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Fatigue damage estimation through continuum
damage mechanics revisited

This paper presents an overview of estimation
methodologies for predicting fatigue damage using
continuum damage mechanics (CDM). It is comparatively a
new tool for fatigue damage estimation. It is still progressing
from inception in last three decades. During this period,
many models are developed and discussed by several
authors. The present paper is a review of some of well
accepted models for estimation of fatigue damage to predict
safe life of a structure.
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Introduction

amage mechanics is currently one of the major area
Dof concern for solving many engineering problems.

Damage, in its mechanical sense in solid materials, is
the creation and growth of micro voids or micro cracks which
are discontinuities in a medium treated to be continuous at a
larger scale [1]. It involves heterogeneous micro processes
during straining the materials and structure at macroscale.
Damage process correspond to localizations and
accumulations of strains those are irreversible in nature.
Kachanov in 1958 first proposed a continuous variable in
terms of density of defects [2]. This variable has constitutive
equation for evolution, which can be written in terms of stress
or strain and may be used in calculation in order to predict
the initiation of micro cracks. This concept has been further
improved by incorporation of framework of thermodynamics
of irreversible process by Lemaitre [1] and initiated a new
concept of continuum damage mechanics. This concept
opens the door for complementary possibilities to fracture
mechanics. This model is further enriched by many
researchers for describing various types of material damage
related to fatigue damage, ductile damage and creep damage.

Fatigue damage in metals is caused by the micro crack
formation in accumulated slip bands due to repeated loading.
This concept of damage analysis play a key role in predicting
the life of component subjected to field load history. More
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than 90 years ago Palmgren [3] introduces the damage
accumulation concepts, which is known as linear damage rule.
After 20 year, in 1945 miner [4] got success to expresses this
concept in terms of mathematical expression. Since then this
concept gets more attention and a lot of researcher extend
their work in this field. In the course of time a lot of models
have been developed but none of them is accepted
universally. On the basis of published result fatigue damage
prediction method can be classified into six groups [5]. These
can be stated as (a) linear damage evolution and linear
summation, (b) nonlinear damage curve and two-stage
linearization approaches, (c) life curve modifications to
account for load interactions, (d) approaches based on crack
growth concept, (¢) models based on CDM and (f) energy-
based methods. This paper present an overview of CDM
approach to fatigue damage prediction..

CDM apporach to estimate fatigue damage

CDM approach is not only applicable to metallic materials but
also to composites and concrete. Wide applicability of this
approach encouraged many researchers to apply and develop
the CDM model in different form of fatigue damage. The first
fatigue damage model based on CDM is delivered by
Chaboche [6,7]. This one-dimensional nonlinear continuous
damage model is presented as a function of the load condition
and damage state. The nonlinear damage model is
formulated as:

D=1-[—pt]uen (1)

Here f is a material constant, « is a function of the stress
state and 7 is isotropic hardening state variable. Parameters
are evaluated on the findings of completely reversed strain
controlled fatigue test and tensile test. Effective stress
concept is used for finding the parameters. This model have
some advantages over the previous exiting model. First is the
damage growth can be absorbed below the fatigue limit,
second, the model can easily consider the influence of initial
hardening effect which consider the large plastic strain range
in the prior loading history and third the mean stress effect
is directly incorporated in the model. It has some limitations
[8], since the model is stated for uniaxial form with scalar
damage variable so it is difficult to application of the model
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for multiaxial case of loading.

After this model many authors developed fatigue
damage model based on CDM concept for specific purpose.
All these models are almost similar to chaboche model,
differences are on the basis of parameters used in specific
model. Lemaitre and Plumtree [9] developed the unified
model for high temperature failure (eqn 2). Where p is
accumulated plastic strain. LCF (low cycle fatigue), HCF
(high cycle fatigue) and monotonic creep tests were carried
out on OFHC copper at 540°C and Sanicro 31 (alloy 800) at
600°C. Damage model shows good agreement with the
experimental results. This model is further used by Socie
et.al [10] for the evaluation of fatigue damage of cast iron. It
gives better result than the miner's linear damage rule. Hua
and Socie [11] present a comparison of chaboche and
Lemaitre-Plumgreen model for biaxial fatigue study. They
reported chaboche model gives better result. Other uniaxial
fatigue model base on effective stress concept were
developed in course of time by Lemaitre and Chaboche [12],
Wang [13], Wang and Lou [14]. These model is similar to
above discussed model of chaboche. The models differs by
the variable used in the equations.

