacji pek-

niecia.

Stowa kluczowe: stale niskoweglowe, stopy magnezu, pakiet ADINA, badania zmeczeniowe

1. INTRODUCTION

ADINA is a FEM system suitable for solving large variety
of problems. In this paper a capability of modeling of frac-
ture and damage of material will be discussed. Reliability of
modeling is in greater extent supplied by the accuracy in
material properties, boundary conditions and last but not
least in modeling of proper material behavior at crack tip
including singularity if zero radius is presented. There are
actually two ways for handling material failure or damage.
The first one is linked to solution of intensity factor K and
in comparison with its critical value. Irrespective of para-
meters of solid, geometry and distribution of external load-
ing, if the deformation field is the same at the crack tip, the
fracture behavior of the specific material will be equal
(Charoenphan et al. 2004). Amplitude of the stress intensity
factor K for the crack with the length 2a in the solid with
the definite thickness and indefinite width which is loaded
by the stress amplitude G, and it is defined (Puskar and
Golovin 1985):

K,= (5(1-(1t-a)1/2 1)

In this way it is possible to predict if crack growth will
occur or not, or in other words if the structure is safe or
damage is imminent. The other way is to model the initiator
or damage in the material as accurately as possible to esti-
mate maximum stress. This however requires very fine dis-
cretisation and numerical problems could arise (Ural et al.
2003, Nguyen et al. 2001).

Linear and nonlinear fracture mechanics analysis can be
performed with ADINA system including computation of
conservation criteria (J-integral, energy release rate) in 2D
and 3D finite element models. Two different numerical

methods are available for the computation of the conserva-
tion criteria — the line contour method and the virtual crack
extension method. The fracture mechanics allows perform-
ing an analysis with only one crack however. The crack line
or surface can be located on the boundary or inside of the
finite element model.

ADINA is thus fully capable of solving fracture mecha-
nics problems in general with large amount of options in
stack under various loading conditions or thermal condi-
tions utilizing wide variety of material models. Also there is
the ability to model rupture criteria and thus it is possible to
model material damage caused by cavities or impurities and
its progression under cyclical load or under creep condi-
tions.

2. NUMERICAL RESULTS

The microstructure of the material represented by tightly
packed grains was modeled by using the finite-element soft-
ware ADINA. The geometry of each grain was modeled by
Pro/Engineer software and was exported as a plain surfa-
ce in IGES file to ADINA, where a 2D analysis was per-
formed. For the analysis each surface representing individ-
ual grain of the microstructure was discretised using finite
element mesh (Fig. 1). In this case quadratic elements were
used, which means that unknown quantities were approxi-
mated by a polynomial of second order inside of each ele-
ment. Due to large gradients in secondary fields, it is neces-
sary to use very fine discretisation in the vicinity of the
crack to achieve reasonable accuracy. The only factor limit-
ing the fineness of the mesh is of course available hardware,
but for extremely fine mesh a lower numerical stability can
be expected. Each element has prescribed its own material

* Dept. of Mechanical Engineering, Academy of the Armed Forces, Liptovsky Mikulas, Slovak Republic; e-mail: kuffova@aoslm.sk

110



MECHANICS Vol. 27 No. 3 2008

was applied a cyclic load with amplitude 30 MPa and with
frequency 25 Hz for a period of 4 seconds, that means that
100 cycles were applied altogether. These are standard
loading conditions for examining the fatigue resistance of
the material.
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The load amplitude by which the propagation of micro-
failure occurs is fully dependent on non-homogeneity of the
material. The aim of the simulation was to observe the fail-
ure propagation in micro-volume. A redistribution of stress
was influenced by the cyclical nature of the applied load.
Even though the stress is applied in uniform manner on the
structure, it does not act in the same way on each grain in
the structure. Most of the stresses are cumulated in the re-
gion with certain non-homogeneity in the microstructure. In
this case an artificially created cavity acts as a concentrator.
The propagation of material damage was governed simila-
rly to crack propagation, where a plastic zone (Fig. 3) is
created in the vicinity of the crack tip in which a plastic
strain is accumulated due to cyclic loading.
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Fig. 1. Mesh in the surrounding of the stress concentrator

properties. Multi-linear plastic material model was used in

the simulation. The properties of the material were obtained A :
. . D =

experimentally as a dependence of displacement of the ]

specimen on the applied force. The values were then recal- %

culated to a relation of strain € and effective stress ¢ accord-
ing to known dimensions of the specimen. Afterward the
stress-strain curve was imported into ADINA and applied
on each element. The analysis was performed by using large
deformations and large displacements incorporated into the
mathematical model. Each grain was considered as a stan-
dalone body and contact conditions between each pair
of grains were implemented. In the microstructure model
a stress concentrator was made (Fig. 2). On the boundaries Fig. 3. Plastic zone at the crack tip

PLASTIC_FLAG
RSTCALC
TIME 0.4650

- B PLASTIC
|— ELASTIC

TEHE 0000 DISP MAG 0. 1000

siress concenmrator

>Z—0Pp

Fig. 2. Model of microstructure with primary stress concentrator before applied load
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Fig. 4. Fatigue crack propagation trajectory and stress at the crack tip

The deformation process at the crack tip depends signif-
icantly on the mechanical properties of the material and on
the environment in which the loading occurs. Limited plas-
tic deformation, equal AK values and equal coefficients of
asymmetry of the cycle do not guarantee the same magni-
tude and form of plastic zone ahead of the crack tip. Once
the critical value of the plastic strain is reached in the vicin-
ity of the crack tip, a material damage occurs and the crack
propagates (Fig. 4).

The crack propagation occurs in the direction of maximal
shear stress and its direction gradually changes into direc-
tion perpendicular to the direction of applied load. The ori-
entation of main stresses inside of each grain is changing
depending on the distribution of the grains, on their shape
and on the spread of the damage. The crack acts upon this
by changing the direction on the grain boundaries, but also
due to the damage in the grain can do so even inside of the
grain. A realistic explanation of the origin of grooves and
the gradual crack propagation, based on the concept of re-
peated blunting and sharpening of the crack tip, was pre-
sented by Laird (Laird 1967). At application of the tension
part of loading cycle, with a gradual increase of stress on the
crack tip due to the high stress concentration, localized
plastic deformation takes planes of maximum shear stress
and leads to the opening of crack and to the blunting of its
tip. The unloading brings the approach of both sides of the
crack together, and the new surface that was formed under
tension loading will not disappear entirely. A complete un-
loading and loading pressure cycle caused the sides of the
crack, by an amount which corresponds to the distance be-
tween the grooves.

3. CONCLUSION

The FEM software ADINA enables us to observe growth of
fatigue damage and crack propagation in a model as well as
observe the distribution of stress fields. It enables us to
elaborate on stress state inside of the material, based on
which it is possible to predict the direction of crack propa-
gation.

The problems of crack propagation in the micro-scale are
considerably demanding on the model accuracy. Many of
the effects are manifested on the atom-scale and using the
continuum mechanics it is possible to study these effects
only upon certain optimal conditions or according to the
output of experimental results (Kuffova 2006, Kuffova and
Stiavnicky 2008) or from other special methods.
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