D=i—(=p)er) 2)

Chow and Wie [15] proposed a generalized fatigue damage
model by introducing damage tensor. This is the first model
which can be used for the multiaxial loading condition. The
fatigue evolution based on overall fatigue damage which
includes both the elastic and plastic damage. Damage
evolution equation is formulated using an appropriate
damage dissipative potential and fatigue damage criterion.
Constitutive equation of elasticity and plasticity coupled with
damage is verified by comparing the experimental result.
Tensile test of Al 2024 T3 conducted to find out effective
elasticity and Poisson’s ratio which is further used to find out
the other material parameters. Model is used to predict the
number of cycles to failure of aluminum 2024-T3; it shows
excellent agreement.

A model for low cycle fatigue is presented by June Wang
[16]. Variation of damage parameter with cycle is considered
for the damage model (eqn 3). Where N, fis the number cycle
to failure and is material parameter which depends upon stress
ratio R. Three different stress ratios, namely R = -0.2, 0, and
0.2, were chosen for the experimental investigation. Rupture
time of hot rolled steel (RS 50) is predicted by the damage
model and compared to experimental result. The proposed
damage model is found to be more physically reasonable as
the stress amplitude approaches zero.

Ja(R)s
D:l_{l_iJ

Ny
Low cycle fatigue damage evolution studied by Yang et.al
[17] and proposed a model, based on the model developed
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by Chaboche and Lemiatre [12]. The model almost similar to
LCF model of June Wang. Damage variable (D) is calculated
based on the concept of effective stress (eqn 4), where Ao,
is stress of initial cycle and Ac is the stress as cycle grow.
Derived isotropic CDM model is used to analyze the strain-
controlled LCF damage evolution of steam turbine blade
material 2Crl13 steel. The evolution of microstructure is
studied using TEM (transmission electron microscopy). The
microscopy analysis shows that the initial increment of
damage value during fatigue is caused by the evolution of
dislocation substructure. After the formation of stable
dislocation cell structure, the damage increases very slowly
until 80% N, then it increases quickly because of the
nucleation of fatigue micro cracks. At the end of cycling the
damage value is:

3 Ao
Ao, e @)

Xiao et.al [18] proposed a CDM model of high cycle
fatigue with brittle damage mechanism. It is based on
thermodynamic framework developed by Lemaitre and
Choboche. This model can be used, where elastic strain is
dominating factor of fatigue damage. Model is verified
experimentally, with help of Woehler’s curve for aluminum
alloy 7075-T6. This model is derived from a brittle damage
mechanism, so it really cannot be used to cope with strain
control problems such as low cycle fatigue and creep which
have to describe using ductile damage model.

D=1

Bhattacharya and Elinwood [19] describe the fatigue life
of defect free component consists of crack initiation and
fatigue crack propagation period. Significant portion of total
life of a component is associated to the crack initiation period.
Three different model for fatigue damage growth is discussed
by author (a) Isotropic fatigue damage growth under uniaxial
loading (b) Fatigue damage growth under constant amplitude
loading (c) Fatigue damage growth under variable loading.
Principal of thermodynamics and soild mechanics is used to
derive the model with consideration of isotropic damage.
Crack initiation behaviour is predicted with help of CDM
damage variable. Fatigue damage is computed recursively as
a function of fatigue cycle for four different materials with the
help of their material properties. Both stress and strain
controlled fatigue life is compute and compared well to
experimental findings. This model is further used by
Upadhyaya and Sridhara [20] to predict the fatigue life of
ferrous alloy E19. All basic mechanical testing is conducted
for the study which includes Monotonic test, cyclic test, low
cycle fatigue test, fracture toughness test and fatigue crack
growth test.

Nonlinear damage CDM model for fracture mechanics
proposed by Bonora, N. [21] is further extended to the case
of cyclic loading. Taking into account that total strain as a
combination of elastic and plastic strain and total fatigue life
include crack initiation as well as propagation. Three possible
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formulations are proposed and discussed that take into
account in different ways the accumulation of damage, plastic
strain and the material cyclic properties change. Fully coupled
life model is used to predict low cycle fatigue life in AT 2024
T3 alloy and HY'SO low carbon steel. Comparison with a large
fatigue experimental data set is also presented. The model,
that has been shown to be particularly well suited to describe
the evolution of ductile damage as a function of strain in
metals, is able to predict the effect of cycling loading in the
low cycle fatigue range. The fully coupled life model seems
to be more consistent from the conceptual point of view and
found a better agreement with the experimental data available
in the literature.

According to varying behaviour of material ductility in
process of fatigue a nonlinear fatigue damage model based
on CDM is proposed by Sangh and Yao [22]. Recurrence
formula of fatigue damage model is derived under multilevel
loading. Proposed model is verified by experimental data. For
multilevel loading, two categories experimental data of smooth
and notched specimen of both the material are used to verify
the case of two level loading. The tests were performed on
PQ 1-6 rotating bending testing machine with the stress
controlling and fully reversed loading condition and good
result is obtained, though the results are not verified for
different materials but it suits well for ductile material and
further study is needed for brittle material.

A similar fatigue model based on continuum damage
mechanics (CDM) approach is formulated in terms of
accumulation of plastic strain with a number of cycles by
Abilio et.al [23]. It predicts a nonlinear damage evolution, with
the number of cycles. The fatigue model is implemented in a
nonlinear finite element code in conjunction with a continuum
plasticity model with multiple nonlinear kinematic hardening
variables. Result are verified with both wohler and damage
evolution curve of P355NL1 steel. Further this model is
applied to fatigue analysis of nozzle to plate attachment of
the P355NL1 steel. Predicted results are verified by published
experimental data.

A modified nonlinear CDM model based on the framework
of Lemaitre and Chaboche is proposed by Dattoma et.al [24].
Formulated model taking into account the material damage
evolution at different sequence of load application and
considering damage initiation are lower than fatigue limit.
Fatigue tests data for hardened and tempered steel have been
used to verify the proposed model.

Conclusions

A short but effective overview of fatigue damage estimation
through CDM is presented. More than 20 fatigue models
have been proposed since the Chaboche’s nonlinear
continuous damage model (NLCD). Most of the models are
based on the initial work of Lemaitre and chaboche. Four
categories of fatigue damage model based on CDM is
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discussed:

1. Model based on nonlinear uniaxial damage model
Low cycle fatigue damage model

High cycle fatigue damage model

> L

Fatigue life estimation based on two stage, crack initiation
and crack propagation

No clear boundary exists among these approaches.
Approaches based on the nonlinear continuum damage has
wide degree of acceptance and most of the models developed
are based on this concept. Most of models are verified
experimentally and some of the recent works are verified
numerically as well as using the finite element approach.

A number of fatigue damage models are developed but
unfortunately not a single model has universal acceptance.
Each of model accounts for one or several phenomenological
factors like load dependence, load sequence, nonlinear
damage, small amplitude cycle below fatigue limit, influence
of hardening exponent, mean stress etc. Some models are
applicable to specific materials. Due to complicity none of the
fatigue damage models incorporates the factors all together.
Nonlinear continuous damage model developed by Lemaitre
and Chaboche is still dominantly used for analysis. More
effort in the study of fatigue damage is needed to predict
reliable life estimation and developing a unified damage model.
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¢ For a combined torsional and pressure loading the angle
ply-orientation (Gr/E [+45/-45]2) is most preferable.
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